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Preface for the Second Edition

The overwhelming success of our handbook prompted us to embark on a sec-
ond edition which keeps in line with the original concept of the book, namely
to provide a comprehensive source of information on the extraordinary complex
field of neurotransmitter and neuromodulator chemistry and function. Appar-
ently the “handyness” of the format was one of the key features that made the
book so popular. In this new edition we have updated the Neurotransmitters and
Neuromodulators parts which now include, among others, some additional para-
graphs such as D-amino acids and their relationship to the NMDA receptor,
and the endocannabinoids. In addition, each chapter has been extended by a
paragraph on Neurological Disorders and Neurodegenerative Diseases, and the list
of references for further reading is renewed. Extensive progress has also been
made concerning the uncovering and functional identification of growth factors
and neuropeptides with neuromodulatory functions. Here we have concentrated
on some factors which gained increasing attention during recent years, such as
the family of fibroblast growth factors, the neurotrophins and new neuropep-
tides of the G-protein coupled receptors (GPCRs) like the ghrelin and the hypo-
cretin/orexin family.

The make up of the book has also been improved by redrawing all sketches
which depict the distribution of transmitters and neuropeptides. Coloring of
most of the diagrammatic representations made the outfit more appealing.

We thus hope that the new edition keeps track with the speed of progress in
this field and that the reader will find the requested information in a straight-
forward and comfortable way.

Finally, we would like to express our gratitude to Dipl. Biol. Helga Schulze
who spent extraordinary efforts on the drawing of almost all the new graphical
art work and the redrawing of the old sketches of neurotransmitter and neuro-
modulator distribution. We also would like to thank Dr. Georg Zoidl who con-
tributed a section on proteomics in the Methods part.

January 2006 PD Oliver von Bohlen und Halbach
Prof. Dr. Rolf Dermietzel
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Preface for the First Edition

A handbook on neurotransmitters and neuromodulators is necessarily a work
in progress. For example, although our knowledge about neuromodulators —
their numbers, molecular composition and some of their functions — has in-
creased considerably over the past ten years, the tempo of progress in this field
is likely to increase in the near future as the results of genomic cloning and
proteomic research become available. Quite apart from these developments,
there is now a need for a comprehensive source of information in a format,
which is convenient and accessible. For this reason this handbook was con-
ceived as a “handy” book, allowing the reader rapid access to essential informa-
tion on the main classes of neurotransmitters and neuromodulators. In order to
draw informative profiles, we decided to concentrate on certain basic features
which characterize each class of substance, namely: General Aspects and History,
Localization, Biosynthesis and Degradation, Receptors and Signal Transduction and
Biological Effects. This concept is kept throughout the book. Each chapter is fol-
lowed by a brief list of Further Reading. Although such a strict guideline places
some restrictions on the flow of information and results in some overlap, we
nevertheless considered it helpful in providing both a broad outline of each sub-
stance and also points of comparison between them. Necessarily, this concept is
encylopaedic, but nothing more was intended. The absence of detailed discus-
sion and justification for many statements has inevitably given the book a some-
what dogmatic tone, but the bibliographies provide further sources of informa-
tion for readers wishing to pursue particular issues.

We expect this book to be a useful companion on the laboratory shelf rather
than a heavyweight in a librarian’s cupboard. We would appreciate comments
about the work from colleagues, and from junior and senior students.

This book is dedicated to all of those who suffered from our absence during
the process of data collection and writing, especially our families, our friends
and coworkers.

June 2001 O. von Bohlen und Halbach
R. Dermietzel
D. Ballantyne
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]
Introduction

The paramount functional property of nerve cells is their ability to receive, con-
duct and store information. Although diverse cell types can perform one or
other of these functions most effectively, neurons are unique insofar as they in-
tegrate the ability of information transmission with network behavior, which ac-
counts for experience-dependent mechanisms such as memory storage, learning
and consciousness. In order to perform these tasks, neurons are structurally
and functionally polarized. This is apparent in their tripartite structural differen-
tiation into a cell soma, an axon and dendrites. While the soma harbors the bio-
synthetic machinery — the nucleus, ribosomes, the endoplasmatic reticulum and
the Golgi apparatus including mitochondria for energy supply — the axon is
furnished with molecular and subcellular components for the propagation of ac-
tion potentials away from the cell body to distant targets. Dendrites constitute
sets of branched cytoplasmic processes that extend from the cell body and result
in an enlargement of the soma for signal reception.

The crucial structural links for signal transmission between neurons are spe-
cialized junctions, which are referred to as synapses. Signal transmission be-
tween chemical synapses involves the release from presynaptically located sites
of molecules (neurotransmitter or neuromodulator) which bind to receptors in
the membrane of the target cell, the postsynaptic membrane. Direct transmis-
sion of action potentials has also evolved in the form of electrical synapses,
which are constituted by gap junctions.

With the exception of the sites of electrical synapses, nerve cells are electri-
cally isolated from one another by an intersynaptic cleft.

A change in the electric potential of the presynaptic neuron triggers the re-
lease of a chemical substance, which diffuses across the synaptic cleft and elicits
an electrical change at the postsynaptic neuron.

The release of neuroactive substances is linked to the arrival of an action po-
tential at the presynaptic terminal, which elicits the opening of voltage-depen-
dent Ca®* channels (so-called L-type channels). The increase of Ca’** in the pre-
synaptic terminals is the key event that activates the molecular machinery for
excocytosis of synaptic vesicles and ultimately triggers the release of the neu-
roactive molecules. Following diffusion through the intersynaptic cleft, the neu-
rotransmitter binds to the postsynaptic receptor complex. This leads by confor-



2

1 Introduction

mational changes or allosteric mechanisms to the opening of ion channels fol-
lowed by voltage change at the postsynaptic site.

Depending on the nature of the neuroactive substance and the type of recep-
tor to which they bind, neuroactive substances produce effects that have either a
rapid onset and a brief duration or a slow onset and a more prolonged dura-
tion.

Neurons are specialized to synthesize a variety of neurotransmitters, and in
turn, their activity may be modulated be neurotransmitters released from other
neurons. For decades, neurons were believed to constitute monofunctional units
with respect to neurotransmitter production and secretion (Dale’s principle).
However, a large body of evidence now indicates that individual neurons are
able to synthesize different neuroactive substances and process them for secre-
tion. This evidence does not, in principle, violate Dale’s idea that the neuron is
a monofunctional entity, but it does lead to a modification of this paradigm, i.e.
the functional phenotype of a differentiated neuron is monospecific in respcet
of its neurotransmitter efficacy. The synthesis and release of more than one
neuroactive substance from a single neuron substantially augments the range
of variability of chemically coded signals. The full significance of this increase
is far from being understood. The neuroactive messengers synthesized in an in-
dividual neuron belong to two different classes: the neurotransmitters and the
neuromodulators.

The first class, the neurotransmitters, includes substances which are responsi-
ble for intersynaptic signal transmission, whereas the second, the neuromodula-
tors, exerts a modulatory function on postsynaptic events. Thus, neurons can
synthesize and release individual neurotransmitters and are able to produce and
release co-transmitter in the form of the neuromodulators.

Brain tissue is composed not only of neurons, but also of supporting cells,
the so-called glia. Glial cells are classified into four categories: astrocytes, epen-
dymal cells, microglia cells and oligodendrocytes.

Astrocytes provide mechanical and metabolic support for neurons since they
can synthesize and degrade neuroactive substances. They are essential for bal-
ancing ion homeostasis and may be involved in neurotransmitter-triggered sig-
naling, thereby constituting a non-neuronal link of spatial signal transmission
(Cornell-Bell and Finkbeiner 1991; Cooper 1995). Astrocytes are equipped with
neurotransmitter transporters capable of taking up released neuroactive sub-
stances and so terminating signals involved by these substances. Glial neuro-
transmitter transporters also contribute to the synthesis of new neuroactive sub-
stances by recycling the captured and/or degraded neurotransmitter metabolites
to neurons for reuse.

Ependymal cells line the internal cavities of the central nervous system and
seem to play a role in stem cell generation in the central nervous system. They
are also involved in controlling volume-transmitted exchanges (see below) of
neuroactive substances at the cerebrospinal/interestitial fluid interphase. The
primary function of oligodendrocytes is to insulate axons via myelin sheets and
thereby provide the cellular substrate for saltatory action potential propagation
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in the central nervous system. Finally, microglia represent the brain-specific
mononuclear macrophage system essential for immune response of brain tissue
and repair mechanisms.
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1.1
Neuroactive Substances

A variety of biologically active substances, as well as metabolic intermediates,
are capable of inducing neurotransmitter or neuromodulator effects. A large di-
versity of neuroactive substances regarding their metabolic origin exists. The
molecular spectrum of neuroactive substances ranges from ordinary intermedi-
ates of amino acid metabolism, like glutamate and GABA, to highly effective
peptides, proteohormones and corticoids.
Recent evidence indicates that neuronal messengers convey information in a
complex sense entailing a variety of processes. These include:
e reciprocal influence on the synthesis of functionally linked neuronal messen-
gers;
e induction of different temporal patterns in terms of short-term and long-term
effects;
e shaping of network topology including synaptic plasticity during long-term
potentiation.

Chemical neurotransmission is not restricted to central nervous synapses but
occurs in peripheral tissues as well, including neuromuscular and neuroglandu-
lar junctions.

Neuroactive molecules target receptors with pharmacologically different pro-
files. The existence of multiple sets of neuronal receptors for a single neuro-
transmitter seems to be the rule rather than the exception. This receptor multi-
plicity seems to mirror at molecular level the functional diversity of neuronal
networks.

3



4

1 Introduction

Although functional overlap between neurotransmitters and neuromodulators
is quite common, this classification has proven useful for practical purposes.

1.1.1
Neurotransmitters

Neurotransmitters are the most common class of chemical messengers in the

nervous system. A neuroactive substance has to fulfill certain criteria before it

can be classified as a neurotransmitter (R. Werman 1966).

e It must be of neuronal origin and accumulate in presynaptic terminals, from
where it is released upon depolarization.

e The released neurotransmitter must induce postsynaptic effects upon its tar-
get cell, which are mediated by neurotransmitter-specific receptors.

e The substance must be metabolically inactivated or cleared from the synaptic
cleft by re-uptake mechanisms.

e Experimental application of the substance to nervous tissue must produce ef-
fects comparable to those induced by the naturally occurring neurotransmit-
ter.

A neuroactive substance has to meet all of the above criteria to justify its classi-
fication as a neurotransmitter.

Based on their chemical nature, neurotransmitters can be subdivided into two
major groups: biogenic amines and small amino acids (Fig. 1.1).

Neurotransmitters

~ Biogenic Amino acids (GABA,
‘amines glutamate, glycine)

v
=

Fig. 1.1 Differentiation of neurotransmitters based on their chemical structures.



1.1 Neuroactive Substances

1.1.2
Neuromodulators

In contrast to neurotransmitters, neuromodulators can be divided into several
subclasses. The largest subclass is composed of neuropeptides. Additional neu-
romodulators are provided by some neurobiologically active gaseous substances
and some derivatives of fatty acid metabolism (for details see Sections 4.2, 4.10,
4.23). The history of the discovery of neuropeptides goes back to the 1960s and
1970s, when it became evident that the regulatory factors of the pituitary gland
are peptidergic substances and that some enteric peptides are also synthesized
in the central nervous system.

Neuropeptides are synthesized by neurons and released from their presynap-
tic terminals, as is the case for neurotransmitters. Like neurotransmitters, some
of the neuropeptides act at postsynaptic sites, but since they do not meet all of
the above criteria they are not classified as such. These neuropeptides are fre-
quently labeled “putative neurotransmitters” (for example: endorphins).

Other neuropeptides are released by neurons, but show no effects on neuro-
nal activity (e.g. follicle-stimulating hormone (FSH) produced in gonadotrophs
of the anterior pituitary). These neuropeptides target to tissues in the periphery
of the body and can therefore be classified as neurohormones. Consequently,
not all neuropeptides function as neuromodulators.

The fact that peptides are synthesized in neurons and are able to induce spe-
cific effects via neuronal receptors led de Wied (1987) to formulate the neuro-
peptide postulate; in essence, this states that peptides which are of neuronal ori-
gin and exert effects on neuronal activities are classified as neuropeptides.

The term neuropeptide is no longer used in this restricted sense, because
most neuropeptides not only influence neurons, but also non-neuronal tissues.
In addition, neuropeptides seem also to link brain activities with other body
functions, the most prominent of which is the neuro-immune axis. Thus, neu-
ropeptides are involved in diverse physiological processes, including develop-
ment, growth, body homeostasis, behavior and immune responses.

Neuropeptides are generated from large precursor molecules. Maturation of
the precursor can lead to the formation of one or more peptides (Table 1.1). The
biosynthesis requires a cascade of cellular processes to translate the genetic in-
formation into the generation of the biological active substance.

The synthesized neuropeptides are stored in vesicles and released upon an
adequate stimulus. Different neuropeptides have been found to coexist in a sin-
gle neuron. Equally, colocalization of neuropeptides with neurotransmitters is
quite common.

In the case of colocalization with neurotransmitters, neuropeptides are cap-
able of modulating the effects of the co-released neurotransmitter(s).

Since the formulation of the neuropeptide postulate, a large number of neu-
ropeptides and receptors have been discovered. To date, more than 50 different
neuropeptides have been described which are biologically active. We consider
the list of neuromodulators and neuropeptides (shown in Table 1.1) to be far
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Table 1.1 The most common neuropeptide precursor

molecules which lead to one or more biologically active
neuropeptides by proteolytic cleavage.

Neuropeptide family Precursor Active peptide
Angiotensin Angiotensinogen Angiotensin I
Angiotensin II
Angiotensin (1-7)
Angiotensin IV
Calcitonin I gene (CALC I) Pro-CALC I Calcitonin
products
Pro-CGRP I Calcitonin gene related peptide I
(a-CGRP)
Calcitonin II gene (CALC II) Pro-CGRP II Calcitonin gene related peptide 11
products (/-CGRP)
Cholecystokinin (CCK) Pro-CCK CCK-8
CCK-33
CCK-58
Dynorphin gene products Prodynorphin Dynorphin A
Dynorphin B
a-Neoendorphin
f-Neoendorphin
Enkephalin gene products Proenkephalin Met-enkephalin
Melanin-concentrating hormone Pro-MCH MCH
gene products
Neuropeptide Glu-Ile (NEI)
Neuropeptide Gly-Glu (NGE)
Neurotensin gene products Proneurotensin Neurotensin (NT)
Neuromedin N
Preprotachykinin A (PPTA) PPTA Substance P
gene products
Neuropeptide K
Neurokinin A
Neuropeptide y
Preprotachykinin B (PPTB) PPTB Neuromedin K
gene products
Proopiomelanocortin (POMC) POMC a-Melanocyte-stimulating hormone

(a-MSH)

f-Melanocyte-stimulating hormone
(B-MSH)

ACTH

f-Endorphin

a-Endorphin

y-endorphin

p-Lipoprotein (f-LPH)
Corticotropin-like intermediate
peptide (CLIP)




1.1 Neuroactive Substances

Table 1.1 (continued)

Neuropeptide family Precursor Active peptide

Somastostatin Prosomatostatin ~ Somatostatin-12
Somatostatin-14
Somatostatin-28
Vasoactive intestinal peptide gene  Pro-VIP Vasoactive intestinal peptide (VIP)
products
PHM-27/PHI-27
Vasopressin gene products Provasopressin Vasopressin (VP)
Neurophysin II (NP II)

from being complete and expect an increase in number in the near future, in-
cluding the precursor molecules. Some derivatives of fatty acids are also known
to elicit biological effects in neurons. These lipid neuromodulators have effects
which are functionally similar to that of neuropeptides. Like neuropeptides, the
neuroactive fatty acids are generated from precursors by a sequence of diverse
enzymatic steps.

Similar to neurotransmitters and neuropeptides, the neuroactive derivatives of
fatty acids bind to membranous receptors, which leads to downstream signal
transduction. Some diffusable gases, like nitric oxide and carbon monoxide, can
also act as chemical messengers. The gaseous messengers are generated intra-
cellularly by the activity of specific sets of enzymes. Because of their short half-
life and diffusion-dependent radius of activity, they operate in restricted areas,
mostly in the proximity of their synthesizing neurons.

In contrast to neurotransmitters and most of the common neuromodulators,
nitric oxide does not bind to its own high-specific membraneous receptors be-
cause its lipophilic character allows it to pass membranes freely (however, it
could bind to guanylyl-cyclase).
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1.2
Receptors and Transporters

Signal transduction at the cellular level is defined as the transmission of a sig-

nal from the outside of a cell into the cell interior. The initial step in signal

transduction is performed by the “first messengers”, which overcome the barrier

of the plasma membrane by interacting with a receptor or a ligand-gated chan-

nel. In nervous tissue, “first messengers” are neurotransmitters and neuromo-

dulators, which signal the postsynaptic cell to modify its electrical behavior.
Most common receptors are membrane-bound oligomeric proteins which:

e recognize a ligand with high affinity and selectivity;

e convert the process of recognition into a signal that results in secondary cellu-
lar events.

The molecular make-up of a membrane-bound receptor consists of three dis-
tinct structural and functional regions: the extracellular domain, the transmem-
brane-spanning domain and the intracellular domain.

Receptors are characterized by their affinity to the ligand, their selectivity,
their number, their saturability and their binding reversibility. So-called isore-
ceptors form families of structurally and functionally related receptors which in-
teract with the same neuroactive substance. They can be distinguished by their
response to pharmacological agonists or antagonists.

Isoforms of receptors can occur in a tissue-restricted manner, but expression
of different isoreceptors in the same tissue is also found.

The binding of a ligand to a receptor induces a modification in the topology
of the receptor by changing its conformation; and this allows either an ion cur-
rent to flow, so-called ionotropic receptors, or elicits a cascade of intracellular
biochemical events, the metabotropic receptor. Mediators of the intracellular
events often consist of “second messengers”, like CAMP or cGMP (see below).

The design of intramembraneous receptors is quite variable. Some receptors
consist of single polypeptides exhibiting three domains: an intracellular and an
extracellular domain linked by a transmembrane segment. Other receptors are
also monomeric, but folded in the cell membrane and thus form variable intra-
and extracellular as well as transmembrane segments. A large group of recep-
tors consists of polymeric structures with complex tertiary topology.

Receptor categories are completed by cytosolic and nuclear receptors, though
these are functionally less relevant so far as neuronal signal transmission is con-
cerned. After the binding of a ligand to a cytosolic receptor, a complex is formed
which consists of the receptor and the ligand. This complex is translocated to the
cell nucleus and can influence gene transcription. The most common cytosolic re-
ceptors are corticoid receptors, which are the targets of the membrane-permeable
steroids. Neurotransmitter receptors are commonly located on both the presynap-
tic and the postsynaptic site and can be ionotropic or metabotropic.

A special class of receptors is referred to as autoreceptors. These are located
presynaptically and they bind neuroactive substances released by the presynaptic
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cell. Through the activation of autoreceptors, the turnover of released neuroac-

tive substances can be modulated by feedback mechanisms. Thus, autoreceptors

seem to be involved in limiting transmitter release and thereby balancing the
amount of neurotransmitter concentration in the synaptic cleft.

Another class of receptors comprises the so-called heteroreceptors. Heterore-
ceptors are also located at presynaptic sites. In contrast to autoreceptors, they
can bind neuroactive substances different from the neurotransmitter released by
the “host” neuron. Heteroreceptors are therefore able to influence the release of
neuroactive substances from their own “host” cell after stimulation by a neuro-
transmitter from a different source.

The primary signal, which is elicited by the binding of the ligand to the re-
ceptor, must be amplified to generate the transmembrane signal. Two distinct
amplification mechanisms are of major importance:

e A change in membrane potential, resulting from an agonist-induced change
in ion flux. The change in ion flux can arise either directly via ligand-gated
ion channel receptors or, indirectly, via an effector-mediated change (for exam-
ple via G proteins) in channel conductance.

e Activation of a phosphorylation—-dephosphorylation cascade. Such a cascade
can be initiated either directly, via a receptor that possesses intrinsic ligand-
modulated tyrosine kinase activity or indirectly via effector-generated signal
mediators, such as cAMP, diacylglycerol (DAG), or elevated intracellular cal-
cium, that on their own can activate protein kinases.

On the basis of their signal transduction pathways, receptors can be classified
into two major groups. One group consists of receptors belonging to the gated
ion channels, the ionotropic receptors.

The other consists of receptors which act through activation of several en-
zymes and thus need a cascade of enzymatic events for their signal transduc-
tion: this is the group of the metabotropic receptors.

1.2.1
lonotropic Receptors

Signal transduction of membrane-bound receptors can entail a single step con-
sisting of the activation of gated ion channels. In this case, the receptor forms
an ion channel. Binding of the ligand to the receptor opens the ion channel
and ions can cross the membrane, driven by an electrical gradient. This current
produces a net inward flow of positive or negative charge with the consequence
of a change in conductance followed by a postsynaptic potential response. The
receptor allows the signal to flow (in the form of ions) from outside the cell into
the cell or vice versa.

The activation of ionotropic receptors results in fast signal propagation, but
the induced electrical effects are mainly short-lasting without metabolic conse-
quences.

9



10

1 Introduction

1.2.2
Metabotropic Receptors

More complex forms of signal transduction of membrane-bound receptors in-
volve a coupling of ligand and receptor followed by the activation of different in-
tracellular signal transduction pathways.

After binding of the ligand, the signal is transferred into the cell and leads to the
activation of “second messengers”, like cyclic nucleotides (cCAMP, cGMP), calcium
(Ca®"), inositol-trisphosphate (IP3), diacylglycerol (DAG), as well as to the phos-
phorylation of proteins. Phosphorylation involves in many cases the activity of
cAMP-dependent protein kinase (PKA) and DAG-activated protein kinases.

The downstream response modifies intracellular processes, for example the
release of neuroactive substances, an altered activity of ion channels or changes
in enzymatic activity, particularly kinase cascades. The modifications are in-
duced slowly and the resulting effects can be long-lasting.

G protein-coupled receptors

The most prominent group of metabotropic receptors consists of G protein-
coupled receptors (GPCRs). These reveal a uniform molecular composition. The
extracellular domain is formed by the N-terminal sequence of the receptor,
which has potential glycosylation sites. Since this domain is exposed to the ex-
tracellular space, it constitutes the ligand-binding site. The tertiary structure of
G protein-coupled receptors exhibits a conserved motif of seven membrane-
spanning segments, which are connected by alternating extracytoplasmic and
cytoplasmic loops. The C-terminal segment is in the cytoplasm (see Fig. 1.2).

The signal arising form the ligand-receptor interaction is forwarded to mem-
brane-bound GDP/GTP-binding proteins inside the cell. These proteins are
termed G proteins.

Each G protein is a heterotrimer consisting of a GTP-binding subunit (a-sub-
unit) and two further subunits (f- and y-subunits). Subclasses of the a-subunit
form the different G protein subtypes G, Gj/, and G4. In response to receptor
activation, the G proteins stimulate adenylate cyclase. This stimulation leads to
catalytic formation of cAMP from cytosolic ATP.

The most profound effect of cAMP is the activation of cAMP-dependent, cal-
cium-independent protein kinases through binding to the regulatory subunits
of the latter. By allosteric mechanisms the kinases alter their conformation into
the active enzymatic form. In this activated form they are able to catalyze the
transfer of the y phosphate from ATP to specific amino acid residues, such as
serine and threonine for PKA, and tyrosine for PKC, resulting in phosphoryla-
tion of the protein and so, as a consequence, resulting in changes in energy
equilibrium.

G; proteins inhibit adenylate cyclase in response to receptor activation. In
turn, they can activate K* channels and, additionally, they decrease the influx of
calcium through voltage-gated Ca** channels. G, proteins activate phospholipase
C in response to receptor activation.
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Fig. 1.2 Prototype of a G protein-coupled state. A receptor domain of the third
receptor (GPCR). The domain topology of intracytoplasmic loop significantly affects the
the single subunits consists of seven specificity of the G protein coupling and
transmembrane domains (TM1-TM7) with contains the main site for receptor coupling
the amino terminus on the extracellular site to G proteins. Each G protein is a heterotri-
and the carboxyl terminus on the mer consisting of a GTP-binding subunit
cytoplasmic site. GPCRs are homologous to (@ subunit) and two further subunits
rhodopsin for which detailed structural data (B and y subunits). For further details see
are available. The receptor can actively text and Fig. 3.15.

isomerize between the inactive and active

Phospholipase C hydrolyzes the membrane-bound lipid phosphatidyl-4,5-bis-
phosphate (PIP2) to form diacylglycerol (DAG) and inositol-trisphosphate (IP3).
Subsequently, the cytosolic IP3 binds to specific receptors on the endoplasmic
reticulum (ER) where it induces the opening of ER-bound Ca”* channels and
the release of Ca’* from this store into the cytoplasm. Intracellular elevation of
calcium elicits multiple effects on cellular metabolism. These include the activa-
tion of Ca®*-dependent enzymes, e.g. calmodulin and its related kinases, activa-
tion of motor ATPases for vesicle trafficking, a mechanism that underlies exocy-
tosis of neurotransmitter and receptor dynamics at postsynaptic sites.

Cytosolic DAG binds to cAMP-independent protein kinase C (PKC) and leads
to its activation. In addition, DAG induces the opening of plasmalemmal Ca**
channels and thus augments the effects of IP3.

Not all metabotropic receptors target to the G protein system for signal trans-
duction. Other signal transduction systems take advantage of pathways involv-
ing guanylate cyclase or tyrosine kinase.

Deorphanizing GPCRs

A total of about 800 GPCRs are found in the human genome, which seems to
represent the largest of all gene families. GPCRs can bind a variety of ligands
which can be classified into chemosensory receptors, which bind olfactory-gusta-
tory ligands, chemokines and chemoattractants, and the neuromodulator recep-
tors. Some 367 receptors have been found in the human genome on the basis
of their sequence homology. Most of them were “orphans” because the ligands

1
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were unknown. “Deorphanizing” the GPCRs by exogenous expression in adae-
quate expression systems has been used to identify a large scale of new poten-
tial neuromodulators and neurotransmitters. The first to be found were the se-
rotonin receptor 5-HT;4 and the dopamine D2 receptors. By the mid-1990s,
about 150 GPCRs had been paired to 75 known transmitters. Since the number
of potential transmitters was about 15 whereas ~200 GPCRs remained or-
phans, there was a need to identify further new ligands. The use of tissue ex-
tracts as a source of new transmitters instead of potential transmitters was ren-
dered successful with the discovery of a new neuropeptide, nociceptin/orphanin
FQ (see Section 4.24), as the neuroactive ligand of the GPCR ORL-1.

Deorphanization of GPCRs is still an expanding field of pharmacological re-
seach and the estimated number of deorphanized GPCRs are ~7-8 per year.
Some of the most prominent ligands paired by this approach are: hypocretins/
orexins, prolactin-releasing peptide, apelin, ghrelin, metastin, neuropeptide B,
neuropeptide W and neuropeptide S.

Guanylate cyclase-coupled receptors
Cyclic guanosine monophosphate (cGMP) resembles cAMP in its chemical
composition, with a substitution of guanosine for adenosine as nucleotide.

In contrast to the membrane-bound adenylate cyclase, guanylate cyclase oc-
curs in both membrane-bound and cytosolic forms.

The two forms of guanosine cyclases have different functions and follow dif-
ferent routes of activation. The soluble form is activated by nitric oxide (NO)
and by free radicals, whereas the membrane-bound form is a part of a trans-
membranous receptor. Cyclic GMP activates a specific cGMP-dependent protein
kinase (PKG) and leads to a downstream activation of a 23-kDa protein (known
as G substrate).

It is thought that the cGMP-induced signaling pathway involves the inhibition
of phosphatases through the G substrate, so prolonging the effects of phosphor-
ylation, catalyzed by other signal transduction cascades.

Tyrosine kinase-coupled receptors
The molecular backbone of tyrosine kinase-coupled receptors is a single mem-
brane-spanning polypeptide which separates the N-terminal segment from the
cytoplasmatic C-terminal domain.
The binding of a ligand to the extracellular domain is followed by receptor acti-
vation. Tyrosine kinases initiate a cascade of intracellular phosphorylation steps.
Prominent members of the tyrosine kinase-coupled receptor family are the in-
sulin receptor and receptors for diverse growth factors, e.g. the group of neuro-
trophic growth factors.

Cytokine receptors

Cytokine receptors are classified into four families (type I, II, III and IV) but
only type I receptors seem to be expressed in the central nervous system. The
prolactin receptor, some interleukin receptors and growth hormone (GH) recep-
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tors belong to the type I cytokine receptors. The exact signal transduction path-
ways of cytokine receptors are largely unknown and are the subject of intensive
investigation.

1.23
Receptor Regulation

The affinity of receptors to their appropriate ligands can be decreased by various
mechanisms, one of which involves allosteric changes in the receptor molecule,
which can result in decreased affinity. Binding of the ligand to its receptor is re-
versible. The dissociation of the ligand from the receptor results in a decay of
the evoked effect after its removal or inactivation.

Receptors comprise highly dynamic moieties, in terms of lateral mobility,
membrane insertion and turnover. The concept of a receptor as a “mobile” or
“floating* intramembranous constituent has evolved along with the understand-
ing of the general properties of cell surface proteins. Receptors, like other cell
surface constituents, can perform complex protein—protein interactions, result-
ing in the internalization and intracellular redistribution of both, the receptor
and the ligand.

Neuromodulators as well as neurotransmitters can influence the number and
sensitivity of receptors. Under normal physiological conditions, the number of
receptors is finite and the receptors are saturable. Depending on the concentra-
tion of neuroactive substances, the number can increase (up-regulation) or de-
crease (down-regulation).

For instance, the chronic presence of receptor antagonist can lead to an in-
crease in receptor number, which is often accompanied by an increase in sensi-
tivity to the specific agonist.

In contrast, receptor down-regulation occurs in response to continuous stimu-
lation (for example due to the chronic administration of an agonist) and is fre-
quently accompanied by desensitization.

The regulation of receptor sensitivity is orchestrated by several feedback
mechanisms, which may involve the receptor itself (i.e. by allosteric mecha-
nisms at the level of the receptor itself), or subsequent steps in the signal trans-
duction pathways, which result in a reduction in receptor number, a loss of cou-
pling to G proteins or phosphorylation of the receptor by protein kinases. The
latter mechanism induces a conformational change in the receptor, which modi-
fies its affinity to the ligand.

Desensitization can also occur after binding of the ligand to the receptor and
subsequent internalization of the ligand-receptor complex by endocytosis. This
internalization rapidly limits the duration of the signal of the “first messenger”.

Once the endosome carrying the ligand-receptor complex is transported intra-
cellularly, it becomes acidified by an ATP-dependent mechanism. This results in
dissociation of the ligand from the receptor. The receptors are further targeted
to the Golgi apparatus, where sorting takes place, with either partial degradation
or recycling of the receptors to the cell membrane.
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1.2.4
Transporters

In order to fuel cells with essential hydrophilic metabolites, transporter systems
are required which overcome the phospholipid barrier of the plasma membrane.
At nerve terminals, transporters have evolved for high-affinity uptake of neuro-
transmitters and some neuromodulators. These transporters control the tempor-
al and spatial concentrations of extracellular transmitters via a rapid re-uptake
into the nerve terminals. Equally, astrocytes participate in transporter-mediated
uptake of neurotransmitters, serving a kind of servo-function in extracellular
neurotransmitter cleansing. It is assumed that as much as 80% of released
GABA is recaptured by GABA-transporters, indicating that transporter systems
play an essential role in controlling the concentration of released neurotransmit-
ters.

Termination of the activity of neuroactive substances is an essential prerequi-
site for controlled neuronal excitation. For instance, overexcitation of neurons
induced by some excitatory neurotransmitter, which are not recaptured ade-
quately, can exert severe damage to neurons (so-called “excitotoxity”). Glutamate,
for example, is the most widespread excitatory neurotransmitter in the central
nervous system and influences numerous neuronal networks. To limit receptor
activation during signaling and to prevent overstimulation of glutamate recep-
tors that would trigger excitotoxic mechanisms and cell death, extracellular con-
centration of glutamate is strictly controlled by transport systems from both
neuronal and glial sites.
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Neurotransmitters and neuromodulators reveal a spatially organized distribution
in the central nervous system. For instance, glycine is the most abundant inhi-
bitory neurotransmitter in the spinal cord, norepinephrine is focally synthesized
in the locus coeruleus of the brain stem and neuropeptides are most abundant
in hypothalamic nuclei. When describing neurotransmitter distribution, one has
to take into account that axonal transport can carry neuroactive substances ante-
rogradually to reach distant targets. Consequently, high concentrations of neu-
roactive substances can be found in nerve terminals, well separated from the
source of their biosynthesis. Thus, in constructing a descriptive map of neuro-
transmitter distribution, it is important to differentiate between soma-bound
and terminal localization.

Additional techniques, e.g. in situ hybridization, provide further insights into
a descriptive neurotransmitter-based map of the brain. This technique has the
limitation that it provides signals mainly from the cell soma where the highest
concentration of cRNA occurs and gives no information about terminal localiza-
tions.

The coexistence of neurotransmitter and neuropeptides as originally described
by Hokfelt adds an additional level of complexity to a descriptive approach of lo-
cal maps of neuroactive substances.

The fact that neurotransmitter and neuropeptide coexist in single neurons ne-
cessitates the presence of pre- and postsynaptic receptors for both classes of
neuroactive substances to induce their effects. In describing the functional rela-
tionships of both neuroactive substances, Lundberg and Hokfelt (1985) summa-
rized possible effects which arise from their coexistence:
¢ A neurotransmitter acts on one type of postsynaptic receptor.

e A neurotransmitter acts on multiple types of postsynaptic receptors.
e A neurotransmitter also acts on presynaptic receptors to affect its own re-
lease.

Nerve terminals carry different neuroactive substances, which are stored in

small vesicles (neurotransmitters) and in large dense-cored vesicles (neurotrans-

mitter and neuromodulator). If these vesicles are co-released, they can interact

in the following ways:

e inhibition of the release of the neuromodulator by the neurotransmitter via
presynaptic action;

e inhibition or enhancement of the release of the neurotransmitter by the neu-
romodulator via presynaptic action;

e modulation of the activity of the postsynaptic neuron via postsynaptic recep-
tors by the neuromodulator.

In some cases, coexpressing neurons exhibit specific projection patterns: this is
the case in the basal ganglia.
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Gibbins (1989) summarized some principles in neurotransmitter architecture

which result from the coexistence of variable neuroactive substances:

o A target cell can be innervated by different types of neurons, which express
the same neuroactive substances.

e Functionally closely related neurons can express different neuropeptides.

e Neurons can express biochemically related neuroactive substances, since dif-
ferent neuromodulators can be synthesized from a common precursor.

o Although some different members of a neuromodulator family are generated
by differential processing of a common precursor, not all active forms coexist
in a single neuron.
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1.4
The Blood—Brain Barrier

Neuroactive substances are not exclusively expressed in the central nervous sys-
tem, but are also common in peripheral tissues. One prominent example is re-
presented by the gastro-intestinal peptides which possess a chimeric function as
enteric hormones and neuromodulators. This dual function requires mecha-
nisms that restrict or facilitate the entry of neuroactive substances from the pe-
riphery into the central nervous system. The highly regulated system for con-
trolled exchange of neurobiologically relevant substances resides at the border
between the general blood circulation and the brain parenchyma in the form of
the blood-brain barrier.

The existence of a functional barrier between the blood and the brain was
first demonstrated by Paul Ehrlich at the beginning of the 20th century. He ob-
served that, when injected into the circulation, dyes like methylene blue stained
the parenchyma of most organs of the body but not the brain. Injection of dyes
into the cerebrospinal fluid, however, led to a staining of the brain, but not the
body. These experiments were the first demonstration that a barrier between
the blood and the brain exists and that this barrier blocks all free transport, re-
gardless of the direction from which the barrier is approached by the substance.

While the capillaries of most non-neural tissues are permeable to molecules
smaller than 30 kDa, capillaries in the mammalian central nervous system show
a high degree of selectivity concerning permeation coefficients. The permeabil-
ity of substances into brain is governed by specific chemical properties of the
molecules. Although the term blood-brain barrier implies a general imperme-
ability, it is best considered as selectively permeable. The blood-brain barrier
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does not provide a passive barrier between the brain and the body, but consti-
tutes a kind of active filter that regulates the flow of substances between both
compartments by structural and metabolic elements. The most effective struc-
ture that restricts the free access of dissolved hyrophilic molecules into the
brain is the high-resistance tight junction that seals the interendothelial cleft.
The active components, which regulate exchange in both directions, are specific
transporters and enzymes which, for example, include amino acid transporters,
glucose transporters and transporters for essential elements like the transferrin
transporter for iron.

Among the neuroactive substance that are transported through the barrier are
some neuromodulators and their analogs. Lipid-soluble substances like alcohol
and steroids can penetrate the endothelial barrier freely.

A second barrier exists at the circumventricular organs (CVOs). The CVOs
are located close to the ventricles of the brain and they include the chorioid
plexuses, the median eminence, the organum vasculosum of the lamina terminalis,
the subfornical organ, the subcommissural organ, the area postrema, the neuro-
hypophysis and the pineal gland.

In contrast to the common brain parenchyma, these structures are equipped
with leaky fenestrated capillaries, which allow the transfer of substances
through the endothelium, and a tight junction between the covering ependymal
cells blocks free passage into the cerebro-spinal fluid.

In general, substances can cross the blood-brain barrier by four different
pathways:

e penetration via pores and trancytosis;

e transmembrane diffusion;

e carrier-mediated mechanisms and transporters;

e retrograde neuronal transport, so by-passing the blood-brain barrier.

Some chemical properties enable substances to cross the blood-brain barrier.
The properties which affect permeability include lipid solubility, molecular
weight and the ability to form electro-neutral complexes. Some neuroactive sub-
stances, like a-MSH, are known to cross the blood-brain barrier by this mecha-
nism.

The most convenient route for molecules to cross the blood-brain barrier is
by making use of specific receptor-mediated mechanisms or by transporters. In
order to do this, the substance has first to bind to a receptor on the endotheli-
um; and second, the formed ligand-receptor complex has to be internalized and
transferred via endosomes into the endothelial cytoplasm. Finally, the ligand-re-
ceptor complex has to be degraded and the ligand can then be released by exo-
cytosis on the opposite side of the barrier.

Some peptides, like MSH, can cross the barrier primarily by transmembrane
diffusion, a non-saturable mechanism largely dependent on the lipid solubility
of the peptide. Other neuroactive substances utilize highly specific transporters
for crossing the blood-brain barrier, which can operate unidirectionally or bidir-
ectionally. The unidirectional transport can be from the blood to brain parenchy-
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ma, as is the case for Leu-enkephalin, or in opposite direction, as is the case for
the neuropeptides Tyr-MIF-1 and Met-enkephalin. This latter seems to depend
on the peptide transport system-1 (PTS-1), which carries small peptides with an
N-terminal tyrosine from the brain to the blood. This system preferentially
transports two peptides, namely Tyr-MIF-1 and Met-enkephalin.

Bi-directional transport has been described, for example, for the gonadotro-
pin-releasing hormone GnRH.

The transport systems are highly specific and each system carries its own
complement of substrates. Another route of entry to the brain parenchyma uti-
lized by some neurotoxins and viruses is to by-pass the barrier by retrograde
transport from peripheral nerve endings.

Specific transport systems, which carry peptides through the blood-brain bar-
rier, have important neuro-regulatory functions. Pharmacological manipulation
of the blood-brain barrier can therefore provide therapeutic strategies for the ef-
ficient delivery of drugs which are impermeable under normal conditions.
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1.5
Volume Transmission and Wiring Transmission

Intercellular communication in the brain can be grouped in two broad classes,
as proposed by Agnati and coworkers (1986). Based on some general features of
signal transmission, the authors differentiate between wiring transmission
(WT) and volume transmission (VT). Transmission by WT is defined as a mode
for intercellular communication, which is mediated via a relatively constrained
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cellular chain (wire), while transmission by VT consists of a three-dimensional
diffusion of signals in the extracellular fluid for distances larger than the synap-
tic cleft. Transmission by WT thus exhibits (like classic synaptic transmission) a
one-to-one ratio with respect to the number of signal source structures and the
number of signal targets, whereas transmission by VT shows a one-to-many ra-
tio. With respect to the neuroactive substances and their function in brain tis-
sues, as described above, neurotransmitters as well as neuromodulators convey
both modes of function. In fact, it is now generally believed that there exists in
the brain some kind of non-synaptic, hormone-like, modulatory transmission
besides synaptic transmission. This concept is supported by recent findings of
the neurotrophic effects of some neuropeptides and neurotrophins. Further-
more, data on gaseous transmitters like NO have given strong support to this
view. For instance NO, once released, can affect the electro-metabolic state of
numerous neurons not in synaptic contact with the neuron source of the signal.
In addition to the classic mode of wiring transmission in the form of synaptic
communication as described above, we will give here a brief account of the ba-
sic elements of transmission by VT, as summarized recently by Zoti et al.
(1998).
The general features of VT are:
e a cell source of the VT signal, neuronal or non-neuronal, from which a signal
molecule can be released into the extracellular cerebral fluid (ECF);
e a VT signal diffusing in the ECF for a distance larger than the synaptic cleft;
e communication trails in the extracellular space in form of preferred diffusion
pathways;
e a cell target of the VT signal, that is, a cell possessing molecules capable of
detecting and decoding the message.

Model systems for VT are the highly divergent monoaminergic pathways of the
brain, e.g. the dopaminergic mesostriatal system. Both morphological and func-
tional evidence indicates that dopamine acts as a VT signal in the striatum.

The existence of a functionally coupled syncytium provided by astrocytes and
postnatal neurons has led to an extension of the concept of VT transmission
(Dermietzel 1998). If the route of VT is generally regarded as through extracel-
lular cerebral fluid, primarily via diffusion, then gap junctions, which represents
the structural correlate of electrical synapses, may provide a second highly regu-
lated route of VT which can be defined as intercellular as opposed to the extra-
cellular VT. This intercellular VT could serve as a route parallel to the extracellu-
lar VT, allowing coordinated responses of functionally coupled neurons or glial
compartments. In fact, recent evidence indicates that neurotransmitter coupling
via gap junctions exists. For instance, the inhibitory neurotransmitter glycine
can be provided by glycinergic amacrine cells to cone bipolar cells in the retina
(Vaney et al. 1998). Although evidence for intercellular volume transmission of
neurotransmitters is still circumstantial, one has to expect new concepts in
transmitter trafficking and function in the near future.
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Methods

A broad spectrum of methods is available to analyze the nature and effects of neu-
roactive substances. For isolation and purification, common preparative and ana-
lytical methods are used, e.g. differential centrifugation, PAGE-SDS electrophor-
esis, 2-D electrophoresis, affinity chromatography, etc. This arsenal of biochemical
techniques makes it possible to isolate and purify receptor proteins in high con-
centrations so that crystallography and structural analysis can be applied. A classic
example of the effectiveness of this strategy is the molecular analysis of the acetyl-
choline receptor, which was enriched and purified from electroplaques of the elec-
tric eel. By subjecting crystallized samples to X-ray diffraction and low-dose elec-
tron microscopy, the quaternary structure of this receptor was successfully eluci-
dated.

Molecular biological techniques and molecular genetics provide a further
methodological facet for the analysis of genes and their encoded substrates, e.g.
neurotransmitters, precursor molecules and receptor complements. In particu-
lar, the unraveling of the enormous multiplicity of neurotransmitter receptors
which are presently known would have not been possible without molecular
biological approaches.

A further field of intensive study is the search for specific binding sites of
neuroactive substances and analysis of their topographical distribution and phar-
macological profiles. This research has been furthered by autoradiography and
immunohistochemistry.

By combining immunohistochemistry with tracing methods, it has become
possible to map both the neurotransmitter and neuroreceptor characteristics of
brain nuclei and their projection patterns.

Electrophysiological methods are frequently employed to study the effects of
neurotransmitters and drugs on neuronal activities. Further strategies to look
for behavioral effects include batteries of cognitive and psychomotor tests to
which laboratory animals can be subjected.

By creating genetically engineered animals — transgenic and knockout mice —
neurotransmitters, neuromodulators and their specific receptor complexes can
now be studied against different genetic backgrounds.
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Transgenic animals carry artificial genes which are integrated into their ge-
nome. This makes it possible to study gain of function or loss of function effects
of genes which code for a neuroactive substance, their precursors or receptors.

Various techniques are available to create transgenic animals. One technique
is to integrate a new gene into the embryo by transfecting it with retroviruses.
Another is to injection a gene into the pronucleus of an intact oocyte. A further
technique is the transfection of embryonic stem cells and their injection into
embryonic blastocystes, followed by implantation into a foster mother.

The insertion of a new gene by homologue recombination allows the creation
of animals which express the new gene under the control of the recipient's ge-
nome. The same strategy can be applied to inactivate or “knock out’ single
genes. Homolog recombination can cause the normal (active) gene to be re-
placed by the inactivated gene. When the new gene or the deleted gene is inte-
grated into the germ line, the litter-mates will carry the “manipulated” gene in a
Mendelian pattern.

Analysis of the effects of genetic manipulation requires the entire spectrum
of modern analytical techniques, including physiological, morphological and be-
havioral studies. In the following, we will describe some basic methods com-
monly used in the neurosciences to explore the function, expression pattern
and behavioral effects of neuroactive substances.
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2.1
Bio- and Radioisotope Assays

Bioassays

Assays are frequently used to characterize the function of bioactive substances.
The principle behind assays is to remove the endogenous source of a substance
and apply the substance to the deprived organism or cell culture systems. The
removal of the source can elicit a variety of metabolic and physiological dysfunc-
tions in the organism or culture system. If application of the particular sub-
stance compensates for these dysfunctions, this is taken as an indication that
the substance is involved in the normal regulation of function. Since most bio-
logically active substances are not monofunctional, different assays have to be
performed to analyze their effects.
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Radioisotope assays
Radioisotope assays are used to detect low amounts of substances or to deter-
mine the affinity of a ligand towards a receptor or receptor population.

A sensitive assay to detect minute amounts of substances with antigen prop-
erties is the radioimmunoassay (RIA), which was developed by S. Berson and
R. Yalow in 1960. As compared with bioassays, the radioimmunoassay is more
sensitive and permits the detection of physiological and even subphysiological
concentrations of biologically active substances in the femtomolar range.

The physical principal of RIA is based on an antigen—antibody reaction. The
probe containing the antigen to be measured is incubated with an identical
radioactively labeled antigen and its corresponding antibody. By competition be-
tween the labeled and the unlabeled antigen, measurement of the radioactivity
of the bound antigen—antibody complex gives a measure of the relative amount
of the unlabeled antigen when compared with standardized competition curves.

A further radioisotope assay is the so-called radioreceptorassay (RRA), also
known as a Scatchard diagram. This method is applied to determine the disso-
ciation constant Kp. The Kp value indicates the affinity of a ligand to its recep-
tor. The Scatchard diagram also allows the determination of receptor densities
or number of receptors (Bna.x) in a given tissue. It can also be applied to deter-
mine the binding kinetics of bioactive substances in radioligand studies. In this
case, the specific binding of a labeled ligand to a receptor is studied at different
concentrations. The data obtained by measuring the radioactivity is expressed in
femtomoles (fmol) per milligram (mg) substance. When the amount of labeled
binding varies linearly with the ligand concentration, then the existence of a
monospecific receptor of the ligand can be assumed. If the relation differs from
linearity, then multireceptor binding is most likely.

The radioreceptorassay is superior to RIA with respect to receptor studies,
since it allows measurement of the binding of a ligand to its biologically rele-
vant receptor. A limitation of this method is that it does not distinguish be-
tween ligand effects, e.g. antagonistic or agonistic properties.

Further Reading

Davenport, A.P., Hill, R.G., Hughes, J. (1989): Quantitative analysis of autoradiograms. Ex-
perientia Suppl. 56: 137-153.

Deodhar, S.D., Genuth, S.M. (1970): Radioimmunoassay of hormones and a critical review
of its application to angiotensin assay. Crit. Rev. Clin. Lab. Sci. 1: 119-134.

Goldsmith, S.J. (1975): Radioimmunoassay: review of basic principles. Semin. Nucleic Med. 5:
125-152.

Mousah, H., Jacqmin, P., Lesne, M. (1987): The quantification of gamma-aminobutyric acid
in the cerebrospinal fluid by a radioreceptorassay. Clin. Chim. Acta 170: 151-159.

Quirion, R. (1982): Bioassays in modern peptide research. Peptides 3: 223-230.

Schmidt, K.C., Smith, C.B. (2005): Resolution, sensitivity and precision with autoradiogra-
phy and small animal positron emission tomography: implications for functional brain
imaging in animal research. Nucleic Med. Biol. 32: 719-725.



24| 2 Methods

2.2
Microdialysis and Electrochemical Detection

2.2.1
Microdialysis

Microdialysis is used to introduce or withdraw a constant amount of a biologi-
cally active substance into or from the extracellular cerebro-spinal fluid in living
animals. The microdialysis probe is designed to mimic a “capillary” system in
which the substrate has to cross a semi-permeable membrane. The direction of
flow depends primarily on concentration gradients. The gradient built up by the
substance in question is not exclusively dependent on the differences in concen-
tration between sample and extracellular fluid, but depends also on the velocity
of flow inside the microdialysis chamber. For instance, when a physiological salt
solution is dialyzed from inside the chamber, the solution equilibrates with the
extracellular fluid, i.e. solutes diffuse from the cerebro-spinal fluid across the
membrane into the probe. After a period of time, the chamber contains the sub-
stance (and other solutes) in an amount representative of that dissolved in the
extracellular cerebral fluid. On the basis of in vitro calibration data, the chamber
is estimated to recover 10-20% of the actual extracellular moities. Thus, micro-
dialysis can also be used to collect molecules from the cerebral fluids. The rate
of diffusion is a function of the area of the membrane, the flow rate and the dif-
fusion coefficient of the substances. Since the microdialysate is applied continu-
ously, the amount of substrate which is exchanged also depends on the duration
of microdialysis. By using microdialysis as a diffusion trap, femtomolar concen-
trations of molecules in the extracellular fluid can be captured.

Microdialysis is applicable to living animals. The major disadvantages are that
only small amounts of substance(s) can be collected and that the surgical inser-
tion of the chamber causes lesioning or irritation of brain tissue; and this may
change the physiological composition of the extracellular fluid.

2.2.2
Electrochemical Detection

The term “electrochemical detection” refers to a number of detection techniques
which involve the application of an electric oxidation-reduction potential via ap-
propriate electrodes to a sample solution containing oxidizable or reducible so-
lutes. The resulting current is measured as a function of time. Electrochemical
detection is used where high sensitivity or selectivity is required.

The principles underlying electrochemical techniques require the employ-
ment of a three-electrode system, consisting of a recording (indicator), an auxili-
ary (counter) and a reference electrode.

Electrochemical detection can only be used for molecules which are electroche-
mically active. To overcome this problem, electrochemically inactive molecules
must be converted to active molecules, for example, by an enzymatic reaction.
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Voltammetry

Voltammetry allows the direct monitoring of molecules within extracellular cere-
bral fluid. Voltammetry makes use of the fact that certain compounds are read-
ily oxidizable. Typically, the method employs a working electrode, a reference
electrode and an auxiliary electrode. These electrodes are positioned in electrical
continuity with one another, the working electrode being positioned in the brain
structure which is of interest. A controlled potential difference is then applied
between the working and reference electrodes; and the resultant current that
flows from the working electrode provides a measure of the amount of electro-
active material in the solution. The current which results from the reaction of
the analyzed species at the working electrode is measured.

Voltammetry makes use of the fact that several neurotransmitters, especially
catecholamines, are readily oxidizable at potentials at which most other sub-
stances in the extracellular fluid do not oxidize.

However, even in the case of catecholamines, additional molecules can oxi-
dize, so complicating their detection. One way to apply volammetry to mole-
cules with similar oxidation potentials is to separate them by HPLC before anal-
ysis.

Amperometry and coulometry

The current produced for an electrochemical reaction can be measured using
an electrochemical sensor either in the dialysates obtained from microdialysis
or in the eluent from HPLC. The application of an electrochemical detector re-
sults in a highly selective and sensitive detection tool.

Amperometry is a technique in which a fixed potential is applied to a working
electrode with respect to a reference electrode. During amperometric detection,
the mobile phase is passed onto the electrode and only substances which con-
tact the electrode surface directly are oxidized and measured. The substance to
be detected undergoes a reaction if the applied potential has appropriate polarity
and magnitude.

When the reaction is incomplete, i.e. only a fraction of the total analyte reacts,
the detection mode is termed “amperometry’. When the working electrode has
larger surface area and the reaction is complete, the mode is called “coulome-
try”. The former method is easier to maintain, but it is somewhat less sensitive
than the latter.

Coulometric electrochemical detection is similar to the amperometric method.
As mentioned above with the amperometric electrode, only a fraction of the
substance comes into direct contact with the electrode when the mobile phase
flows across it. Consequently, a relatively small proportion of the compound is
oxidized. This is in contrast to coulometric detection, where all of the analyte is
oxidized or reduced. The difference is the result of perfusing the mobile phase
through a coulometric electrode (at pressure) rather than across it. The elec-
trode used in colormetric detection consists of a carbon rod with many small
pores which greatly increase the surface area exposed to the mobile phase.
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Chromatography

Chromatography allows substances to be purified on the basis of their size,
charge or affinity to an antibody. In order to isolate and purify a substance, the
tissue must first be collected, homogenized under protease inhibition and then
centrifuged to separate the various cell components, i.e. nuclei, membranes and
cytosol. These fractions can then be subjected to detergent treatment or treat-
ment with chelatotropic substances (e.g. urea). Further separation is achieved by
differential centrifugation, for example on a sucrose gradient.

The fractions which contain the enriched and solubilized substance are col-
lected and subjected to further purification by chromatography. In the case of
microdialysis, samples the dialysate can be used directly in chromatographic
analysis.

The separation of compounds not only provides a means of purifying them
for further molecular analysis, but is also used in studying changes in brain
metabolism, i.e. by collecting and analyzing samples before and after treatment
with a drug.

Purification is the process of separating or extracting the target substance from
other (possibly structurally related) compounds. The substance of interest should
separate when subjected to chromatography. This depends usually on the velocity
of migration through a column, which is a function of substance size or charge.
Separation can successfully be achieved when the substance differs significantly in
its migration velocity from other (contaminating) substances.

2.3.1
Affinity Chromatography

Affinity chromatography provides a method by which specific antibodies are
coupled to a matrix (the most commonly used matrix is bromocyane-activated
Sepharose). Samples containing the substance to be purified are loaded onto
the column. If the substance displays antigenic properties to the antibody, it
binds with high affinity. Contaminating substances are not recognized by the
antibody and so run freely through the column. The column is then eluted with
a low pH glycine buffer (pH 2-3) for acid hydrolysis of the antigen—antibody
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complex; and the efflux containing the substance is collected. Affinity chromato-
graphy also allows pharmacologically active substances to be bound to the col-
umn, as for example in the isolation of neurotransmitters or their receptor com-
plex. A frequently used approach for the isolation of GABA, receptors, for in-
stance, is the binding of benzodiazepin to a matrix.
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High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) has become a powerful tool
in analytical and preparative neurochemistry. Modern HPLC methods can be
used for several purposes, including separation, purification and quantitative as-
sessment of neurochemical compounds. It is important to understand the theo-
retical background to HPLC if it is to be used effectively.

In brief, HPLC consists of two main components:

e A separation column or stationary phase. Compounds that contain functional
groups capable of strong hydrogen bonding adhere more tightly than less po-
lar compounds to the stationary phase. Thus, less polar compounds elute
from the column faster than compounds that are highly polar.

e An aqueous mobile phase. The mobile phase in HPLC refers to the solvent
which is continuously applied to the column, or stationary phase. The mobile
phase is a buffered water/acetone solvent and exhibits polar properties.

The mobile phase is pumped through the column under high pressure (be-
tween 30 and 200 bar; or 3-20 MPa). When a sample is introduced into the sys-
tem via an injector, it is dissolved in the mobile phase. The molecules in the
sample separate according to their relative affinity to the non-polar matrix and
the polar mobile phase. Molecules which are neutral or of low charge (more
apolar) exhibit a greater affinity for the stationary phase and thus become
trapped by the column, with the result that their elution is delayed. Molecules
which are charged (and therefore more polar) possess a greater affinity to the
mobile phase and elute faster. Increasing the length of the column or decreas-
ing the particle size of the packing material improves separation, but also re-
sults in an increase in the pressure required to pump the mobile phase. When
the column length is increased, the dilution of samples is also increased.

Preparative HPLC refers to process of isolation and quantitative purification
of compounds. Important requirements for a successful preparation are the de-
gree of solute purity and the “throughput”, i.e. the amount of compound pro-
duced per time. In contrast in analytical HPLC, the focus is mainly on obtain-
ing information about the composition of the sample. Recording the efflux of
compounds from the HPLC column is a crucial part of any HPLC approach. In
order to monitor the efflux, a UV detector must be selected and adjusted to opti-
mal detection settings. Setting can be checked by standard separation assays
and adjusted so that, in the standard samples, there is a sharp (detection) peak
in the range expected from the substance being studied.
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Quantification of compounds by HPLC is the process of determining un-
known concentrations of a substrate. It involves the injection of a series of
known concentrations of a standard compound into the HPLC column. The
chromatogram of the known concentrations provides a series of peaks which
correlate with the concentration of the injected compound. Normograms can be
used to estimate unknown concentrations.
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Proteomics: Multidimensional Protein Identification Technology

During the past decade, the necessity for large-scale (shotgun) identification of
complex protein mixtures using peptide mass mapping has fostered technologi-
cal developments in proteomics research with a dramatic impact on the biology
of complex systems. One of the technical developments in shotgun proteomics
— termed multidimensional protein identification technology (MudPIT) — cou-
ples two-dimensional (2D) chromatography of peptides in mass spectrometry-
compatible solutions directly to electrospray ionization tandem mass spectrome-
try (ESI-MS/MS), allowing the identification of proteins from highly complex
mixtures with high confidence. Since the initial description of MudPIT in 1999
(Link et al. 1999), this approach has been implemented in the analysis of whole
proteomes (Durr et al. 2004; Cagney et al. 2005; Jessani et al. 2005), organelles
(Skop et al. 2004) and protein complexes (de Bruin et al. 2004; Sato et al. 2004).
Key aspects of many of the reported analyses focus on the validation of MudPIT
datasets with alternate strategies and the integration of MudPIT datasets with
other biochemical, cell biology or molecular biology approaches. In these stud-
ies, MudPIT provides high resolution, automation, high throughput and the
ability to analyze complex mixtures of proteins in a single run.

Technically, MudPIT incorporates multidimensional high-pressure liquid chro-
matography (LC/LC), tandem mass spectrometry (MS/MS) and advanced data-
base-searching algorithms. Protein mixtures can derive from a wide variety of
sources, including tissues, biofluids or subcellular protein fractions. It is partic-
ular noteworthy that MudPIT, but not classic 2D protein gel electrophoresis sep-
aration techniques, allows analysis of both membrane and soluble proteins from
complex membrane-containing samples. The separation problems commonly
associated with the isolectric focussing of hydrophobic, detergent-solubilized
proteins during classic 2D gel-based approaches do not occur.

Protein lysates are enzyme-digested by a site-specific protease and loaded onto
a biphasic capillary column integrating a strong cation exchange resin (SCX)
capillary column and then are gradually released from a reversed phase resin
(RP). Peptides elute off the SCX phase by increasing pl; and elution off the
SCX material is evenly distributed during an analytical run. Eluted peptides are
on-line directed to a microflow electrospray interface using quadrupole TOF/
TOF instrumentation. Next, protein and peptide sequences are identified by
comparison of theoretical and actual MS/MS spectra via SEQUEST software.
Wolters et al. (2001) described the chromatographic benchmarks of MudPIT:
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two analyses were reproducible within 0.5% and a dynamic range of 10 000 to 1
between the most abundant and least abundant proteins/peptides in a complex
peptide mixture measured. SEQUEST is a powerful program that takes uninter-
preted tandem mass spectra as input and produces peptide identifications as
output. The general principle is that, for each of the tandem mass spectra pro-
duced in a typical analysis, the program searches through entire protein data-
bases for fragments that are around the right mass. The top 500 sequences are
then used to produce theoretical tandem mass spectra, with fragment ions pro-
duced depending on the amino acid sequence of the peptide. The experimental
spectrum is then compared to the theoretical spectra produced using cross-cor-
relation analysis, and the best match is reported as the identification of the pep-
tide. Finally, extensive filtering of SEQUEST results has to be performed to ex-
clude false-positive results. This can be done by programs like DTAselect (Tabb
et al. 2002). However, it is important to remember that peptide identification
and protein identification are two different things and any result obtained by
MudPIT needs reconfirmation by other methods such as Western blotting.

In summary, MudPIT compared to the current one- or two-dimensional elec-
trophoresis/MS method has the advantage of higher identification capacity,
higher sensitivity, higher throughput and a higher degree of automation. Thus,
MudPIT is an essential tool for proteomic analysis and its combination with im-
proved sample preparation techniques will aid in the overall analysis of pro-
teomes by identifying proteins of all functional and physical classes.
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Autoradiography

Autoradiography is used to detect the distribution and to measure the amount
of a radioisotope deposited in a specimen. Conventional autoradiography uti-
lizes direct contact of the radiolabeled samples with a photographic film or
emulsion. Receptor autoradiography is a special form of autoradiography in
neurobiology, which is widely used to localize neurotransmitter and neuromo-
dulator binding sites. For visualizing binding sites the neuroactive substance
must be labeled with a radioactive isotope. This labeling is normally made with
[H], [7°C] or ["#]].

Control experiments make use of specific antagonists which bind to the re-
ceptor sites with higher affinity than the substance being tested. Coapplication
of both substances, the labeled substance and the unlabeled antagonist, should
result in extinction of labeling. When the ligand is capable of binding to more
than one type of receptor, occupancy of one class of receptor by a specific antag-
onist allows the labeled ligand to bind to the remaining other binding sites. In
this way the distribution of the non-occupied receptors can be monitored. A typ-
ical protocol for autoradiography is as follows. Tissue samples or whole animals
are exposed to the radioactively labeled compound for receptor-ligand binding.
Following receptor occupancy, the tissue is fixed and embedded in paraffin. Al-
ternatively, tissue samples can be frozen and stored at —70°C for further cryostat
sectioning. Slices are collected on slides and thoroughly washed in a cooled buf-
fer to remove unbound ligand, thereby leaving specific receptor-ligand com-
plexes on the section. Finally, the slides are removed from the wash and dried.

After drying, the slides can be coated with a liquid photo-emulsion or covered
by X-ray-sensitive films and stored in light-tight cassettes at 4°C for periods
ranging from a few hours to months. Coating with liquid photo-emulsion usual-
ly gives higher resolution than coating with X-ray films. After sufficient expo-
sure, the films are developed in photographic developer in order to visualize the
silver grains.

Manipulation of the binding of a ligand to its receptor is done for a variety of
reasons. For example, by adding unlabeled ligand (or a pharmacological analog)
in excess to the incubation sample pharmacological issues such as specificity
and pharmacokinetics can be addressed (Kp, Buay)-
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The validity of the autoradiographic method has been verified by data derived
from other techniques, as e.g. immunohistochemistry and in situ hybridization.
Autoradiography has the advantage over immunocytochemistry that it combines
histological resolution (including electron microscopical resolution) with the in-
formation about affinity and density of receptor-binding sites.

A limitation of autoradiography is that receptor proteins are commonly trans-
ported along dendritic processes; and this makes it difficult to distinguish be-
tween positive signals from perikarya and their dendrites. In addition, the best
binding conditions for an endogenous ligand may be different from those of a
pharmacological analog.

It should be also kept in mind that autoradiography is an indirect method
based on ligand labeling rather than on direct labeling of the receptor.
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2.5
Immunohistochemical Methods

Immunohistochemistry is a method for studying proteins in an anatomical con-
text. The principle of immunohistochemistry is the formation of an antigen—
antibody complex and the visualization of the binding sites through labeled an-
tibodies.

The first antibody (so-called primary antibody) applied to tissue sections can
be labeled with a fluorophore or a different reporter molecule which can be vi-
sualized by a secondary histochemical reaction. Antibodies are raised towards
proteins or peptides with antigenetic properties. Since antigenetic determinants
are independent of the sites determining the biological activity of a protein, an-
tibodies can recognize inactive forms or even metabolic fragments of a protein.
Therefore immunoreactive sites are frequently referred to in terms of sub-
stance-like reactivity (e.g. angiotensin-like immunoreactivity). A common proto-
col for immunohistochemical staining works as follows. The tissue is fixed in
order to keep the antigen in place. Normally, mild fixatives are preferred to
maintain antigenicity of the substrate, e.g. paraformaldehyde or acetone fixation.
Thereafter, the fixed specimen is rinsed thoroughly in a buffered solution [phos-
phate-buffered saline (PBS) is the most common rinsing buffer], followed by
embedding in paraffin after dehydration or slam-freezing for cryostat sectioning.
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The antibody is then applied to a section in an appropriate dilution. Incubation
time is in the order of 60 min at room temperature. In the case of the so-called
direct immunofluorescence, the primary antibody is labeled with a fluorophore
and can be visualized directly after rinsing. When the more common indirect
immunofluorescence is used, a second antibody is used to sandwich the first
antibody. In this case, the second antibody is labeled with the fluorophore. The
secondary antibody normally recognizes IgGs or other immunoglobulin moities.
Common target proteins in neuroimmunohistochemistry are neurotransmitters
or specific enzymes involved in neurotransmitter metabolism, precursors and
receptor complexes.

The direct technique has the disadvantage that it necessitates coupling of
each primary antibody with a fluorophore; and sensitivity is lower than the indi-
rect method, which allows signal enhancement by applying multiple labeling
steps. A common strategy for signal amplification is the coupling of an enzyme
[e.g. horseradish peroxidase (HRP) to the secondary antibody].

This allows either the enzyme HRP to react with its substrate, hydrogen per-
oxide, in the presence of a chromogen (e.g. 3'-3'-diaminobenzidine) which re-
sults in a colored precipitate, or the application of a further anti-HRP antibody
for amplification of the signal.

Immunohistochemistry is a powerful method for analyzing the pattern of
neurotransmitter and neuroreceptor distribution and has even been used to lo-
calize amino acid neurotransmitters by raising antibodies to multimeric com-
plexes of single amino acids, e.g. polyglycine or polyGABA.

A limitation of the immunohistochemical technique, however, is the difficulty
of being sure that the labeling reaction is specific, particularly in view of the po-
tential for cross-reactivity. The interpretation of immunohistochemical data can
be problematic in the presence of different homologous isoforms of neurorecep-
tors or where amino acid neurotransmitters should be detected which are also
common in ordinary protein metabolism.
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2.6
In situ Hybridization

In situ hybridization (ISH) allows the detection of cRNA in cells or sections. In
a sense, ISH is similar to receptor autoradiography and immunohistochemistry,
since all three techniques require the binding of a probe to a target molecule to
form a stable complex.

ISH can be used to visualize the intracellular distribution of cRNA of neu-
roactive substances (mainly their precursors) or receptor proteins. A prerequisite
is that the cDNA or cRNA sequence of the molecule in question is known.

The availability of standardized kits has made ISH a widely used method in
neuroscience research.

For in situ hybridization, one needs a considerable amount of complementary
DNA (cDNA) or cRNA for hybridization. Sufficient amounts can be achieved by
polymerase chain reaction (PCR).

The basic step in ISH is the process of “hybridization’. Hybridization can be
accomplished by incubating single-stranded cRNA or cDNA of the protein to ap-
propriate ¢cDNA or cRNA targets in the tissue. Hybridization is achieved
through specific hydrogen bonding between the complementary nucleotide resi-
dues. In order to visualize the hybrid complex, nucleotides of the probe have to
be labeled either by introducing radioactivity bound to adenosine-triphosphates
(**S-dATP) or by binding an antigenic target molecule such as dioxygenine to
uridine triphosphates (dUTP). Dioxygenin can be visualized in a secondary step
by immunhistochemistry.

A common protocol for in situ hybridization is as follows. The first step to
achieve RNA-RNA hybrids requires the denaturation of the target cRNA in the
tissue. After denaturation, labeled RNA (riboprobes) are added under renatura-
tion conditions. The labeled probe (which is applied in large excess) can now
form stable hybrids with endogenous cRNA. It is the hybrid which provides the
signal for intracellular cRNA localization. Following hybridization, the tissue is
incubated in a RNAse solution. The purpose of this is to digest the remaining
single-stranded RNA and the non-hybridized RNA probe so as to eliminate
background labeling. After the RNase step, the sections are washed in low-salt
buffers at 45-65°C. Unbound RNA is washed off and complementary binding
sites can be detected by their label (see above).

An alternative method is to use short cDNA probes for hybridization with
cRNA. These oligonucleotide probes have the advantage over riboprobes that,
because of their small size, they penetrate the tissue more readily. They are also
easier to handle than cRNA probes because of their stability and resistance to
RNAses; but also because of their small size they cannot be labeled to the same
extent. This deficit in sensitivity can be overcome by using mixtures of non-
overlapping oligonucleotide probes.

In spite of the limitation of ISH, the technique provides a useful tool - in
particular if it is combined with immunocytochemistry — to map the distribu-
tion of cRNA of neuroactive substances in an anatomical context.

33
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In terms of resolution, in situ hybridization is inferior to immunohistochem-
istry since cRNA localization can not be resolved in very small processes, e.g.
dendrites. This is a particular disadvantage when translational sites of receptor
protein are considered.
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2.7
Staining and Neuroanatomical Tract Tracing

Staining provides a means of selectively “coloring” structures in an otherwise
transparent tissue. The common Nissl-staining, for example, is useful for visual-
izing the distribution pattern of neuronal somata in brain tissue. Silver-staining
allows the impregnation of neuronal processes and somata and in the form of
the Golgi technique, for example, the classification of neuronal cell types by
their specific topology is possible. Various methods have been developed in or-
der to obtain structural details of connectivity.

One classic approach to determine projection patterns is to selectively damage
nerve cells in defined nuclei or brain regions. Since the soma of a neuron is the
metabolic source of the entire cell, destruction of the soma causes the axons to
die. By specific silver-staining techniques, for example the Fink-Heimer or
Nauta-Gygax methods, degenerating axons can be stained. By this means, pro-
jection patterns can be traced throughout the nervous system.

The disadvantage of the degeneration method is that only a fraction of degen-
erating populations of neurons is stained, so that tracing their projection pat-
tern may give rise to spurious results. In addition, damaging neurons by toxins
or mechanical lesioning does not allow single cells to be traced.

Considerable progress has been made in the development of highly sensitive
dyes for neuronal tracing during the past decade.

Many modern neuroanatomical tracing techniques require the injection of
compounds or dyes that are endocytosed and subsequently transported in an
anterograde or retrograde direction (or both). Frequently used anterograde tra-
cers, for example, are PHA-L and biocytin, which may be coupled to dextran-
amines, while for retrograde tracing fluoro-gold and the cholera toxin subunit B
coupled to HRP is commonly used.

Most compounds can be visualized by fluorescence microscopy or through
the application of standard histochemical or immunohistochemical techniques.
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Afferent or efferent projections can usually be discriminated by placing injec-
tions within a given brain region. By using multiple tracers with different trans-
port characteristics, it is possible to address issues such as axonal collateraliza-
tion or network topology.

Intracellular injection of a tracer allows single neurons with their specific axo-
nal and dendritic patterns to be visualized with a Golgi-like accuracy. The advan-
tage over the Golgi technique, however, lies in its selectivity for physiologically
or functionally characterized neurons.

Some tracer molecules (lucifer yellow or calcein) are small enough to allow
transfer to neighboring neurons via gap junctions. Depending on the rational of
study, this can be advantageous or disadvantageous.

Two categories of tracer molecules are frequently used:

1. Fluorescent dyes or a molecule coupled to a fluorophore (which allows the di-
rect identification by means of a fluorescence microscope).

2. Tracers coupled with an enzyme (the most commonly used enzyme is horse-
radish peroxidase).

Since the enzyme-coupled tracers lack a color signal, they have to be further
processed by histochemical methods (mainly by the use of 3'-3'-diaminobenzi-
dine as a chromogene). The latter technique is time-consuming but has the ad-
vantage that the reaction product is durable and light-stable and does not re-
quire a fluorescence microscope.

Various types of tracers with different biological and physicochemical proper-
ties are available. Before choosing a particular tracer for an experimental appli-
cation, the individual characteristics of the tracer must be taken into considera-
tion, e.g. toxicity, diffusability and predominant transport direction and velocity.

Some tracers can also be used with electron microscopy to define synaptic
connectivity. A straightforward approach for this purpose is the combination of
light microscopical preselection with subsequent electron microscopical exami-
nation by a fluorescent dye, which is photoconverted into an electron dense pre-
cipitate by UV irradiation. Most tracer techniques are compatible with immuno-
histochemistry or in situ hybridization, making simultaneous detection of pro-
jections and transmitter or receptor labeling possible.
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2.8
Electrophysiology

2.8.1
In vivo Recording

Electrophysiological techniques can be applied to in vivo or in vitro recording of
neurotransmitter and neuromodulator effects. In vivo experiments can monitor
the electrical activity of a single cell (single unit recording) or many cells (multi-
unit recording). Multi-unit recordings are more difficult to interpret because
neurons recorded in a multi-cell array can be physiologically heterogeneous. For
example, in multi-unit recording, opposing changes in different cells can appear
as no electrical change, leading to misinterpretations. It is also often difficult to
ensure stability of the recorded signal over time with multiple-cell activity.

In vivo recording from the brain is performed in the following way. One goal
of in vivo recording is to explore electrical activity in intact brain matter. For this
purpose, the animal is anesthetized or decerebrated and placed in a stereotaxic
apparatus. Microelectrodes are positioned at the desired coordinates, which can
be determined by reference to a stereotaxic atlas.

It is mandatory that the electrodes are placed accurately and this requires that
their precise localization has to be verified after each experiment by histological
examination.

In the case of single unit recordings, the impulse activity of neurons is typi-
cally recorded extracellularly and the tip of a microelectrode is positioned close
to the neuron of choice. When the microelectrode is in proximity to the neuron,
current fields generated by action potentials of the recorded neuron are detected
through the microelectrode as small voltage deflections.

In the case of neurotransmitter studies, in vivo electrophysiology is often com-
bined with iontophoresis and stimulation recording.

Neurotransmitter iontophoresis is a technique that allows charged neuroactive
substances to leave a micropipette by electrical current flow of the same polarity
as the net charge of the applied substance. By passing current through a glass
micropipette, one can apply neuroactive substances close to a neuron which is
being recorded simultaneously by a second adjacent electrode. Multiple sub-
stances can be applied by using multibarrel glass micropipettes. These pipettes
are manufactured in such a way that up to seven micropipettes are packed in
close together. A single recording micropipette is used to monitor extracellular
neuronal activity (the recording pipette may be one capillary of the multibarrel
pipette assembly, or it may be an adjacent pipette fixed to the iontophoretic
multibarrel electrode). When stable electrical activity is recorded from a neuron,
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a current of appropriate polarity is applied to the barrel containing the sub-
stance and the resulting effects on neuronal activity can be monitored.

Stimulation can be used to measure the postsynaptic electrical effects of an af-
ferent input to a neuron. In this case, electrical pulses are applied to a stimulating
electrode to activate neurons (or axons) that project to the area where a target cell
is recorded. Typically, extracellular recording is used to measure the effects of af-
ferent input. Data are plotted in the form of histograms where the effects of sev-
eral experiments are accumulated. By accumulating activity in histograms, even
weak responses can be detected as a result of summation effects and averaging-
out “noise”. This type of analysis allows response magnitude, duration and onset
latency to be quantified and compared with the response measured after experi-
mental manipulation, e.g. drug or neurotransmitter application.

In vivo electrophysiology possesses some advantages over in vitro techniques.
A major advantage is that the tissue is in a more intact condition than during
in vitro studies. One disadvantage is that it may be difficult to gain access to the
desired structure; and there may be side-effects of the anesthetics which may in-
fluence the responses to the applied neuroactive substance. In addition, some
neuroactive substances can modulate blood pressure and this in turn may
change neuronal activity physiologically or artefactually because of mechanical
instability.

Neuropsychopharmacological experiments require intact and non-anesthetized
animals. Thus, behavioral studies constitute the primary object of in vivo record-
ings. The most common types of microelectrodes used for recording from neu-
rons in behaving animals are tungsten or platinum-iridium wires. Typically,
multi-electrode recording is combined with simultaneous monitoring of other
parameters, including EEG and EMG. Behavioral electrophysiology allows neu-
ral activity to be correlated with the behavioral patterns of an animal. Confound-
ing effects of anesthetics are also avoided since recording takes place in the
awake animal.

To minimize variability in external effects or movement artefacts which may
impair electrical activity in the behaving animal, the animal has to be condi-
tioned and trained over long periods before in vivo recording can be used.

2.8.2
In vitro Recording

In vitro recording is applied to cell cultures, to acute slice preparations, or to
the isolated superfused brainstem. A variant of acute slice preparation is in vitro
recording from acutely isolated neurons. The latter are prepared by mild enzy-
matic digestion of brain slices, where they appear to retain many of the electro-
physiological properties of neurons in slice preparations.

Chronically cultured primary neurons and differentiated neuroblastoma cell
lines have also been used neurophysiological experiments.

Acutely isolated or cultured neurons have the advantage of direct microscopic
visualization and manipulation. A disadvantage is that these preparations lack



38

2 Methods

the connectivity present in the in vivo situation. In order to study the network
behavior of neurons, slice preparations are currently the method of choice.

Acute slices of brain tissue can be obtained by rapidly removing of the intact
brain from the skull. The brain is then placed in ice-cold saline or artificial cere-
brospinal fluid (ACSF) saturated with carbogen (95% O,, 5% CO,).

Slices can be obtained by vibratome sectioning of the brain (thickness of the
sections is about 300—400 um). Slices can be stored in an oxygenated chamber
containing ACSF. From here, they are transferred to a recording chamber,
where they are superfused with an oxygenated artificial cerebrospinal fluid at
35°C. Under these conditions, slices remain “healthy” over a period of several
hours.

Recording is usually performed after 1-2 h of incubation to allow the slices to
recover from the acute insult of dissection.

An advantage of slice preparations is that deep-brain areas can easily be ac-
cessed and electrodes can be positioned under visual control. In addition, slice
preparations are independent of blood circulation and stable recordings can be
obtained without the need of anesthetics or immobilization.

A further advantage of the slice preparation is that it allows repeated applica-
tion of defined concentrations of drugs to the tissue. In particular, if receptor
studies are performed, information on pre- and postsynaptic events can simulta-
neously be obtained.

A disadvantage is that the slice isolates the neurons from more distant projec-
tions and thereby creates an artificially restricted area devoid of long-range con-
nectivities.

Generally, one can distinguish two different types of in vitro recordings:

o extracellular recordings
e intracellular recordings.

For extracellular recording, the electrode is placed close to the neuron. In this
position, the current flows from the nerve cell into the surrounding extracellular
fluid, from which it can be recorded. For intracellular recording, the neuron is
impaled by the electrode and recordings are obtained from inside the cell.

Extracellular recording

Nerve cells generate extracellular current flow by fluctuations of the membrane
potential of dendrites and cell bodies. Postsynaptic potentials elicit an outflow
of negative (excitatory) or positive (inhibitory) ionic charges into the extracellular
fluid. The bioelectrical activity of neurons can be registered by recording the sum
of different potentials (so-called field potentials). Under these conditions, the in-
fluence of physiological and pharmacological manipulation can be measured as
a change in the amplitude of field potentials. The underlying physical phenome-
non is the flow of current through the extracellular space, which is induced by the
transmembranous current of the activated neurons. Measurements do not record
these currents directly, instead the difference of current between changes of poten-
tials in the activated neurons and the recording electrode is measured.
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Intracellular recording

Measurements of membrane potentials with an intracellular or cell-attached
electrode are collectively called intracellular recordings. For impaling the neu-
ron, special microelectrodes are used (so-called “sharp” microelectrodes). These
are commonly applied in traditional intracellular recordings, which are per-
formed either under current-clamp or voltage-clamp conditions.

Current-clamp is a method involving measurement of the voltage difference
across the membrane while injecting constant positive or negative currents into
a cell. Current-clamp recording is usually performed by inserting a single sharp
micropipette into a neuron and recording the voltage and injected currents
through the same pipette. By applying a neuroactive substance to the cell, a
change in the size of the voltage response to the current pulse indicates a change
in ionic conductance (the conductance is the reciprocal value of resistance (g=1/R)
with the unit Siemens [1 Siemens (S)=1 volt per ampere). By incrementally vary-
ing the amplitudes of the current steps over an appropriate range, a set of voltage
responses can be obtained which can be plotted as a current—voltage (I/V) curve.
The curve indicates the “macroscopic” currents passing through the membrane at
different membrane potentials. Treatment with neurotransmitters or drugs that
alter ionic conductance thus influences the slope and shape of the I/V curve.

Under the voltage-clamp recording, a neuron is held at a constant voltage
(membrane potential) and the current required to hold this voltage is measured,
allowing a direct measurement of ionic currents. By applying voltage-command
jumps, the changes in current flow (including their kinetics) can be measured.
Thus, this method allows voltage-dependent and time-dependent ionic conduc-
tances to be directly recorded under experimental conditions.

A further intracellular recording method is the patch-clamp technique. This
technique constitutes a modification of the common intracellular recording
method with sharp electrodes. In the case of the patch-clamp technique, a small
negative pressure is applied to the recording electrode (i.e. the patch pipette),
mostly by suction with a tube-fixed syringe. If the tip of the pipette is placed on
the surface of the cell, the membrane attaches to the tip of the polished micro-
pipette and a tight mechanical and electrical high-resistance (giga-ohm) seal re-
sults.

The patch-clamp method can be applied in at least four configurations:
.the cell-attached mode

.the inside-out mode

.the outside-out patch mode

.the whole cell patch mode.

AW N =

1.In the cell-attached configuration, recording of single channels is possible
without disrupting the cell membrane.

2.In the inside-out and in the outside-out configurations, the membrane patch
is detached from the neuron after a giga-ohm seal is formed. This mode en-
ables one to record single-channel activity in isolation from the cell. In the in-
side-out configuration, the patch of membrane is pulled apart from the neu-
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ron, leaving the patch attached to the pipette with its cytoplasmic surface ex-
posed to the bathing solution.

3.In the outside-out patch, a membrane patch is formed in which the extracel-
lular membrane surface is exposed to the bathing solution.

4. When whole-cell patches are applied, the cell membrane is ruptured by the
tip of the electrode, after the giga-ohm seal has established, and recording
from inside the cell can be obtained. A modification of this technique (perfo-
rated patch) is to include a substance (e.g. Nystatin) in the patch pipette,
which perforates the membrane sealed to the pipette, and so provides electri-
cal continuity between cell interior and pipette.

The patch-clamp technique offers a valuable method for the study of biophysical
properties of single channels. Single-channel, cell-attached and inside-out patch-
clamp modes are particularly useful in studying second-messenger systems.
These modes are, however, difficult to use with slice preparations. For this pur-
pose, a whole-cell configuration is better suited. In addition, the whole-cell
patch mode allows the ionic content of a single neuron to be modified merely
by changing the buffer and salt concentrations in the pipette solution. Second
messengers and drugs affecting channel activity can be introduced into the pi-
pette solution for diffusion into the neuron. Unfortunately, the whole-cell con-
figuration does not allow the exact ionic or second-messenger concentration in
the cell interior to be determined; and there a constant risk that essential meta-
bolites, e.g. CAMP, can diffuse from the cell into the pipette.
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2.9
Behavioral Testing

To understand the functional effects of neuroactive substances, it is necessary to
study their behavioral effects in addition to their electrophysiological properties.
In principle, animal behavior can be studied in natural settings or under labora-
tory conditions. Most behavioral studies are performed in laboratory settings,
because these conditions allow strict control of parameters which could influ-
ence behavior. Behavioral studies in laboratory settings focus mainly on the fol-
lowing subjects: learning tasks, behavioral development, psychopharmacology.

Behavioral testing of animals allows information to be obtained about the in-
fluence of neuroactive substances in perception, learning and memory, emo-
tional, sexual and social behavior.

Behavior can be defined as an animal response to a stimulus. A stimulus can
be an endogenous signal (e.g. action of a neuroactive substance) or an environ-
mental signal (light, sound). The behavior of animals can be modified by condi-
tioning. Two types of conditioning paradigms are differentiated:

e classic conditioning, as introduced by the Russian physiologist, I. Pavlov

(1849-1936);

e operant conditioning, which was developed by the American psychologist,

B.F. Skinner (1904-1990).

2.9.1
Classic Conditioning

In classic conditioning, an animal can be trained to respond to an external stim-
ulus in an inappropriate manner. For example, a dog can be conditioned to salivate
when a bell rings — a response that is naturally irrelevant to the animal behavior.
When undergoing classic conditioning, the animal is repeatedly offered two differ-
ent stimuli in timed sequences. The first stimulus, called the neutral or condi-
tioned stimulus (CS), does not usually cause the animal to respond in the desired
way, since ringing of a bell is a neutral stimulus for a dog in terms of salivation.

The second stimulus, called the unconditioned stimulus (UCS), causes the
desired behavior. In this example presentation of food constitutes the uncondi-
tioned stimulus because it causes the dog to salivate. In classic conditioning,
the CS is followed by the UCS. When conditioning is successful, the dog re-
sponds with the CS to the bell even though no food is presented.

Fear conditioning is a special form of Pavolvian (classic) conditioning. In fear
conditioning, the extent of a fear response is measured when a conditioned
stimulus is paired with an aversive unconditioned stimulus.

A further test used in investigating fear-related behavior is the so-called fear-
potentiated startle. This test measures an animal's (usually a rat’s) startle behav-
ior in response to a loud tone. For conditioning the tone is preceded by a light,
which has previously been paired with footshock. As a result of this pairing the
light increases (potentiates) the startle response of the rat to the tone.
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2.9.2
Operant Conditioning

In contrast to classic conditioning, the animal is no longer a passive participant,
because it has to learn a task or to solve a problem. In operant conditioning, an
animal is exposed to some type of reward or punishment whenever it behaves
in a certain way, e.g. pushing a lever, or moving from one place to another. The
reward or punishment, also called reinforcement, follows the action. Food or
water may be used as reward and electric shocks as punishment. Rewarding the
animal usually increases the probability that it will repeat the action, while pun-
ishment decreases the probability. In the simplest case, the reward is delivered
every time the animal produces the behavior desired by the experimenter. This
is termed a continuous reinforcement (CRF) schedule.

The strength of the response depends on the amount of reward or punish-
ment. Especially in the case of instrumental conditioning, the strength of the
response can be used as a measurement of the animal's “drive” to escape the
punishment or to obtain a reward. Thus, these experiments could provide a ba-
sis for studying motivation.

2.9.3
Further Behavioral Tests

In addition to classic and operant conditioning, other behavioral tests are also
applied in psychopharmacological research. A test which is widely used in ex-
amining the effects of neuroactive substances on behavior is the active avoid-
ance reaction.

In active avoidance, the animal starts a trial in an environment where it is ex-
posed to a constant aversive stimulus, e.g. electric shock application, while an
adjacent environment is safe. If the animal does not move between both areas
in a fixed time, the shock is delivered. The animal is then placed back in the
dangerous compartment for the start of the next trial. Under this experimental
condition, learning consists in a decrease in the latency to leave the dangerous
compartment, initially resulting in learned escape and then in avoidance.

Besides tests that explore emotional or conditioned behavior, maze tests can
be used to record spatial learning (a type of learning, which is related to the
hippocampal formation).

The simplest type of maze is the T-maze in which the animal has only two
possible choices to go: a correct and an incorrect way.

The next level of complexity is represented by spatial spontaneous alternation.
In this procedure, the animal is placed in the stem of a T-maze and allowed to
explore freely. The first choice of arm (left or right) is recorded and the proce-
dure is repeated. On the second trial, about 75% of normal animals typically
choose the arm opposite to the one chosen on the first trial.

In a radial-arm maze task, the rat is placed in the center of a maze in the
shape of a star burst. The simplest form of this task consists in the arms being
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supplied with a piece of food at the beginning of any one trial. The most effi-
cient performance for the rat is to visit each arm only once. This seems a very
simple behavioral pattern insofar as these results can be achieved by a rule such
as “turn sharp left as you come out of each arm”. In practice, rats do not solve
the task in this way, but tend to choose arms roughly opposite to the one which
they have visited before, a behavior that indicates a considerable amount of
working memory information (possibly spatial information).

The most complex form of maze task is the Morris water maze. This consists
of a circular featureless swimming pool, which contains a submerged and
hence invisible platform, which is permanently located in the same spatial posi-
tion. The animal is placed into the pool at different positions. Normal rats learn
quickly to find the platform and to swim almost directly to it. The invisibility of
the platform also allows the use of transfer tests to determine what the animal
has learned. In transfer tests, the animal is placed in the water as before, but
the platform has been removed from the pool after a cycle of trials. Control ani-
mals show that they are aware of the precise position of the platform. They
swim to this position and start circling around the no longer present platform.

These tests, as well as others, are useful in determining the effects of neu-
roactive substances on behavioral pattern. Test batteries have to be performed in
two groups: a non-treated group which serves as control and a group which is
treated with a neuroactive substance (by injection of the substance or by inacti-
vation of the substance). Comparative statistical analysis of the behavioral pat-
terns of the two groups provides information about any effects of the neuroac-
tive substance on behavior.

Since behavior requires complex mental processing, it is necessary to apply
different tasks in order to obtain valid information.

Behavioral studies are time-consuming and require considerable practice on
the part of the experimenter.
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3
Neurotransmitters

The classic neurotransmitters represent amino acids and biogenic amines,

which are able to initiate synaptic transmission in the nervous system. A collec-

tion of criteria have been established to differentiate neurotransmitters from
neuromodulators (see also under Introduction):

e The classic neurotransmitters are produced and stored within neurons and
are released upon an adequate electrical signal.

e Neurotransmitters are localized in presynaptic terminals and are released into
the synaptic cleft in the form of quantal portions for mediating postsynaptic
excitatory (EPSP) or inhibitory (IPSP) events.

e Neurotransmitters are selectively released upon nerve stimulation in a cal-
cium-dependent manner.

e Neurotransmitters react with receptors on the postsynaptic or presynaptic
sites. The effects can be prevented by specific antagonists and facilitated by
specific agonists, which mimic the action of the transmitter.

e Neurotransmitters are inactivated rapidly after release. This inactivation is
mediated by specific enzymes or by re-uptake mechanisms.

e Experimental application of a neurotransmitter at postsynaptic sites elicits ef-
fects identical to the endogenous substrate.

The structure of the neurotransmitter is conserved and consequently its biologi-
cal activity does not vary due to a strict structural-functional relationship.
Neurotransmitters are either fast-acting substances, which open ligand-gated
ion channels and elicit an immediate flow of current through the activated
channel or they behave as slow-acting agents which induce long-lasting changes
at the postsynaptic site. The slow-acting neurotransmitters affect the membrane
permeability indirectly through second-messenger systems. All neurotransmit-
ters, with the exception of histamine, are recaptured by highly specific transport
systems. The transporters play a significant role in the rapid inactivation of the
released neurotransmitter, limiting its temporal and spatial action. Some neuro-
peptides act like neurotransmitters. However, it has not been shown in detail
whether they meet all the criteria noted above. Neuropeptides with classic neu-
rotransmitter effects are named putative neurotransmitters or co-transmitters.
Additional classes of substances with neurotransmitter properties are gaseous
molecules like nitric oxide (NO) or carbon monoxide (CO). These gaseous sub-
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stances meet some criteria of neurotransmitters. Some essential neurotransmit-
ter criteria, like receptor interaction and specific re-uptake and degradation
mechanisms, are not fulfilled by this group and thus they do not qualify as true
neurotransmitters.

The putative neurotransmitters as well as the gaseous oxides will therefore be
described under the section “Neuromodulators”.

The following chapter will give an account on general aspects, localization
function and disorders of the most important neurotransmitters and neuromo-
dulators. As a guide for better neuroanatomical orientation we will first provide
a master map which includes the major neuroanatomical structures and cap-
tions mentioned throughout the handbook (Fig.3.1).

3.1
Acetylcholine

3.1.1
General Aspects and History

Acetylcholine (ACh) was the first neurotransmitter discovered. ACh plays a sig-
nificant role in synaptic transmission in the central and peripheral nervous sys-
tem. In 1907, Hunt and, in 1914, Sir Henry Dale were able to demonstrate that
esters of choline produce physiological effects. Additionally, Dale distinguished
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two main classes of ACh receptors: the muscarinic and the nicotinic receptors.
In 1921, Loewi discovered that stimulation of the vagus nerve results in the re-
lease of a chemical substance: the so-called vagal substance. The chemical sub-
strate was identified later (Loewi and Navratil 1926) to be acetylcholine.

In 1933, Chang and Gaddum demonstrated that acetylcholine is present in the
brain of mammals as well. The discovery of specific receptors capable of binding
acetylcholine and the detection of enzymes which catalyze its biosynthesis and de-
gradation have allowed demonstration of both the general distribution of acetyl-
choline within the nervous system and its role as a neurotransmitter.

3.1.2
Localization Within the Central Nervous System

The cholinergic system of brain tissue can be divided into three different sub-

systems:

e Cholinergic motoneurons in the spinal cord: The collaterals of these neurons acti-
vate small interneurons in the ventral horn of the spinal cord (Renshaw cells),
which express nicotinic receptors.

o Interneurons and local projection neurons: The most representative neurons of
this type are interneurons in the striatum. These interneurons interact with
the dopaminergic terminals of neurons which project from the substantia ni-
gra into the striatum. In addition, sparsely distributed cholinergic interneu-
rons are located in the cortex, the hippocampus and in the olfactory bulb.

e Projection neurons: Different groups of cholinergic projection neurons can be
distuingished according to a nomenclature which was established in 1983 by
Mesulam and coworkers. Group Chl and Ch2 correspond with cholinergic
neurons in the region of the medial septal nucleus and with neurons in the
diagonal band of Broca. These neurons project to the hippocampus. Group
Ch3 is located in the horizontal band of Broca. Neurons of this group inner-
vate the olfactory bulb. Members of group Ch4 are represented by neurons of
the magnocellular region of the preoptic nucleus, the magnocellular region of
the nucleus basalis of Meynert and in the substantia innominata. These neu-
rons project to the cerebral cortex and to the amygdala. Members of groups
Ch5 and Ch6 are located in tegmental areas of the brain. They possess as-
cending projections to the thalamus and to the hypothalamus as well as des-
cending projections. The descending projections approach the pons, the nu-
cleus vestibularis, the locus coeruleus and various raphe nuclei. The neurons
of group Ch7 occur in the habenula. They project to the interpeduncular nu-
cleus. Finally, neurons of group Ch8 are located in the parabigeminal nucleus
and send projections into the superior colliculus (Fig.3.2).

Acetylcholine has been shown to occur in colocalization with GABA, though the
physiological relevances of this coexpression is not known.

Terminals of these neurons can form excitatory asymmetric synapses with
dendrites and symmetric, inhibitory synapses with additional dendrites. This ar-
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Fig. 3.2 Schematic representation of the central cholinergic
projections in the brain of rats. Abbreviations: Am=amygdala;
BO=bulbus olfactorius; Cer=cerebellum; Cs=superior colliculus;
CPu=caudate-putamen; Hl=hippocampus; IPN=inter-
peduncular nucleus; Th=thalamus.

borization allows a single neuron to exert different effects via functionally differ-
entiated synapses.

3.13
Biosynthesis and Degradation

The synthesis of acetylcholine is straightforward and follows a simple scheme.
ACh is synthesized from acetylCoA and choline by an enzyme known as cho-
line acetyltransferase (ChAT). The choline acetyltransferase is located almost ex-
clusively in the cytoplasm of cholinergic fibers. Cholinergic neurons contain
high concentrations of ChAT, indicating that this enzyme is not rate-limiting in
the synthesis of acetylcholine. The acetyl-CoA which serves as a donor derives
from pyruvate generated by glucose metabolism in the mitochondria. Choline
derives from dietary sources and from phosphatidylcholine. Furthermore, cho-
line can be supplied by ACh hydrolysis. The source of the hydrolized acetylcho-
line is the extracellular acetylcholine, which has been released into the synaptic
cleft and reimported into the cholinergic neurons by re-uptake. This choline
transporter system which serves for the re-uptake is known as sodium-depen-
dent high-affinity choline uptake (SDHACU). This system is localized exclu-
sively at cholinergic nerve terminals. Its function is to transport choline from
the extracellular space into the neuron. The SDHACU system is selectively in-
hibited by hemicholinium. The production of acetylcholine takes place in the cy-
toplasm of cholinergic neurons. Acetylcholine is stored in vesicular form at the
nerve terminals of cholinergic fibers. In response to an action potential, it is re-
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leased by exocytosis into the synaptic cleft, from which it diffuses to the postsy-
naptic site for interaction with appropriate receptors (or postjunctional site out-
side the central nervous system), which results in specific effects according to
the receptor type (nicotinic or muscarinic).

Botulinus toxin, as well as tetanus toxin, inhibits the release of acetylcholine,
while the toxin of the black widow (a spider) enhances the release of ACh.

Acetylcholine is metabolized by esterases. Several species of specific esterases
exist. Two of them are essential for acetylcholine metabolism: acetylcholine es-
terase (AChE, EC 3.1.1.7) and butyrylcholine esterase (pseudocholinesterase).

AChE is expressed in neurons, mucscle cells and certain hematopoetic cells.
In excitable tissue, AChE is localized primarily in the synaptic complex, extracel-
lular to nerve and muscle cells. AChE is also present in moderate abundance in
non-cholinergic neurons that receive cholinergic input (so-called cholinoceptive
neurons). Acetylcholine esterase has a molecular mass of about 80kDa and can
occur in different forms: the globular monomeric form (G1), the dimeric (G2)
and tetrameric (G4) forms as well as the collagen-tailed asymmetric forms A4,
A8 and A12.

The G1 form is preferentially located in the cytoplasm, while the G4 form is
found on plasma membranes. The asymmetric form A12 seems to occur at syn-
aptic sites of ganglion cells. In the central nervous system, the globular G4
form predominates.

The different forms of acetylcholine esterases are transported by active neuro-
nal transport mechanisms in retrograde and anterograde directions.

Since inactivation of the acetylcholine esterase prolongs the half-life of acetyl-
choline in the synaptic cleft, agents that inhibit AChE activity are used for ther-
apeutic or toxicological purposes.

Three types of AChE blockers have become famous: the carbamyl esters,
which are employed therapeutically as adjuncts to anaesthetics, the organopho-
sphates which are widely used insecticides and anticholinesterase like sarin
which have been used as “nerve gas”. These substances bind in competition
with acetylcholine to the acetylcholine esterase. Since acetylcholine has a half-
life of about 50 s, the carbamyl esters effectively compete with the binding site
due to their half-life of about 30min. Organophosphates bind irreversibly be-
cause they are not degradable by the acetylcholine esterase.

314
Receptors and Signal Transduction

The ACh receptors consist of two major groups: the muscarinic and the nicotin-
ic receptors. They can be distinguished by their selectivity to the alkaloids nico-
tine and muscarine. Dale originally introduced this classification in 1914 and it
is still valid, in spite of the fact that several subtypes of nicotinic and muscarinic
receptors have been described meanwhile.

The nicotinic receptors belong to the ligand-gated ion channel superfamily.
This comprises the nicotinic receptor (neuronal and muscle type), 5-HT, GABA
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and glycine receptors. It is believed, on the basis of sequence similarity, that all
members of this family have a similar tertiary structure.

Muscarinic receptors are activated by the alkaloid muscarine and are blocked
by atropine (see Fig.3.3) and scopolamine. The nicotinic receptors are activated
by nicotine and inhibited by curare.

Further agonists are substances like butyrylcholine, carbachol, DMPP and tet-
ramethylammonium, while a-bungarotoxin, dihydro-f-erythroidine, hexamethio-
nine, mecamylamine and Procain elicit antagonistic effects.

The nicotinic receptors
The nicotinic receptors are activated by low concentrations of nicotine, whereas
high concentrations block the receptors.

The nicotinic receptors are classified into two subclasses: a neuronal type and
a muscle type. However, both receptor subtypes share a high amino acid homol-
ogy, indicative of a long evolutionary heritage that has primarily conserved the
receptor sequence.

The nicotinic receptor was the first neurotransmitter receptor to be isolated
(1970), purified and chemically defined (1973) by classic biochemical tech-
niques. This was due to its enrichment in the electroplaques of the electric eel
Torpedo mamorata, which serves as a rich source for the isolation of nicotinergic
membranes. The simplest form of the nicotinic receptor is a glycoprotein with
a molecular mass of about 300kDa. The receptor constitutes of a heterooligo-
meric complex of four distinct protein subunits, which were classified in order
of their molecular size (a=40kDA, f=50kDA, 6=60kDA, y=65kDA). The prob-
able quaternary arrangement of the subunits consists of a pentameric com-
plexes of the a2, f5, 0 and y, which encompass the ion channel (Fig.3.4).
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Fig. 3.4 Schematic drawing of a nicotinic intracellular. Extracellular domains of the
acetylcholine receptor, nAChR, which is a-subunits form the acetylcholine (ACh)-
regarded as a prototype of an ionotropic binding sites. Two ACh molecules bind
ligand-gated receptor. The nAChR forms an to the nAChR for receptor activation which
ion channel, which is composed of five directly translates into channel opening.
different subunits (a, f3, 9, a, 7). Each of Phy=physiostigmine acts as a non-

these subunits consists of three domains: competitive agonist.

extracellular, transmembrane-spanning and

Several putative combinations of subunits are possible to build up functional
receptors, either by expression of a single type of subunit or by expression of a
single type of subunit together with the f-subunit. In nerve cells, up to three
different f-subunits have been described (52, 3 and f4). An additional eight
subunits can contribute to a high diversity of pentamers, which possess distinct
pharmacological properties. Although the subunit composition of some native
neuronal nicotinic receptors is still unknown, differences in subunit composi-
tions are believed to account for the variance in physiological and pharmacologi-
cal properties of the receptors. Autoradiographic labeling with [*H] nicotine re-
veals differences in the binding pattern in the brain as compared to labeling
with [***J]bungarotoxin (bungarotoxin is an irreversible ligand and a specific an-
tagonist of the nicotinic receptor, see above), indicative of regional heterogeneity
among naturally occurring nicotinic receptors.

Binding of two molecules of acetylcholine to the a-subunit induces a change
in the conformation of the pentamer and thereby induces an opening of the li-
gand-gated ion channel, which subsequently allows the influx of ions. This in-
flux results in a depolarization of the neuron.

In contrast to the muscarinic acetylcholine receptors, no second messengers
are involved in the signal transduction. Classic excitatory cholinergic transmis-
sion was primarily studied through the muscle-type AChR containing al-, f1-,
0- and y-subunits embryologically or &subunits in the adult and ganglionic
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AChR consisting of a3-, f4- and a5-subunits. These are the best studied AChR;
and they mediate depolarizing, inward Na* currents involved in classic excita-
tory neurotransmission at the neuro-muscle junction and through autonomic
nerve ganglia. There is ample evidence for actions of AChR in the mediation of
excitatory transmission at some sites in the CNS, but nicotinergic signaling is
not nearly as prominent in the central nervous system as muscarinergic signal-
ing. Some systems such as the limbic system seem to make use exclusively of
muscarinergic receptors.

Nicotinergic receptors are present in the hippocampus, the cerebral cortex,
the thalamus, the hypothalamus, the superior colliculus as well as in some cho-
linergic nuclei of the forebrain and brain stem.

Nicotinic receptors have also been demonstrated at presynaptic endings of
cortical and mesostriatal neurons.

AChR can play roles other than mediating excitatory neurotransmission. For
example, AChR containing a7-subunits mediate very short-lived, nicotine-gated
responses of high Ca?* permeability; and other CNS acetylcholine receptors also
reveal significant Ca®* permeability. Consistent with their presynaptic location,
the permeability of the receptor channel to Ca®* speaks in favor of a control of
ACh release through presynaptic ACh autoreceptors. Activation of these recep-
tors in the brain results in transmitter release or facilitates the release of other
neurotransmitters. Via nicotinic heteroreceptors, acetylcholine increases the lev-
el of glutamate, serotonin, GABA or dopamine and, in addition, acetylcholine
increases acetylcholine levels via nicotinic autoreceptors. Recent evidence indi-
cates that acetylcholine can coactivate the release of dopamine, serotonin and
glutamate through nicotinic receptors. The identification of presynaptic AChR
at sites where other subsets of neurotransmitters occur, i.e. in the hippocampus
(norepinephrine, GABA, 5-HT), the striatum and the nucleus accumbens (dopa-
mine), was interpreted as the ability of AChR to modulate the release of other
neurotransmitters, perhaps without requiring action potential propagation from
the cell body.

The muscarinic receptors
The muscarinic receptors share little similarity in their tertiary structure and
physiological function with the nicotinic receptors.

The muscarinic receptors are metabotropic receptors, which means that they
are coupled to G proteins and thus belong to the superfamily of G protein-
coupled receptors.

The muscarinic receptors are monomers of 440-540 amino acids with seven
membrane-spanning domains, the N-terminus residing on the extracellular side
and the C-terminus on the intracellular side (Fig.3.5).

Selective agonists of the muscarinic receptors are substances like arecholine,
betanechol, carbachol, etacholine, oxotrimorin and pilocarpin. Selective antago-
nists are atropine, gallamine, pirenzepin, scopolamine, telenzepin and 4-DAMP.

Based on their pharmacological properties, the muscarinic receptors have
been divided into two classes, which are designated M1 and M2. This classifica-
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Fig. 3.5 Schematic drawing of a muscarinic acetylcholine
receptor (mAChR). In contrast to the nicotinic receptor, this
receptor does not form an ion channel. The receptor consists
of seven transmembrane-spanning domains and belongs to
the G protein-coupled receptor superfamily (GPCRs).

tion corresponds to their different selectivity to the antagonists pirenzepine
(M1) and gallamine (M2). Because of the discovery of a competitive cardioselec-
tive antagonist, AF-DX 116, the M2 receptors have been subdivided into two
further subclasses: M2a andM2f (or M3) receptors. The different subtypes are
also present in the central nervous system of mammals.

The genes of five different subtypes of muscarinic receptors have been identi-
fied, cloned and sequenced. The five subtypes are labeled as m1, m2, m3, m4
and m5 (Table3.1). They differ in their distribution and their signal transduc-
tion pathways. The amino acid sequence of the membrane-spanning regions is
highly conserved among the five subtypes.

The actylcholine-binding side of the muscarinic receptor consists of a pocket-
shaped indentation which is formed by the transmembrane domains and which
exhibits a site for allosteric regulation by several compounds.

The binding of acetylcholine to muscarinic receptors activates different signal
transduction pathways, depending on the type of muscarinic receptor. The two
main pathways are:

e inhibition of adenylate cyclase activity with subsequent reduction of intracellu-
lar cCAMP levels;

e activation of phosphatidyl inositol to form diacylglycerol and inositol trispho-
sphate.

The M1 receptor group (ml, m3, m5) is coupled to a pertussis toxin-insensitive
G protein of the G4 family, which activates phospholipase C. Activation of phos-
pholipase C leads to the generation of the second messengers diacylglycerol
(DAG) and inositol trisphosphate (IP;) from phosphatidylinositol. Inositol tri-
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Table 3.1 Essential properties and antagonists of the different muscarinergic receptor subtypes.

Properties Subtype
m1 m2 m3 m4 m5
Molecular mass 51240 51715 66127 53058 60186
(kDa)
Amino acids 460 466 590 479 532
G protein Gy G11 Gi, Go Gg G11 Gi, Go Gy G11
coupling
Effectors IP3/DAG cAMP(-) IP3/DAG cAMP(-) IP3/DAG
Tissue Brain, autonomic  Brain, heart, Brain, secretory Brain, lung ?
ganglia, vas sympatic ganglia, glands, smooth
deferens, secretory lung, Uterus, muscles
glands, sympatic ~ smooth muscles
ganglia
Brain areas Cerebral cortex, Basal forebrain, Cerebral cortex, Cortex, 3)
hippocampus, bulbus olfactorius, piriform cortex, hippocampus,
amygdala, thalamus, bulbus olfactorius, olfactory tubercle,
striatum, bulbus  cerebellum, thalamus, thalamus, striatum
olfactorius, brain stem striatum,
olfactory tubercle, brain stem
nucleus
accumbens
Subtype-selective ~ Pirenzepine, Gallamine, 4-DAMP Tropicamide, ?
antagonists telenzepine himbacine hexocyclium

a) Only small amounts of the m5 subtype have as yet been discovered and its
distribution the CNS is not fully understood.

sphosphate initiates the release of calcium from intracellular stores, while DAG
activates protein kinase C.

Muscarinic receptors of type M2 (m2, m4) are coupled to G; proteins. Activa-
tion of the M2 group inhibits the activity of adenylate cyclase.

This classification has been extended by recent studies, indicating that addi-
tional pathways are involved in signal transduction:
e stimulation of the phospholipase A2 by receptors of type M1 (m1, m3, m5);
e stimulation of the phospholipase D (m1 and m3);
e stimulation of adenylate cyclase mediated by the f-subunit of G proteins;
e inhibition of phosphodiesterases.

Activation of the muscarinic receptors initiates a number of depolarizing and

hyperpolarizing currents through direct or indirect mechanisms. These effects

include:

e stimulation of the inwardly rectifying potassium conductance by muscarinic
receptors of type M2 (m2 and m4);
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e inhibition of calcium conductance by muscarinic receptors of type M2 (an ef-
fect mediated either directly via G proteins or indirectly via a reduction in
cAMP levels);

e activation of calcium-dependent potassium, chloride and cation conductance
by muscarinic receptors of type M1 (m1, m3, m5);

e inhibition of voltage and time-dependent potassium conductance (M-current)
by m1 and m3.

The muscarinic receptors of type M1 are preferentially expressed in the cortex,
the hippocampus (including the dentate gyrus), the nucleus accumbens, the
striatum and the amygdala.

Type M2 receptors occur in cholinergic nuclei of the thalamus as well as in
the superior colliculus, olfactory bulb and in the brain stem. Muscarinic recep-
tors of type M3 (or the subtype M2f) are found in the hippocampus and in the
cerebral cortex.

In situ hybridization studies revealed that mRNA of m1 is formed in cortical
and striatal brain areas and in the amygdala, the hippocampus, the nucleus ac-
cumbens, the olfactory bulb and the olfactory tubercle. By the same technique,
mRNA of the m2 subtype has been demonstrated in cholinergic neurons of the
cortex and some subcortical areas. These data are in accordance with the distri-
bution of muscarinic receptors of type M2.

Messenger RNA of m3 has been found in the cerebral cortex, the piriform cor-
tex, the hippocampus, the thalamus and in the caudate-putamen, while mRNA of
m4 was demonstrated in high concentrations in the cortex, the hippocampus, the
thalamus, the caudate-putamen complex and the olfactory tubercle. Messenger
RNA of m5 is widely distributed throughout the central nervous system, though
the expression of the corresponding protein is rather low (Table 3.1).

3.1.5
Biological Effects

Several toxins can impair the functions of the acetylcholine system. These tox-
ins can be used for pharmacological purposes because of their agonistic or an-
tagonistic properties (Table 3.2).

In addition, further pharmacological substances have been developed, which
selectively act upon muscarinic or nicotinic receptors (Table 3.3).

Effects which are mediated through nicotinic receptor are rare in the central
nervous system. However, some effects have been demonstrated in Renshaw
cells of the spinal cord as well as in neurons of some thalamic areas and the
prefrontal cortex. These effects are characterized by a fast excitation since the
neuronal nicotinic receptors are permeable for calcium ions. The nicotinic re-
ceptors are considered to be involved in synaptic plasticity, which uses calcium
as a second messenger.

Muscarinic receptors are present in autonomic ganglia (as are nicotinic recep-
tors) and in organs innervated by postganglionic parasympathic fibers. The sig-
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Table 3.2 Some biologically active substances which possess cholinergic

agonistic or antagonistic properties.

Substance Derivation Effect
Agonists Nicotine Alkaloid from the tobacco Activates nicotinic receptors
plant
Muscarine Alkaloid from the mushroom Activates muscarinic
Amanita muscaria receptors
a-Latrotoxin A toxin of the spider black Massive release of
widow acetylcholine
Antagonists Atropine and scopolamine Alkaloid from the plant Blocks muscarinic receptors

Botulinus toxin
Bungarotoxin

d-Tubocurarin

Atropa belladonna

A toxin from Clostridium
botulinum

A toxin of the snake
Bungarus

A compound of curare

Inhibits the release of
acetylcholine

Inhibits acetylcholine
receptors

Blocks acetylcholine
receptors of the motor end
plate

Table 3.3 A list of some principal agonists and antagonists of

nicotinic and muscarinic receptors. Abbreviations:
4-DAMP=4-diphenyl-acetoxy-N-methylpiperidine;
DMPP=dimethyl-4-phenylpiperazinium.

Nicotinic receptors

Muscarinic receptors

Agonist

Antagonist

Nicotine

Butyrylcholine
Tetramethylammonium
DMPP

Carbachol

Hexamethonium
Dihydro-f-erythroidine
Mecamylamine
Bungarotoxin

Muscarine
Pilocarpine
Arecholine
Oxoremorine
Carbachol

Atropine
Scopolamine
Pirenzepine (M1)
Telenzepine (M1)
4-DAMP (M2)
AF-DX 116 (M2)

nificance meaning of this peripheral distribution is that the muscarinic acetyl-
choline receptors participate in parasympathic effects, which include such prin-
cipal physiological features as a decrease in heart rate, smooth muscle contrac-
tion and blood vessel dilation.

The function of muscarinic receptor activation is best studied in the hippo-
campus and in the cerebral cortex. Some of the effects of receptor activation
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have also been demonstrated in some other brain areas. In all cases, acetylcho-
line possesses an excitatory effect which becomes most obvious in the enhance-
ment of neuronal firing rates.

Muscarinic effects have been described in several brain areas: these include
the cerebral cortex, the locus coeruleus and some thalamic nuclei. The effects
are preferentially of excitatory nature, but in some cases postsynaptic inhibition
has also been described, for instance in the reticular nucleus of the thalamus
and in the parabrachial nucleus.

In the central nervous system, acetylcholine is involved in the control of cer-
tain motor activities and in processes coupled to learning and memory. Lesion-
ing of cholinergic regions in the septo-hippocampal area results in a dysfunc-
tion in memorizing and in spatial memory. Injection of cholinergic antagonists
induces comparable effects. In contrast, injection of a cholinergic agonist (sco-
polamine) in the same region seems to have positive effects on learning and
memory.

3.1.6
Neurological Disorders and Neurogenerative Diseases

A dysfunction of the cholinergic system occurs in some degenerative diseases of

the brain, like Alzheimer’s disease. The progression of Alzheimer’s disease is

accompanied by:

e a strong reduction in the activity of acetylcholine esterase in several cerebral
structures, especially in the cortex, the hippocampus and the amygdala;

e a reduction in the biosynthesis of acetylcholine;

e a reduction in the high-affinity uptake of choline;

a loss of cholinergic neurons in the nucleus basalis of Meynert;

a loss of nicotinic receptors in the cortex and in the hippocampus, in contrast

to the muscarinic receptors which show no obvious reduction.

The neurotoxic effect of neurofibrillary tangles and beta-amyloid plaques are
hallmarks of Alzheimer’s disease. Disease-modifying approaches which might
lead to neuroprotection and enhanced survival of neurons are at the focus of
therapeutic strategies.

Recent data suggest a role for cholinergic stimulation in counteracting beta-
amyloid toxicity. Especially, the a7 nicotinic acetylcholine receptor is considered
to be a strategic target for inducing neuroprotective effects. Galantamine, which
is a modest acetylcholinesterase inhibitor in addition to being an allosteric mod-
ulator of nicotinic acetylcholine receptors, has therefore been applied in preclini-
cal studies with promising effects; and new disease-modyfing agents capable of
stimulating the a7 nicotinic receptor system are of further interest to discern
potential neuropretection in this degenerative disease.

Imbalance of the cholinergic system also seems to be involved in Parkinson’s
disease. This is apparent from the hyperactivity of cholinergic interneurons in
the striatum, following the reduction of the dopaminergic influence. Further-
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more, the cholinergic system is impaired in Huntington's chorea, since an es-
sential feature of this inherited disease is a characteristic loss of cholinergic in-
terneurons in the striatum.

In the periphery, the most prominent disease which involves the cholinergic
transmission is Myastenia gravis, an autoimmune disease which manifests itself
at the motor endplate. Autoantibodies directed to the nicotinic receptors of mo-
tor endplates produce a masking of the receptors, which finally leads to their
degradation. The functional consequence is a reduction of cholinergic transmis-
sion at skeletal muscles which is causal for the most prominent clinical sign of
severe muscle weakness in these patients. The inhibition of acetylcholine es-
terases in order to prolong the action of endogenous acetylcholine is one of the
therapeutical regimes used to treat this disease.
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3.2
Dopamine

3.2.1
General Aspects and History

The first successful synthesis of dopamine (3,4-dihydroxyphenethylamine, or 3-
hydroxytryptamine) was achieved in 1910, but in contrast to the other members
of the catecholamine family (epinephrine, norepinephrine), little attention was
paid to this monoamine. It was thought for a long time that dopamine was sim-
ply an intermediate product in the synthesis of norepinephrine. However, since
then it has been shown that dopamine is a prominent neurotransmitter in the
brain with several potential functions and a distinct distribution. Dopamine has
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been found to be enriched, for example, in the substantia nigra and in the stria-
tum, whereas norepinephrine is absent from these brain regions. The differen-
tial distribution of dopamine is suggestive of a specific function for this neuro-
transmitter in neuroregulative processes.

With respect to the peripheral nervous system, dopamine was long considered
to constitute the precursor of the other catecholamines. However, dopaminergic
neurons were found by Bell (1989) to occur in peripheral nerves. Consequently,
dopamine can also be regarded as a transmitter in peripheral nervous tissues.

In 1962, Falck and Hillarp developed a fluorescent method (glyoxcyl acid
method) for the visualization of monoamines in tissue sections. Dahlstrém and
Fuxe (1964) applied the Falck—Hillarp method to the central nervous system and
were able to demonstrate monoaminergic neurons, including neurons which ex-
pressed dopamine, norepinephrine and serotonin. This method, together with
immunohistochemical studies, has provided important insights into the distri-
bution and function of dopamine in the central nervous system.

The essential biochemical difference between noradrenergic neurons and
dopaminergic neurons is the presence of the enzyme dopamine-f-hydroxylase.
This enzyme can be used as a marker for the differentiation of noradrenergic
from dopaminergic neurons. Within dopaminergic neurons, the dopamine-f-hy-
droxylase catalyzes the formation of norepinephrine from dopamine.

From a clinical point of view, dopamine attracted considerable interest since it
became evident that this monoamine is involved in several major brain disor-
ders, like Alzheimer’s, Parkinsonism and Schizophrenia.

3.2.2
Differentiation and Localization of the Dopaminergic System

The dopaminergic system comprises three classes of neurons based on the

length of their projections:

The class with ultra-short projections: This includes amacrine-like neurons in
the retina and the periglomerular cells of the olfactory bulb and is characterized
by very short intralaminar dendritic extensions.

The class with short projections: This class comprises three different subsys-
tems:

e The system of dopaminergic cells which are located in the arcuate nucleus of
the hypothalamus (area A12). These project to the pituitary and to the median
eminence.

e The system of dopaminergic neurons of the posterior hypothalamus (area
A11), the zona incerta (area A13) and dopaminergic neurons close to the
paraventricular nucleus of the hypothalamus (area A14). Together, these pro-
jections represent the so-called intradiencephalic dopaminergic neurons
(Fig.3.6A).

e The system of dopaminergic neurons located in the nucleus of the tractus so-
litarius and in the periaqueductal gray.
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Fig. 3.6 (A) So-called short projections the class of long projections. The cell bodies
which mainly arise in the arcuate nucleus of this dopaminergic neurons have been
(A12), posterior hypothalamus (A11), the grouped into compartments A8 to Al).

zona incerta (A13) and the paraventricular Abbreviations for projections:

nucleus (A14). Abbreviations for projections: mc=mesocortical projection; ml=mesolim-
ds=diencephalo-spinal projection; bic projection; ms=mesostriatal projection;
ti=tuberoinfundibular hypothalamothalamic ns=nigro-striatal projection; Acb = nucleus
area; Th=thalamus. (B) This figure indicates accumbens; OT =olfactory tubercle.

The class with long projections: This class consists of neurons with very long
dopaminergic projections. The projections arise either in the retrorubal field
(A8), in the substantia nigra (A9) or in the ventral tegmental area (VTA; A10).
From there, they project to three different brain areas (Fig.3.6B):

e the neostriatum;

e the limbic cortex;
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e additional limbic structures (i.e. the olfactory tubercle, septal areas, the nu-
cleus accumbens and the amygdaloid complex).

Synonyms for these projections are the nigro-striatal, mesocortical or mesolim-
bic system. The specific projections of the dopaminergic neurons from A8, A9
and A10 to the nucleus accumbens and the striatum are collectively called the
mesostriatal dopaminergic system. The entire projection fields of the group
from A8, A9 and A10 are known as the mesotelencephalic dopaminergic sys-
tem.

The dopaminergic neurons of the mesotelencephalic system do not innervate
exclusively the regions listed above, but innervate additional areas which are
also depicted in Fig.3.6A,B.

3.23
Biosynthesis and Degradation

Dopamine, like other neurotransmitters, is not capable of crossing the blood—
brain barrier. However, the precursors of dopamine, phenylalanine and tyrosine
(tyrosine can be synthesized from phenylalanine by the activity of the phenylala-
nine hydroxylase) are able to cross the blood-brain barrier.

The biosynthesis of dopamine takes place within nerve terminals. Dopamine
is synthesized from tyrosine in a two step process. The first step is catalyzed by
tyrosine hydroxylase and results in the production of dihydroxyphenylalanine
(DOPA; Fig.3.7).

Tyrosine hydroxylase, which is the rate-limiting enzyme in the generation of
dopamine, is present in all catecholamine-containing neurons. Tyrosine hydro-
xylase is an oxidase which requires tetrahydrobiopterin and oxygen as cofactors.
An increase in the concentration of tyrosine does not lead to a greater produc-
tion of L-DOPA, since tyrosine hydroxylase operates at its maximal catalytic ac-
tivity.

Since tyrosine hydroxylase is the rate-limiting enzyme, this substrate is ren-
dered a feasible target for physiological regulation and pharmacological manipu-
lation.

An excess of catecholamines (dopamine, norepinephrine or epinephrine), for
example, inhibits tyrosine hydroxylase activity. In contrast, some neuromodula-
tors like VIP or growth factors like the nerve growth factor (NGF) can activate
tyrosine hydroxylase.

The catalytic product of tyrosine is L-DOPA, which is then decarboxylated to
dopamine by the cytosolic DOPA decarboxylase. DOPA decarboxylase is also
known as aromatic amino acid decarboxylase because it catalyzes the decarboxy-
lation of several other endogenous aromatic amino acids. DOPA decarboxylase
is not rate-limiting. Thus, higher concentrations of cerebral DOPA enhance the
synthesis of dopamine.

The biosynthesis of dopamine takes place in the cytosol, from which the
transmitter is transported through a specific transport system into presynaptic



3.2 Dopamine

NH, Fig. 3.7 Synthesis of dopamine from its precursors.

I
CH,-CH - COOH

Q

phenylalanine

phenylalanine hydroxylase

4

NH,
|
CH, - CH - COOH

&

HO
tyrosine
tyrosine hydroxylase
NH,
|
HO CH, - CH - COOH
HO” :
DOPA
DOPA decarboxylase
HO: : ,CH,CH,NH,
HO
dopamine

vesicles. This vesicular storage protects dopamine from degradation by the en-
zyme monoamine oxidase (MAO). The vesicular transporter is distinct from the
dopamine transporter, which is found in the presynaptic membrane (see be-
low).

Since dopamine is synthesized and stored in presynaptic vesicles, cell bodies
of dopaminergic neurons contain relatively low amounts of dopamine. High
concentrations of the neurotransmitter are prevalent in presynaptic terminals
when visualized by the glyocylic acid technique or after immunocytochemical
detection.

The dopaminergic cells give rise to a large number of dendritic processes and
the axons of these neurons form highly branched collaterals. In the preterminal
region of the collaterals as well as in the dendrites, a large number of varicosi-
ties have been found.
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A well known example of the complexity of dopamine neurons is the nigro-
striatal system, where a single dopaminergic neuron forms up to 100000 vari-
cosities, which make synaptic contacts with postsynaptic neurons.

3.24
Release, Re-uptake and Degradation

Dopamine is released by action potentials through a calcium-dependent mecha-
nism into the synaptic cleft. The subsequent sequence of events follows the
classic scheme of transmitter release. The calcium influx through voltage-depen-
dent calcium channels triggers the fusion of the vesicle with the presynaptic
membrane. A pore is formed from which dopamine is released into the synap-
tic cleft. Dopamine then diffuses across the synaptic cleft and binds to postsyn-
aptic receptors. This binding induces a change in the conformation of the re-
ceptors, which in turn triggers the membrane permeability for ions and initiates
a complex chain of intracellular postsynaptic events.

The outcome is an activation or inhibition of the postsynaptic neuron. The
dopaminergic signal is finally terminated by removal of dopamine from the in-
tersynaptic cleft. This removal involves specific re-uptake mechanisms into the
presynaptic terminal where it can be stored and reused.

Specific dopamine transporters (DAT) support the re-uptake. This transporter
system plays an important function in the inactivation and recycling of released
dopamine.

The dopamine transporter is a glycoprotein of 619 amino acids (70kDa)
which shows a 12-span transmembranous motif. The function of the dopamine
transporter is to reaccumulate extracellular dopamine in the presynaptic term-
inals and thereby to regulate the lifetime of the free intersynaptic dopamine.
The uptake process, which transports the extracellular dopamine into the cells,
depends on Na* and CI". The transporter is very efficient and about 80% of the
released dopamine is recaptured by this re-uptake mechanism.

The dopamine transporters are not located at the active zone of the presynap-
tic site but are restricted to perisynaptic areas. This implies that dopamine dif-
fuses away from the intersynaptic cleft. Besides its physiological role, dopamine
transporters provide pharmacological targets for cocaine and amphetamines.

In addition to its transporter complement, the presynaptic membrane con-
tains some dopamine receptors. These receptors are so-called autoreceptors.
Their functional role is to monitor the extracellular dopamine concentration
and to modulate the impulse-dependent release and synthesis of dopamine. A
blockade of these receptors facilitates the synthesis and presynaptic release of
dopamine, while their stimulation has the opposite effect.

Dopamine can be degraded by the activity of monoamine oxidase (MAO) and
aldehyde dehydrogenase to dihydroxyphenylacetic acid (DOPAC). Alternatively,
it can be metabolized by the activity of catechol-O-methyltransferase (COMT) to
form 3-methoxytryptamine (3-MT). DOPAC and 3-MT are then further degraded
to form homovanillic acid (HVA; Fig.3.8).
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Fig. 3.8 Degradation of dopamine to homovanillic acid (HVA).

Interestingly, catechol-O-methyltransferase and monoamine oxidase do not
participate exclusively in the degradation of dopamine, but are also involved in
the metabolism of norepinephrine.

3.2.5
Receptors and Signal Transduction

Receptor classification
Most dopaminergic receptors are located postsynaptically, but some are located
presynaptically. Stimulation of the presynaptic dopaminergic receptors results in
activation or inhibition of the release and synthesis of dopamine (so-called auto-
receptors, see above).

The autoreceptors play a significant role in modulating and monitoring the
release and synthesis of dopamine. The autoreceptors are found at nerve termi-
nals, as well as on the soma and on dendrites of most dopaminergic neurons.
Stimulation of autoreceptors located at the nerve terminals results in an inhibi-
tion of dopamine release and synthesis, whereas stimulation of somatodendritic
autoreceptors decreases the firing rate of the dopaminergic neurons. They may
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Fig. 3.9 The family of dopaminergic receptors belongs to the
GPCRs. The third intracytoplasmic loop contains the G
protein complex-binding site (A). D1 and D5 receptors
stimulate the activity of adenylate cyclase (B), while the D2,
D3, D4 group exerts an inhibitory effect on this enzyme (C).

also regulate dopamine release and synthesis. Thus, both types of presynaptic
autoreceptors cooperate in the regulation of dopaminergic transmission.

The family of dopamine receptors is classified into two groups, which differ
in their biochemical and pharmacological properties. The dopaminergic recep-
tors belong to the family of receptors, which show the seven transmembrane-
spanning domain motif and are all metabotropic receptors (see Fig.3.9A-C).

The dopaminergic receptors are divided into the D1 and D2 groups. The D1
group consists of D1 and D5 receptors, which are positively linked to adenylate
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Type Amino acid sequence Location on the human Agonists Antagonists
chromosome
D; family
D, (14) 446 (human, rat) 5q-34-35 A-68930 Halobenzazepine
CY-208-345 (e.g. SCH-23390)
Dihydrexidine Thioxanthene
Hydroxybenzazepine
Ds (1B) 477 (human) 4p-15.1-3 Hydroxybenzazepine Halobenzazepine
475 (rat)
D, family
Dy (2Aa) 443 (human) 11q-22-23 Aminotetralin Benzamide
444 (rat) Ergoline Butyrophenone
(-)-Hydroxyaporphine ~ Phenothiazine
D,s (2Af) 414 (human) 11q Ergolin Benzamide
415 (rat) (-)-Hydroxyaporphin Butyrophenone
D; (2B) 400 (human) 3q-13.1 (+)-7-OH-DPAT Benzamide
446 (rat) (+)-PD-128-907 S-14297
Dihydrexidine
Pramipexol
Dy (2C) 387+ (several variants ~ 11p-15.5 Ergoline (+)-Aporphine
in human) Clozapine
368 (rat) Olanzapine

cyclase. The D2 group consists of D2, D3 and D4 receptors (Table3.4) and each
of these receptor types exists in different isoforms. The dopaminergic autorecep-
tors belonged to the family of D2 receptors.

Molecular topology

A very short third intracellular loop and a long C-terminal tail characterize the
topology of receptors of the D1 group, while a long third cytoplasmic loop and
a short C-terminal tail specifies members of the D2 family. This long third cyto-
plasmic loop is regarded to be essential for the interaction of the receptor with
G proteins.

The human D1 family (D1 and D5 receptors) is encoded by genes located on
chromosomes 5 and 4. Two D5-like pseudogenes are located on human chromo-
somes 1 and 2. These pseudogenes encode for a truncated and inactive form of
the D5 receptor (154 amino acids, instead of 477 amino acids).

Specification of the dopamine receptor
D1 receptors

The D1 receptors appear to be most abundant in the mammalian forebrain. In
addition, they are expressed (in decreasing concentrations): in the striatum, the
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amygdala, the thalamus, the mesencephalon, the hypothalamus and the hind-
brain.

The D1 receptors have a distribution pattern which differs from that of the
D2 receptors (see below). The absence of D1 receptors in adults is an indication
that this receptor type lacks a role as an autoreceptor. However, it can not be ex-
cluded that they function as autoreceptors during embryonic development.

The D1 receptors, like the D5 receptors (the second member of the D1 fami-
ly), stimulate the activity of the adenylate cyclase. This is the most significant
respect in which they differ from members of the D2 family (Fig.3.9B,C).

The D1 receptor is composed of 446 amino acids (Table3.4) and is a G pro-
tein-coupled receptor. The gene, which encodes for the D1 receptor protein, is
located on human chromosome5q35.

Several selective D1 receptor antagonists have been developed. Most of them
are halogenated phenylbenzazepines, such as the compounds SCH-23390 and
SCH-39166.

D2 receptors

The D2 receptors, like the D1 receptors, are widely distributed within the brain.
Their relative abundance (in decreasing concentration) is as follows: striatum,
mesencephalon, spinal cord, hypothalamus and hippocampus.

The D2 receptor gene was first cloned from rat tissue in 1988 by Bunzow and
coworkers. A year later, the human D2 gene was cloned. The human gene,
which encodes the D2 receptor, is located on chromosome 11q23. Molecular
analysis of different cloned D2 receptor peptides indicates that the D2 receptors
differ slightly, even within a single species. The difference is the facultative
presence of a stretch of 29 amino acids in the third intracellular loop of the re-
ceptor peptide, leading to a variance of these isoforms between amino acids 415
and 444. The variants are generated by alternative splicing of the same gene (Ta-
ble 3.4) during maturation of the corresponding pre-mRNA.

These isoforms are termed “long” or “short’ forms (D2L and D2S, or D2A
and D2B) which both inhibit adenylate cyclase activity and undergo agonist-in-
duced desensitization.

The distribution of the D2L and D2S receptors is not uniform within in the
central nervous system. D2 receptors of the short isoform are relatively more
abundant in the posterior cerebral cortex, the amygdala, the hypothalamus and
the brain stem as compared to the D2 receptors of the long form. However,
more D2L receptors are found in extrapyramidal basal ganglia.

D2 receptors seem to exist in a monomeric as well as in a dimeric form, a
feature, which enhances the diversity of the D2 receptor type. Both D1 and D2
receptors are expressed in the striatum, which raises the possibility of coexpres-
sion of D1 and D2 receptors in individual striatal neurons.

D3 receptors
The D3 receptor has structural and pharmacological similarities with the D2 re-
ceptor. D3 receptors are widely distributed in the basal forebrain, the olfactory
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tubercle, nucleus accumbens, striatum and substantia nigra, but they are infre-
quent in limbic and extrapyramidal regions, where D2 receptors have been
found in high densities.

The locus of the human D3 receptor gene is on chromosome 3q13. The hu-
man receptors of the D3 type are composed of 400 amino acids and the D3 re-
ceptor of rats consists of 446 amino acids (Table 3.4).

Like the receptors of type D2, the D3 receptors occur in different isoforms
(D3gry, and a short and long splice variant), however, it seems likely that not all
of the variants form functional receptors.

The most significant difference distinguishing the D3 receptors from the
other dopaminergic receptors is their lack of interaction with G proteins. How-
ever, the signal transduction pathway of this receptor is still unknown. Based
on the structural similarities with the D2 receptors, it is discussed that D3 re-
ceptors are capable of inhibiting the formation of cAMP.

D4 receptors
A further member of the D2 receptor family is the D4 receptor. The gene locus of
the human D4 receptor is located on chromosome 11q15. D4 receptors occur in
several isoforms differing in the length of their amino acid sequences (Table 3.4).

In the brain, the mRNA for D4 receptors is expressed in the frontal cerebral
cortex, the hippocampus, the thalamus, the striatum, basal ganglia and the cere-
bellum.

Like the other dopaminergic receptors of the D2 family, the D4 receptors inhi-
bit the activity of adenylate cyclase.

In contrast to the D1, D2 and D3 receptors which have little affinity to cloza-
pine (a dopamine receptor antagonist), the D4 receptors display moderate affini-
ty to this substance.

D5 receptors
A further dopaminergic receptor has been cloned, which shares great structural
homology with the D1 receptor. This dopaminergic receptor was classified fol-
lowing the order of its discovery, as D5 receptor. This receptor is composed of
476 amino acids (Table 3.4). Like the D1 receptors, the D5 receptors are coupled
to G proteins, activate adenylate cyclase and reveal a high affinity for dopamine.
This receptor type has a very restricted distribution within the brain. The D5
receptors are expressed exlusively in the hippocampus and in the thalamus (par-
afacial nucleus).

3.2.6
Biological Effects

The differential distribution of the diverse dopaminergic systems indicates that
dopamine influences a variety of brain functions. For instance, dopamine is in-
volved in the modulation of arterial blood-flow, higher brain functions like cog-
nition and learning and in anxiety-related behavior. Therefore it is not surpris-
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ing that the dopaminergic systems serve as a target for antipsychotic drugs, i.e.
in schizophrenia treatment. The classic domain for dopamine substitution, how-
ever, is Parkinsonism, where a degeneration of dopaminergic neurons in the
substantia nigra is causal for the disease.

The nigro-striatal system is concerned with the initiation and maintenance of
motor behavior. The mesolimbic and mesocortical systems appear to be involved
in goal-directed and reward-mediated behavior and in motivation-dependent be-
havior. A dysfunction in these systems alters normal associative processes.

An enhancement of dopaminergic transmission in the mesolimbic system is
linked with reinforcing effects of psychostimulant drugs. The hypothalamic-hypo-
physeal axis in the form of the tuberoinfundibular system plays a major role in the
regulation of pituitary and hypothalamic peptides, for instance in the release of
prolactin. An increase in dopamine activity in this system results in an inhibition
of prolactin release. Thus, dopamine constitutes the prolaction-inhibiting factor.

It is thought that the dopaminergic tuberoinfundibular neurons are involved
in the regulation of a-MSH and f-endorphin and in the release of oxytocin and
vasopressin from the pituitary.

With respect to the autonomic centers of the hypothalamus, dopamine seems
to be an essential neurotransmitter, which impinges on arterial blood-flow regu-
lation. Feeding, as well as drinking activities initiated by the ventromedial and
lateral hypothalamic nuclei including the zona incerta, are also modulated by
dopamine.

3.2.7
Neurological Disorders and Neurodegenerative Diseases

As mentioned earlier, dopamine is an essential neurotransmitter in manifold ce-
rebral functions. Consequently, dysfunction in the dopaminergic transmission
influences a variety of neurological and psychiatric disorders. Some dysfunc-
tions may result in hyperactivity of the dopaminergic system. Such hyperactivity
leads to an accumulation of the neurotransmitter in the synaptic cleft and/or
hypersensitivity of dopaminergic receptors. Dopaminergic hyperactivities have
been found to be linked to some psychotic disorders, including hallucinations
and manic states.

Hypoactivity of the system seems to be primarily involved with motor dys-
function, deficits in motivation-dependent behavior and imbalance of emotional
perception. Thus one has to expect a combination of different clinical symptoms
if the balance of the dopaminergic system is afflicted.

The basal ganglia, including the striatum, play a crucial role in the control of
movement. The importance of dopamine in the striatum becomes evident in pa-
tients with Parkinson’s disease (PD). PD was originally described by James Par-
kinson in 1817 and is characterized by a trio of cardinal symptoms:

e bradykinesia (slowed movement)
e resting tremor

o rigidity.
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Normal motor function depends on the highly regulated synthesis and release
of dopamine by neurons projecting from the substantia nigra to the striatum.
Degeneration of the DAergic neurons located in the substantia nigra pars com-
pacta (SNpc) and a subsequent loss of DAergic nerve terminals in the striatum
are responsible for most of the movement disorders. There is a gradual decline
in dopaminergic neurons of the SNpc during aging, which is accompanied by a
reduction of the striatal DA content. In idiopathic PD, however, the symptoms
become apparent when about 70% of the striatal dopamine and more than 50%
of the nigral dopaminergic neurons are lost. Further pathological features of
this disease, besides the apparent loss of neurons, are dystrophic neurites
termed Lewy neurites, and characteristic round eosinophilic inclusions of about
5-25um in diameter, known as Lewy bodies, which consist of intracellular inclu-
sions of a-synuclein. The presence of Lewy bodies in association with nerve cell
loss in the substantia nigra and various other regions of the nervous system is
a diagnostic hallmark of PD.

The underlying mechanisms of most cases of PD are still unknown but, re-
cently, specific genetic defects were identified. In addition, environmental fac-
tors may also contribute to the disease. Epidemiologic studies indicated that a
number of factors, including pesticides, herbicides, industrial chemicals and
farming, may increase the risk of developing PD. Both lines of evidence, envi-
ronmental and genetic risk factors, point to a convergence between energy me-
tabolism and deficits in the disposal of damaged proteins in the pathogenesis of
PD. Thus, the pathogenesis is thought to be multifactorial, deriving from envi-
ronmental factors acting on genetically predisposed individuals with ageing.
However, the relationship between genetic and environmental factors is poorly
understood and most models of PD focus on single genes or toxins.

Current approaches in PD therapy include, among others:

e replenishment of dopamine by giving I-3,4-dihydroxyphenylalanine (Levadopa);

e increasing the action of remaining dopamine by reducing the destruction of
dopaminergic cells;

e mimicking the action of dopamine with appropriate dopamine receptor ago-
nists;

e electric stimulation of specific brain areas;

e manipulating the actions of neurotransmitter which interfere with the actions
of dopamine in the striatum;

e transplantation of appropriate neuronal tissue into the striatum.

However, all these treatments only ameliorate the symptoms of PD, but are un-
able to cure the disease. Thus, a major challenge will be to identify the molecu-
lar and cellular bases which are responsible for the destruction of dopaminergic
midbrain neurons.

Agents that selectively disrupt or destroy catecholaminergic systems, such as
6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) have been used to develop animal models of Parkinson's disease, since
neurotoxins reproduce specific features of this disease (Fig.3.10).
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transporters and can then be accumulated

6-OHDA uses the same catecholaminergic transport system as norepineph-
rine and DA and produces specific degeneration of catecholaminergic neurons.
6-OHDA seems to be toxic to mitochondrial complex I and induces the genera-
tion of reactive oxygen species (ROS). 6-OHDA is usually injected unilaterally,
while the intact hemisphere serves as an internal control. This unilateral 6-
OHDA injection represents the so-called “hemiParkinson model”, which is char-
acterized by an asymmetric motor-circling behavior after administration of
DAergic drugs, due to the physiological imbalance between the lesioned and
unlesioned striatum. Therefore, animals rotate contralaterally to the hemisphere
in which dopamine receptor stimulation is stronger. This means that they turn
towards the side of the lesion after challenge with dopamine-releasing drugs
and away from it after treatment with L-DOPA or dopamine agonists. Rotation
behavior can be quantified and correlated with the degree of lesion, a major ad-
vantage of this model.

Most of the current evidence on the mechanisms of cell death in Parkinson’s
disease originate from studies using the MPTP model. MPTP is highly lipophi-
lic and readily crosses the blood-brain barrier. MPTP-mediated toxicity is in-
duced through conversion to the 1-methyl-4-phenyl-2,3-dihydropyridium ion
(MPP+) in astrocytes by monoamine oxidase B. To exert its toxicity MPP+ must
be transported into dopaminergic neurons by neurotransmitter transporters
and, once inside the neuron, it is thought that MPP+ acts by inhibiting the elec-
tron transport system of mitochondrial complex I.

The treatment of primates or rodents with the neurotoxin MPTP represents
an animal model which reflects many features of human Parkinson's disease.
In primates, depending on the application paradigm used, MPTP can produce
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an irreversible and severe Parkinsonian syndrome that replicates nearly all fea-
tures of Parkinson’s disease, including rigidity, tremor, slowness of movement
and even freezing.

A growing body of evidence has suggested that dopamine mechanisms are
significant for aspects of affective disorders. Since dopamine concentrates in tar-
get structures of the mesolimbic system, i.e. the amygdala, medial prefrontal
cortex and nucleus accumbens, it comes without surprise that this neurotrans-
mitter is considered to be of paramount importance for a number of fear-related
diseases such as phobia, panic attacks, posttraumatic stress disorders, obsessive
compulsive disorders, or generalized anxiety. Common psychiatric diseases
which entail fear symptoms, like depression and schizophrenia, are discerned
to be related to disturbances of dopamine and its receptor metabolism. Though
the ethiology of these disorders is far more complex, involving additional neuro-
transmitter systems like glutamate, GABA, serotonin, glycin and norepineph-
rine, the role of dopamine and its receptor complement in the treatment of psy-
chotic disorders is evident.

More recent studies also indicate that mild mental disorders, including atten-
tion-deficit/hyperactivity disorder (ADHD) and restless legs syndrome, also in-
volve the dopaminergic system.
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y-Amino Butyric Acid

3.3.1
General Aspects and History

y-Amino butyric acid — or GABA for short — is the most ubiquitous inhibitory
neurotransmitter in the brain. GABA was discovered in 1883 but it took until
the late 1950s before its inhibitory function was described (Bazemore et al.
1956). Subsequently, it became evident that this small amino acid is the princi-
pal inhibitory neurotransmitter in the central nervous system. GABA is widely
spread among the phyla, including invertebrates as well as vertebrates. In inver-
tebrates, it occurs in both the central and the peripheral nervous system.

Its abundance in the central nervous system of vertebrates becomes obvious
when one considers that GABA is expressed in about 30% of all synapses. It
was initially thought that GABA was confined to inhibitory interneurons and
was absent from projection neurons. Today, we know that there are many exam-
ples of GABAergic projection neurons as well.

The pharmacological potency of synaptic transmission by GABA becomes ap-
parent by recollecting that some of the most widely distributed sedatives, like
barbiturates and benzodiazepines, interact with GABA receptors and modulate
GABAergic effects.

3.3.2
Localization Within the Central Nervous System

The distribution and localization of the GABAergic system has been the subject
of extensive investigations by means of immunohistochemistry. A reliable mar-
ker for the identification of GABAergic neurons was achieved through the pro-
duction of antibodies which specifically recognize the critical biosynthetic en-
zyme for GABA synthesis, glutamic acid decarboxylase (GAD). Alternatively, in
situ hybridization with cDNA of GAD can be used for the identification of GA-
BAergic neurons.

In several places, GABAergic cells occur at high densities. A prominent exam-
ple is the striatum, where nearly 95% of the cell somata are GABAergic.

Additional brain areas, identified as exhibiting GABAergic cells in large
amounts and densities are the globus pallidus, the substantia nigra (pars reticu-
laris) and the cerebellum. GABAergic interneurons are most frequent in the
thalamus, the hippocampus and in the cerebral cortex.

The globus pallidus, besides its abundance of GABAergic neurons, receives
many GABAergic terminals, as is the case for the entopeduncular nucleus and
the superior colliculus.
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Biosynthesis and Degradation

GABA is synthesized almost exclusively from glutamate (Fig.3.11). The critical
step in GABA biosynthesis is the decarboxylation of glutamate by GAD. In addi-
tion to their localization in the central nervous system, GABA and GAD can oc-
cur also in the peripheral nervous system. The reaction, which is catalyzed by
glutamate decarboxylase, requires the presence of the co-factor pyridoxal phos-
phate (PLP, a form of vitamin B6). Removal of the co-factor causes a loss of
GAD activity, which can be recovered by the administration of the co-factor.

Glutamic acid decarboxylase exists in two different isoforms. Two genes ex-
press these isoforms (GAD65 and GADG67, according to their molecular mass).
The amino acid sequences indicate that both isoforms are almost identical, in-
cluding their reactive centers. However, the subcellular distribution of GAD65
and GADG7 is different, as is the case for their interaction with the co-factor
pyridoxal phosphate.

GADG7 possesses a preferential somato-dendritic localization and is saturable
with PLP. GADG67 is therefore more prone to elicit a tonic release of GABA and
is regulated by enzyme induction at the transcriptional level.

GABAergic
terminal

N Glutamine-
: syntha
- Glutamate

Mitochond on Mitochondrion

Fig. 3.11 Biosynthesis and degradation pathway of GABA.
The pathway involves a GABAergic nerve terminal and an
associated glial cell. Abbreviations: GABA-T=GABA
transaminase; GAD=glutamatic acid decarboxylase;

GAT =GABA transporter.
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In contrast, GADG65 exhibits a preferred axonal localization and is not satur-
able with PLP. Consequently, elevation of the PLP level in the terminals en-
hances the activity of GADG65. Such a mechanism can serve as a fast regulative
element for monitoring GABA levels in axon terminals.

The apparent prominent role of GAD in modulation of GABA levels becomes
obvious under pathological conditions, where GAD concentrations can differ
significantly from normal levels.

For instance, in models of temporal lobe epilepsy, the level of GAD65 and
GADG7 is reported to be upregulated in hippocampal GABAergic interneurons.

The role of the two isoforms of GAD is not fully understood. Since both
forms of GAD are expressed and regulated in different ways, it seems possible
that the existence of two isoforms offers a sensitive tool for fine-tuning the
GABA metabolism.

GABA is inactivated by transamination with a-ketoglutarate. This reaction is
under the control of the enzyme GABA transaminase (GABA-T). GABA-T cata-
lyzes the formation of succinic acid semialdehyde and glutamate. Succinic acid
semialdehyde is further metabolized to form succinic acid, which is also an in-
termediate of the Krebs cycle.

In many inhibitory neurons, both GAD and GABA-T are coexpressed but, un-
like GAD, GABA-T is associated with mitochondria.

334
GABA Transporters

GABA transporters (GAT) are located in the plasma membrane and mediate the
removal of GABA from the extracellular space in order to terminate synaptic
events evoked by released GABA. GABA transporters are found in GABAergic
neurons as well as in glia.

GABA transporters are classified into two groups, which differ in their sensi-
tivities to GABA. In the mouse, four different types of GABA transporters have
been identified (GAT-1, GAT-2, GAT-3 and GAT-4). The transporters GAT-1,
GAT-3, GAT-4 correspond to the transporters GAT-1, GAT-2, GAT-3 of rats.
GABA transporters, like many members of the neurotransmitter transporter
family, exhibit 12 transmembrane-spanning segments.

The uptake mechanism depends on Na* and CI". The chloride ion binds close
to the GABA binding site of the transporter and enhances its affinity for the
substrate. Cellular uptake is driven by the electrochemical gradient of Na*. One
cycle of GABA transport carries two Na* ions from the extracellular space into
the cell.

A reversal of the Na* gradient gives rise to an inverse effect, by which GABA
is released from neurons and glia.
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335
Receptors and Signal Transduction

GABA is released from the terminals of specific inhibitory neurons. GABA
binds to its receptors and produces an increase in membrane permeability to
CI” ions, which elicit a hyperpolarization of the postsynaptic membrane.

Three types of GABA receptors can be classified; and these are designated as
GABA,, GABAp and GABA( receptors. The three subtypes differ in their phar-
macological properties and physiological behavior (Table3.5).

GABA, receptors
GABA, receptors show a ubiquitous distribution throughout the central nervous
system and have been identified on both neurons and glia. Outside the central
nervous system, GABA, receptors are located on autonomic ganglia and on
some unmyelinated nerve fibers.

The binding of GABA to the GABA, receptor increases the permeability to
chloride ions, which causes a hyperpolarization of the postsynaptic membrane.

The GABA, receptor was first cloned and sequenced in 1987 by Schofield
and coworkers. The GABA, receptor is a hetero-oligomeric receptor and be-
longs to the superfamily of ligand-gated ion channels (Fig.3.12). The GABA, re-
ceptor consists of different subunits. To date, four different types of subunits (a,
p, y and o) have been described, each of which encloses different members.
They are depicted in Table 3.6.

Table 3.5 Properties of the different GABA receptor subtypes.
The list of agonists and antagonists is not complete, but
includes some of the most commonly used substances.
Abbreviations: CACA= cis-aminocrotonic acid;
CAMP=cis-2-(aminomethyl) cyclopropylcarboxylic acid;
3-APS=3-aminopropanesulfonic acid;
TBPS=t-butylbicyclophosphorothionate.

Receptor lon channel  Second Agonists Antagonists ~ Modulators
gating messenger
GABA, Direct - GABA, Bicuculline, Benzodia-
muscimol, picrotoxin, zepines,
3-APS TBPS barbiturates,
steroids, Zn?",
PKA, PKC
GABAg Indirect via ~ cAMP level  (-)-baclofen, CGP 36742, -
G-protein GABA CGP 54626,
CGP 55845
GABAC Direct - GABA, CACA, picrotoxin PKC

CAMP
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Table 3.6 Properties of recombinant GABA, receptors. Most
of the subunits have been cloned in mammals. The number
of amino acids of the predicted sequence is displayed, as well
as the length of the mRNA.

Subunit Amino acids mRNA (kb)
Alpha

al 428 3.8,4.2
a2 423 3.0

a3 465 4.2

a4 521 4.0

a5 433 2.8

a6 434 3.2
Beta

Bl 449 12.0

f2 450 8.0

p3 448 2.5,6.0
Gamma

71 430 38

y2S 428 28,42
2L 436 -

73 450 -
Delta

1 433 2.0

Alternative splicing of the RNAs of some subunits causes a further diversifi-
cation of GABA, receptors. The splicing mechanism can generate long and
short forms of the subunits. Coexpression of members of the a-, -, y-subunits
seems to be necessary for the assembly of the functional, neuronal GABA,4 re-
ceptor.

In addition, functional GABA, receptors can also be formed by binary com-
plexes (for example a- and f-subunits), but it seems unlikely that these forms
are present in vivo.

The most common model of the GABA, receptor consists of a pentameric
structure, which forms an ion pore and is selective for CI” (Fig. 3.12). The penta-
meric structure is composed of two a-subunits, one f-subunit and one p-sub-
unit. The fifth unit in the pentamer is variable and can be provided either by
one of the a- or y-subunits or a J-subunit. Variation in the oligomers leads to
pharmacologically different GABA, receptor subtypes. GABA4 receptors, which
contain al-, a2-, a3- or a5-subunits, are sensitive to diazepam (a benzodiazepine
derivative), whereas receptors containing a6-subunits are diazepam-insensitive.

However, the precise stochiometry and composition of GABA, receptors is
still under investigation.

The GABA, receptors have been characterized by their pharmacology. Classic
agonists of these receptors include GABA itself, as well as muscimol.
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Fig. 3.12 Schematic drawing of the GABA, domains. This general design is common for
receptor which comprises an ionotropic all ionotropic receptors. The heteromeric
receptor. The receptor is composed of five complex consists of 2a, 2ff and one
subunits which form four transmembrane y subunit.

Bicuculline is a specific antagonist of the GABA, receptor. Picrotoxin is a
non-competitive antagonist as well as t-butylbicyclophosphrothionate (TBTS).

The functional behavior of GABA, receptors can also be influenced by certain
ions, like Zn**, H* and some polycations. With the exception of La** and H*,
most of these ions lead to inhibition of the GABA, receptor.

La** enhances GABA, receptor-mediated effects, while variations in H* con-
centrations have different effects, ranging from inhibition to enhancement of
GABA, receptor-mediated functions.

More recent studies indicate that naturally occurring pregnane steroids, so-
called neurosteroids, can potentially and specifically enhance GABA, receptor
activity in a direct (non-genomic) manner and have anxiolytic, analgesic, anti-
convulsant, sedative, hypnotic and anaesthetic properties. Among these are pro-
gesterone and deoxycorticosterone metabolites, which act as potent stereoselec-
tive positive allosteric modulators on GABA, receptors.

The GABA, receptor possesses three different binding sites. The first binding
site binds the neurotransmitter GABA. A second binding site on the receptor is
a specific binding site for benzodiazepines and a third binding site is specific
for barbiturates (Fig.3.13).
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Fig. 3.13 The GABA, receptor and its binding and modulatory
sites. The left drawing depicts the closed state and the right
drawing the open state of the channel.

GABAg receptors

The first GABAg receptor was cloned in 1997 and, soon after, a second GABAg
was identified. Cloning of both receptors provided evidence that native GABAp
receptors are heterodimers of two subunits, GABAg;) and GABAp,). Isoforms
of the GABAg(;) gene (Gabbrl) have also been described, GABAg 1, and GA-
BAgn), which seem to be conserved in different species, including humans.
Rats show an age-related pattern of expression with high levels of GABAg, at
birth and increasing levels in adults. Both isoforms have been found to be tran-
scribed by different promoters and further evidence showed that the promoters
are regulated differentially by cAMP-response element-binding protein (CREB),
activating transcrioption factor 4(CREB2) and depolarization-sensitive upstream
stimulatory factor. Heterodimerization with GABAg,, of both isoforms at pre-
synaptic and postsynaptic sites are likely to occur.

Additional splice variants of Gabbrl have been identified (GABAg(i.g), but
their functional significance is unclear.

Functional expression of the GABAy receptors provided evidence that the GA-
BAg receptor belongs to the class of metabotropic receptors and thus is a mem-
ber of the superfamily of G protein-coupled receptors (GPCRs). The cloning
work on GABAp receptor gained a substantial breakthrough in our understand-
ing of GPCRs. In general, it is now well accepted that GPCRs can exist in het-
erodimers and that concerted efforts in cloning work on the GABAg receptor
fundamentally changed our view on the structure and functioning of this im-
portant class of metabotropic receptors. Figure3.14 depicts some of the essential
structural features of the GABAjg receptor complex.
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In contrast to GABA,, the metabotropic GABAjy receptor is insensitive to the
GABA, receptor antagonist bicuculline. Baclofen is a specific agonist of GABAg
receptors, while compounds like CGP 36742, CGP 54626 and CGP 55845 are
selective antagonists.

GABAg receptors are not directly associated with ion channels and their sig-
nal transduction is mediated through G protein-coupled processes (G, or G;).
The G, protein can bind to a Ca®* or a K* channel. Figure3.15 depicts a scheme
for the receptor-ligand binding induced cascade of G protein interaction in the
case of the GABAj receptor.

Presynaptically located GABAp receptors modulate neurotransmitter release
by depressing Ca** influx through voltage-activated Ca®* channels of the N type
(Cay2.2). Both types of presynaptic GABAp receptors are expressed: autorecep-
tors that control GABA release and heteroreceptors that inhibit all other neuro-
transmitter release. Presynaptic inhibition at GABAergic synapses is considered
to be involved in the induction of LTP. Postsynaptic GABAj receptors induce a
slow inhibitory postsynaptic current through activation of inwardly rectifying K*
channels (GIRK or Kir3). The physiological effect of Kir3 channel activation is a
K" efflux, resulting in hyperpolarization.

GABAg receptors are particularly prominent in the cerebral cortex, the thala-
mus, the superior colliculus, the cerebellum and the dorsal horn of the spinal
chord. In the peripheral nervous system, they have been identified on auto-
nomic ganglia, unmyelinated fibers and some smooth muscle cells.
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Fig. 3.15 Diagrammatic presentation of the
cAMP cycle in the case of GABAg receptor
activation. Binding of the transmitter alters
confirmation of the receptor and exposes the
binding site for G protein-coupling (A). The
transmitter—receptor complex associates with
the G protein complex (Gs), thereby

activating it for GDP-GTP exchange (B).
Release of GDP and binding of GTP causes
the dissociation of the a-subunit from the G,
complex and exposes a binding site for
adenylyl cyclase (C). Activated adenylyl
cyclase produces cAMP for further substrate
phosphorylation (D).
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GABAC( receptors
An analogue of GABA, cis-aminocrotonic acid (CACA), is able to bind to a
GABA receptor, which is different from either GABA, or GABAg receptors.
However, this receptor is insensitive to bicuculline or baclofen. Following this
specific pharmacology, the receptor was classified as the third or GABA( recep-
tor subtype. The GABA( receptor is coupled to a ClI” selective ion channel. GA-
BA. receptors are hetero-oligomers, which exhibit another subunit family, the
so-called p-subunits (p1 and p2).

An allosteric modulation side for benzodiazepines or barbiturates seems to be
absent from the GABA( receptor, but picrotoxin acts as an antagonist.

Attempts have failed to demonstrate GABA( receptors in the forebrain, but
they have been identified in the pituitary and in horizontal and bipolar neurons
of the retina.

336
Biological Effects

General aspects

GABA mediates inhibitory effects on the postsynaptic membrane. These effects
are a consequence of the hyperpolarization of the neuron. In cases of high in-
tracellular concentrations of chloride, GABA can also reduce the membrane po-
tential and thus lead to a depolarization of the neuron. This has been described
in immature neurons and in mature dorsal root ganglion cells (DRG). The
mechanisms responsible for this reverse effect were recently elucidated. The ex-
citatory effect of GABA seems to depend on the presence of cation—chloride co-
transporters that tighty control the chloride gradient across neurons. Apparently
the differential expression of two chloride cotransporters during development is
responsible for the bipolar behavior of the GABA, receptor. Immature neurons
express a higher level of the Na™~K"-2Cl" cotransporter (NKCC1) which results
in a high concentration of intracellular CI". GABA, receptor activity thus leads
to an efflux of CI” and subsequent depolarization. In mature neurons, expres-
sion of a second CI” cotransporter (KCC2) prevails which lowers CI” below that
achieved by passive diffusion. This results in a low intracellular CI” concentra-
tion. Consequently, GABA, activation causes a ClI” influx and hyerpolarization.

It is assumed that most of the physiologically relevant functions of GABA are
mediated by GABA, receptors and that these receptors are involved in postsy-
naptic inhibition of signal transduction in mature brains.

Iontophoretic activation of GABA, receptors results in fast opening (about
1ms) of the associated chloride channel. The influx of chloride into the neuron
hyperpolarizes the cell membrane of the postsynaptic neuron and inhibits the
cell. Activation of this receptor type gives rise to the classic inhibitory postsynap-
tic potentials.

Binding of GABA to either the GABA, or the GABAg receptors depends on
the presence of calcium and magnesium.
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Since GABAg receptors are located mainly presynaptically, binding of GABA
(or baclofen) to these receptors inhibits the release of neurotransmitters from
the terminals. Such an effect has been shown to occur in several dopaminergic,
glutamatergic, noradrenergic, as well as serotoninergic neurons, indicating that
GABAg receptors can function as heteroceptors.

GABA is present not only in the central nervous system, but also in the pe-
ripheral nervous system, including the enteric nervous system of the gastroin-
testinal tract.

In the enteric nervous system, GABA shows some effects which are similar
to those occurring in other parts of the peripheral nervous system, but also
shows other effects which are notably different. Like the cell bodies of other
autonomic and sensory neurons, the cell bodies of enteric neurons possess bicu-
culline- and picrotoxin-sensitive GABA receptors. However, some evidence sug-
gests that, unlike other parts of the peripheral nervous system, the enteric gan-
glia may also contain a population of GABAergic neurons. It was assumed for a
long time that such neurons in vertebrates are exclusively present in the brain
and spinal cord.

GABA, and memory storage

Neuronal processes suggested GABA, receptors being involved in memory stor-
age and long-term potentiation (LTP). LTP are blocked at the time of their initia-
tion by antagonists of glutamate, NMDA, or by GABA, receptor agonists. The
GABA, receptor antagonists picrotoxin and bicuculline, for instance, enhance
memory functions, whereas benzodiazepines and the GABA, agonist muscimol
depress memory functions. The discovery of naturally occurring benzodiaze-
pines in the brain prompted a recent investigation of whether these compounds
could act as physiological regulators of the GABA, receptors involved in mem-
ory modulation. Different forms of learning cause a rapid reduction of benzo-
diazepine-like immunoreactivity in the septum area, amygdala and hippocam-
pus; and microinjection of the benzodiazepine antagonist flumazenil into these
regions, at the time that consolidation is taking place, enhances memory.

Ivan Izquierdo and Jorge Medina (1991) suggested that these findings indicate
that benzodiazepines released into the septum, amygdala and hippocampus do in-
deed downregulate memory storage processes. Moreover, benzodiazepine release
could be modulated by the anxiety and/or stress associated with learning.

3.3.7
Neurological Disorders and Neurogenerative Diseases

Specific functional and pharmacological aspects

Anxiety response

Blockade of GABAergic inhibition in the basolateral amygdala (BLA) of rats elic-
its physiologic changes associated with a defense reaction. In the BLA, injection
of the GABA, receptor antagonists bicuculline or picrotoxin produces anxio-
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genic-like effects. This suggests that endogenous GABA binds to GABA, recep-
tors in the basolateral amygdala and inhibits anxiety responses.

Alterations in GABAergic transmission can result in severe disturbances in
brain activity and a deficit in GABAergic transmission can lead to epileptogen-
esis.

GABA and seizure induction
The administration of certain GABA, receptor antagonists can produce seizures
and convulsions in animals.

Studies of experimental epilepsy in animals have shown a significant reduc-
tion in numbers of GABAergic terminals in different brain areas as well as a
significant loss of inhibitory interneurons. Concurrently, the remaining hippo-
campal GABAergic neurons show an up-regulation of GADG65 and GADG7,
which can be interpreted as a compensation effect.

Neuroactive compounds, which reduce the GABAergic transmission, can pro-
mote seizures and convulsions. These effects can be explained in different ways:
e The compounds influence the biosynthesis of GABA by inhibiting the activity

of glutamic acid decarboxylase or, alternatively, they inhibit the formation of

its co-factor PLP.

e They interact directly with the GABA receptors and inhibit them.

e They change the permeability of the plasma membrane for chloride ions by a
perturbation of the channel.

e They inhibit the release of GABA from the nerve terminals. One example for
this mode of action is the tetanus toxin.

In contrast, inhibitors of the GABA transporters as well as benzodiazepines and
barbiturates, which facilitate  GABAergic transmission, show anticonvulsive
properties.

Several studies show that administration of GABAjp receptor antagonists can
elicit absences. This indicates that activation of GABAg receptors is also in-
volved in some specific forms of epilepsy. Baclofen currently is the only GABAg
medication and is used to treat spasticity and skeletal muscle rigidity in patients
with spinal cord injury, multiple sclerosis, amyotrophic lateral sclerosis, and ce-
rebral palsy.

Moreover, some metabolic alterations in GABA levels in the brain occur coin-
cidentally with some degenerative brain diseases, which include Huntington’s
chorea (associated with a degeneration of GABAergic nigro-striatal neurons)
and Parkinsonism.

GABA and benzodiazepines
Benzodiazepines and barbiturates bind to GABA, receptors. Their binding sites
differ from that of GABA. The principal effect of both drugs is a change in CI”
conductance (see Fig.3.13).

Barbiturates are used therapeutically as sedatives and hypnotics. Benzodiaze-
pines are used to treat a variety of clinical symptoms, including anxiety, convul-
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sion and muscle tension. However, like barbiturates, their most common use is
as sedatives and hypnotics.

Benzodiazepines, like chlordiazepoxid (Librium) or diazepam (Valium) were
introduced into clinical practice at the beginning of 1960.

More than 50 different benzodiazepine derivatives have since been engi-
neered, revealing a wide range of physiological and pharmacological properties.

The benzodiazepines show anticonvulsive, anxiolytic, sedative and muscle-re-
laxant properties. They are also used for the treatment of anxiety and sleep dis-
orders. Since they exhibit anticonvulsant properties, the possibility was consider-
ed that benzodiazepines might be useful as anti-epileptic drugs. However, since
clinical trials have shown that patients develop tolerance to the anticonvulsive
effects, the benefits of benzodiazepines in the treatment of epilepsy are limited.

Benzodiazepines have been classified into three groups, according to their ef-
fects on GABA transmission. Some benzodiazepines work like antagonists,
others like agonists.

Typical anxiolytic compounds like diazepam show agonistic effects on GABA4
receptors. Their binding to the allosteric site of the receptor enhances the affini-
ty of the GABA-binding site for GABA, which results in an enhancement of
chloride influx.

Flumazenil, in contrast, (Fig. 3.16) mediates antagonist-like effects by blocking
the effects of agonists, but shows no direct effect itself.

The agonistic-like properties mediate the classic effects of the benzodiaze-
pines; however some compounds initiate completely contrary effects. These
compounds with diametrically opposite effects were termed inverse agonists.
Most of these compounds belong to the f-carboline group.

One member of this group is ethyl-f-carboline-3-carboxylate (f-CCE), which
has a high affinity for the benzodiazepine specific binding site. However, it
shows no anticonvulsive behavior, like the classic benzodiazepines, but exhibits
proconvulsive effects (Fig.3.17).

beta-CCE
(partial inverse
agonist)

Antagonists Flumazenil =

CL218872

Strength of action

. . Zolpiclone
Agonists Diazepam (partial agonist)

Benzodiazepine Beta-carboline

Fig. 3.16 Benzodiazepines and f-carboline act like antagonists, agonists or inverse agonists.
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Fig. 3.17 Structure of some benzodiazepines which work as
agonists, antagonists or as inverse agonists.

Neurosteroids: endogenous regulators of the GABA, receptor
Brain-derived pregnane steroids can potently and specifically enhance GABAA
receptor function (see Fig.3.13). This effect occurs fast in a non-genomic (di-
rect) manner, different from the steroid hormones that are produced in periph-
eral endocrine glands, cross the blood-brain barrier and produce changes at the
genomic level. The latter effects develop slowly and can persist long after the
disappearance of the steroids from the brain. Selye (1942) was the first to show
that pregnane steroids possess rapid sedation and anaesthetic effects. 5a-Preg-
nan-3a-OL-20-one (3a, 5a-THPROG), 5f-pregnan-3a-ol-20-one (3a, 54-THPROG)
and the deoxycorticosterone metabolite 5a pregnan-3a,21-diol-20-one are potent
selective allosteric modulators of the GABA4 receptor. Patch-clamp studies indi-
cate that these steroids promote the open state of the GABA-gated ion channel.
At concentrations of 2100nM, these steroids directly activate the GABA, recep-
tor—channel complex. This GABA-mimetic effect is sufficient to suppress excita-
tory neurotransmission. Besides their anaesthetic effects, lower doses produce
anxiolytic, analgesic, anticonvulsant, sedative and hypnotic effects. Neuroster-
oids can either be synthesized locally by neurons and glial cells which express
enzymes that are required for de-novo synthesis or they can be recruited from
peripheral steroid sources. Their general action seems to be the fine-tuning of
the GABA, receptor activity.

Recent evidence suggests that neurosteroids are involved in brain develop-
ment and plasticity. This was concluded from the relative high levels of neuro-
steroids just before parturition. Further evidence indicates that the steroid
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3a,50-THPRO is important in the Niemann-Pick type C (NP-C) neurodegenera-
tive disorder. In a transgenic mouse model which carries an insertion in the
NPC; gene, which is responsible for the NP-C phenotype, characteristic neuro-
pathological features occur: Purkinje cell degeneration, demyelination and loss
of motor function. Interestingly, the neurosteroid 3a,5¢-THPRO cannot be de-
tected in the brains of these mice. Neonatal application of this neurosteroid
doubles the lifespan, delays the appearance of neurological symptoms and in-
creases the Purkinje cell survival.

Patients with Alzheimer’s disease and Parkinsonism also show reduced levels
of 3a,5a-THPRO, compared with age-matched controls.
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3.4
Glutamate and Aspartate

3.4.1
General Aspects and History

The amino acids L-glutamate and L-aspartate are the most abundant excitatory
neurotransmitter in the central nervous system. Numerous studies have con-
firmed the excitatory effects of both amino acids and corroborated their role as
key excitatory amino acids in brain tissues. Several related amino acids, like
homocysteic acid and N-acetylaspartylglutamate, may also serve a neurotrans-
mitter function. As in the case of GABA, the excitatory amino acid neurotrans-
mitters participate in intermediary metabolism as well as in neuronal signal
transmission, so that there is often a problem of distinguishing between their
neurotransmitter and metabolic functions. The following experimentally col-
lected data clearly document the excitatory role of glutamate and aspartate:
e Stimulation of afferent fibers in the hippocampal formation is coupled to cal-
cium-dependent release of glutamate or aspartate.
e High-affinity recapture systems are present in nerve terminals.
e Nerve terminals contain glutamate or aspartate as well as the enzymes neces-
sary for synthesis of both excitatory amino acids.
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e Postsynaptic depolarization elicited through the excitatory amino acids can be
inhibited by specific antagonists.

Specific receptors, capable of binding the excitatory amino acids are present
in the central nervous system.

Iontophoretically injected glutamate enhances postsynaptic responses.

e These responses are comparable to the effects of endogenous glutamate.

342
Localization Within the Central Nervous System

Since glutamate is the best known member of the excitatory amino acid neuro-
transmitter family, we will concentrate our survey on this amino acid. Glutama-
tergic neurons are particularly prominent in the cerebral cortex. They project to
a variety of subcortical structures: these include the hippocampus, the basolat-
eral complex of the amygdala, the substantia nigra, the nucleus accumbens, the
superior colliculus, the caudate nucleus, the red nucleus (nucleus ruber) and
the pons.

Various intrinsic glutamatergic pathways have been described in the hippo-
campus and also glutamatergic projections from the hippocampal formation to
the hypothalamus, the nucleus accumbens and the lateral septum. Glutamater-
gic neurons are located in some additional brain areas: their location and pro-
jection are depicted in Fig.3.18.

Fig. 3.18 Schematic representation of the colliculus; Cx=cortex; GCL=granular cell layer
glutamatergic pathways in the central of the cerebellum; Hl=hippocampus;
nervous system. Abbreviations: Acb=nucleus Nru=nucleus ruber (red nucleus); Pn=pons
accumbens; BO =olfactory bulb; nuclei; Pir=piriform cortex; SL=lateral

CPu=caudate-putamen; Cs=superior septum; SN =substantia nigra; Th=thalamus.
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343
Biosynthesis and Degradation

Brain glutamate and aspartate are derived solely by local synthesis, as neither
amino acid can cross the blood-brain barrier. Glutamate is formed through the
Krebs cycle by the activity of glutamate dehydrogenase or by transamination of
a-ketoglutarate. The neurotransmitter glutamate is synthesized in nerve termi-
nals and accumulates in synaptic vesicles. Interestingly, glutamate serves as the
donor for GABA, the most potent inhibitory amino acid neurotransmitter,
through decarboxylation by glutamic acid decarboxylase (see Section 3.3). Re-
leased glutamate is restored to presynaptic terminals by a specific re-uptake
mechanism or cleared from the synaptic region by high-affinity membrane
transporters through adjacent astrocytes. The pathway through astrocytes serves
a recycling function since the imported glutamate is metabolized into glutamine
— under the enzymatic control of glutamine synthetase — and released for subse-
quent uptake into neuronal terminals. The glutamine in the neurons is then
transformed into glutamate.

344
Transporters

Sets of specific transporters regulate this uptake from the extracellular space
into neurons or glia. To date, a family of four different members of the excita-
tory amino acid transporters (EAAT) has been identified: EAAT1-4, EAAT-1,
EAAT2 and EAAT3. These transporters have a molecular mass between 57kDa
and 64kDA. All four types of glutamate transporter are expressed in the brain
but are distributed differentially: EAAT1 and EAAT?2 transporters appear to oc-
cur exclusively in glia, whereas EAAT3 seems to be the neuronal transporter.
These three transporters share a putative amino acid homology of about 50%
among themselves, but little homology with other neurotransmitter transpor-
ters.

The cellular uptake of glutamate is driven by the electrochemical gradients of
Na* and K" and is accompanied by pH and voltage changes. Some specific up-
take blockers, e.g. dihydrokainate (DHK), f-threohydroxyaspartate (f-THA) and
L-trans-3,4-pyrolidine-dicarboxylate (L-trans-2,4-PDC) are able to block the func-
tion of glutamate transporters.

The transporters are essential in terminating the excitatory signal and they
lower the extracellular glutamate levels below thresholds that could induce exci-
totoxic damage (see below). Furthermore, they are a prerequisite to the recycling
of the transmitter. A reduction in the transport capacity is associated with a con-
comitant increase in neurotoxicity. A prominent example where neuronal degen-
eration is accompanied by a reduction of glutamate transporters is the amyo-
trophic lateral sclerosis (ALS). This is characterized by cellular death of motor
neurons in the spinal cord, although other factors, such as impairment of
superoxyde dismutase seem to play a key role in the initiation of this disease.
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3.45
Receptors and Signal Transduction

The differential distribution of the excitatory amino acids goes hand in hand
with a diversity of receptors.

The excitatory amino acid receptors include ionotropic (ligand-gated ion chan-
nels) and metabotropic (receptors involving second messenger systems) receptor
subtypes (Table3.7). Since some prominent pharmacologically active substances
have been used to classify the subtypes of excitatory amino acid receptors it
seems important to look at the essential molecular features which make a drug
capable of interacting with the receptors.

Such a drug should exhibit:

e one acidic group (usually a carboxyl group)

e an amino group on the same carbon as the acidic group

e a second group (polar or acidic) located two or four carbon units apart from
the other acidic group. Apparently, this conformation is necessary to allow in-
teraction with the active center of the receptors.

The naturally occurring agonists of the excitatory amino acid receptors are glu-
tamate and aspartate. Pharmacologically selective agonists are substances like
kainate, quisqualate, N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA). As can be seen in Fig.3.19, the endoge-
nous excitatory amino acid and the drugs share the molecular features for re-
ceptor affinity described above.

The glutamate receptors, which could occur as homomeric or heteromeric
structures (Table3.8) are classified according to the binding of the most com-
mon agonists (1), or alternatively according to their functional properties (2), re-
flecting the pharmacology of the receptors. Four groups are differentiated: the
NMDA receptors, the AMPA receptors, the kainate receptors and receptors
which are activated by quisqualat.

Based on their general functional properties, two groups can be distin-
guished: the group of ionotropic receptors and the group of metabotropic recep-
tors. The receptors which are activated by quisqualate belong to the group of
metabotropic receptors. They involve second-messenger systems in signal trans-
duction and they are coupled to G proteins. The remaining receptors (NMDA
receptors, AMPA receptors and kainate receptors) constitute ligand-gated cation-
selective ion channels and thus belong to the ionotropic receptor family
(Fig. 3.20).

The ionotropic receptors include a glutamate-sensitive ion channel that opens
upon activation and allows the influx of Na* and K* and/or Ca**, which subse-
quently elecit fast excitatory responses, measurable in the form of excitatory
postsynaptic potentials (EPSP). However, the effects of the ionotropic receptors
are not confined to these fast postsynaptic responses, but include post- and pre-
synaptic processes that are involved in long-lasting changes in synaptic activity
(see below).
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Table 3.7 Glutamatergic receptors and their general
properties. The table indicates the different receptor types
and their properties. Some common agonists and antagonists
are shown. Abbreviations: L-AP4=L-2-amino-4-phospho-
nobutanoic acid; 2-AP5=D-2-amino-5-phosphonopentanoic
acid; 2-AP7=D-2-amino-7-phosphonoheptanoic acid;
CCG=2-carboxycyclopropylglycine; CGP39653 =2-amino-4-
propyl-5-phosphonopentenoic acid; 4C3HPG = (S)-4-carboxy-3-
hydroxyphenylglycine; CNQX=6-cyano-7-nitroquinoxaline-2,3-
dione; 4CPG = (S)-4-carboxyphenylglycine;
CPP={3-[(+)-carboxypiperazin-4-yl|prop-1-yl} phosphonic acid;
5,7-di-Cl-Kyn=5,7-dicholorokynurenic acid; DNQX=6,7-dinitro-
quinoxaline-2,3-dione; GAMS =glutamylaminomethylsulfonate;
3HPG=(S)-3-hydroxyphenylglycine; |]ST=Joro spider toxin;
MK-801 = (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclo-
hepten-5,10-imine; NBQX=2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline.

lonotropic receptor Metabotropic
receptor
Receptor subtype  NMDA AMPA Kainate mGluR
Selective NMDA AMPA Kainate Quisqualate,
agonists L-AP4
Functional Activation of Activation of Na* Activation of Na* Activation of
characteristics Na*, K* and Ca** and K* channels and K* channels phospholipase C;

Other agonists

Competitive
antagonists

Allosteric
modulators

Antagonists on
allosteric binding
sites

Inhibitors of the
ion channel

channels

Ibotenate,
quinolinate

2-AP5, 2-AP7,
CPP, CGP39653

Glycin, D-serin,
spermin
5,7-diCl-Kyn,
HA-966, CNQX

PCP, MK-801,
Ketamine

Quisqualate,
kainate, domoate

CNQX, NBQX,
DNQX

Benzothiazide

Jorospider toxine
(JST)

Domoat,
acromelic acids
A and B

GAMS,
glutamyl-glycine

Concanavalin A
(Con A)

inhibition of
adenylate cyclase
Quisqualat,
L-serine
O-phosphate,
ibotenat, CCG
Phenylglycine
analogs (3HPG,
4CPG, 4C3HPG)
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Fig. 3.19 Structures of the endogenous agonists aspartate
and glutamate and of the receptor subtype-selective agonists
NMDA, AMPA and kainate.

Table 3.8 Some characteristics of the exitatory amino acid receptors.

Receptor gene/ Structur

Characteristics

subunit

NMDA

NR1 Homo- or heteromer Eight splice-variants of a single gene
AMPA

GluR1-4 Homo- or heteromer Splice-variants, named "flip” and "flop”
Kainate

GluR5 Homo- or heteromer Low-affinity kainate-binding site
GluR6

GluR7 Heteromer only Low-affinity kainate-binding site
KA-1 Heteromer only High-affinity kainate-binding site
KA-2

Metabotropic

mGluR1-8 Homomer only Does not form an ion channel
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The family of excitatory amino acid receptors

|

lonotropic Metabotropic
NMDA-Type AMPA-Type KA-Type ﬂg{:g
NR-1 GIuR1 GIuR5 ‘mGIuR3
NR-2A GIuR2 GIuR6 mGIuR4
NR-2B GIuR3 GIuR7 ‘mGIuR5
NR-2C GluR4 KA1 mGIuR7
KA2 ‘mGIuR8
Fig. 3.20 The family of excitatory amino acid receptors linked to the activation of
receptors and their subfamilies. The class of phospholipase C (PLC) or the inhibition of
the ionotropic receptors includes NMDA, adenylate cyclase. Each receptor type is
AMPA and kainate receptors. The class of known to be composed of different
the metabotropic receptors includes subtypes.

The metabotropic receptors are coupled to G proteins. The activation of the
metabotropic receptors impinges on a second messenger cascade which pro-
duces a delayed synaptic response.

NMDA receptors

The NMDA receptors seem to be most prominent in mammals. NMDA recep-

tors are selectively activated by the drug NMDA and they are less selectively acti-

vated by glutamate, aspartate or homocysteate (HC).

The NMDA receptors respond to glutamate in a relatively slow fashion (in
comparison to the other ionotropic excitatory amino acid receptors). This slow
responsiveness is thought to be due to the fact that Mg** tonically inhibits
NMDA receptors.

The current topological model of the NMDA receptor consists of a complex of
five transmembrane proteins with different specific binding sites associated
with an ion channel which is permeable to Ca**, Na* and K* (Fig.3.21).

The different binding sites of the NMDA receptors can be divided into four
categories:

e A main binding site for agonists like NMDA, glutamate and competitive an-
tagonists, including D-2-amino-5-phosphonopentanoic acid (AP5), cis-4-(phos-
phonomethyl)piperidine-2-carboxylic acid (CGS 19755), and 3-[(+)-2-carboxypi-
perazin-4-yl] propyl-1-phosphonic acid (CPP).

¢ A ligand-gated ion channel. This channel can be blocked at two specific sites:
a voltage-dependent cation site, which is blocked by Mg?* and a binding site,
which is a target for some substances acting as non-competitive NMDA an-
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Fig. 3.21 NMDA receptor with its binding
and modulatory sites. Part (A) depicts the
closed receptor with Mg?* block. Upon
glutamate binding and Mg release, the

and K* efflux (B). The different modulatory
binding sites are indicated at the
extracellular extremities of the receptor and
the subunits at the cytoplasmic aspect.

channel is open for Ca®* and Na* entrance

tagonists: 1-(1-(2-thienyl)cyclohexyl)piperidine (TCP) and (5-methyl-10,11-dihy-
dro-5H-dienzocyclohepten-5,10-imine maleate (MK-801).

e Different regulatory binding sites such as an allosteric binding site for glycine
and a polyamine site as well as Mg** and Zn®" selective sites. These sites ex-
ert either negative or positive control over the function of the NMDA recep-
tors.

The NMDA receptors play an important role in the excitatory amino acid in-
duced transmission and in synaptogenesis. Under resting potential conditions,
the NMDA receptors are not activated and the ion channel is blocked by Mg*".
On depolarization, the magnesium block is released and the channel opens,
thereby allowing the exchange of ions through the channel pore. The opening
of the NMDA receptor ion channel increases the permeability for Na*, K and
Ca”". One essential consequence of the entry of extracellular calcium through
the channel is the activation of a variety of processes which alter the properties
of the neuron. Excess of intracellular Ca** is also toxic to neurons; and hyperac-
tivation of the NMDA receptor is thought to play an important role in several
neurodegenerative disorders (see below).

Experiments using cDNA cloning have revealed the molecular diversity of
NMDA receptor channels. The identification of multiple subunits with distinct
distributions, properties and regulation implies that NMDA receptor channels
are heterogeneous in their pharmacological properties, depending on the brain
region and the developmental stage.
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The deduced primary structures of the NMDA receptors share a homology of
about 22-26% with the AMPA/kainate receptors. According to hydropathicity
analyses, the ionotropic NMDA receptor forms four transmembrane segments.
The second transmembrane section seems to be responsible for the formation
of the ion channel and is flanked by negatively charged groups. In the original
model, the transmembrane domains were proposed to be organized in a man-
ner similar to the nicotinic ACh receptor, with the N-terminus and the C-termi-
nus residing extracellularly and the loop between the third and fourth trans-
membrane domains extending into the cytoplasm. The currently proposed mod-
el differs insofar as the second membrane-spanning segment is considered to
form a kink within the membrane and runs back into the cytoplasm akin to the
model proposed for the pore-forming domain of voltage-activated K* channels.
Both alternative models affect the consideration of which parts of the receptor
are accessible for intracellular processing like phosphorylation or glycosylation.
The intracellular domains provide consensus sequences, which are targets for
protein kinase C and calmodulin-dependent kinases.

The NMDA receptors are heteromeric complexes, which consist of two differ-
ent subunits:

e NRI subunits: The NR1 family is encoded by a single gene, but alternative
splicing generates at least eight different splice variants: NR1-1a, NR1-1b,
NR1-2a, NR1-2b, NR1-3a, NR1-3b, NR1-4a, NR1-4b. A further isoform, NR1-5,
seems to be biologically inactive. The NR1 subunits, when expressed in Xeno-
pus oocytes, are able to form functionally active homomeric NMDA receptors.

e NR2 subunits: The predicted amino acid sequence of the NR2 subunits shares
a homology of about 15% with the NR1 subunits. The NR2 subfamily is en-
coded by four different genes (NR2A-NR2D) and gives rise to five isoforms,
which are named NR2-a, NR2-b, NR2-c, NR2-d1 and NR2-d2. The NR2 sub-
units, when expressed in oocytes, are unable to form a functional homomeric
receptor.

The NR1 subunit seems to be an essential constituent of functional NMDA re-
ceptors and the subunit NR2 (NR2a-NR2d) is associated with one or more sub-
units of the NR1 type. The NR1 subunits are considered to form the molecular
backbone of the receptor, while the subunit NR2 is assumed to be responsible
for its physiological and pharmacological properties.

NMDA receptors are found in high densities in the cerebral cortex, the hippo-
campus, the basal ganglia, the hypothalamus and the olfactory bulb. The distri-
bution pattern of NMDA receptors seems to be consistent with the expression
of heteromeric receptors made up of one NR1 subunit and different NR2 sub-
units. The mRNA of the NR1 subunit is expressed throughout the brain, while
the mRNA of the NR2 subunits exhibits a more restricted spatial and temporal
expression.

Historically, the ionotropic glutamate receptors have been described as either
NMDA or non-NMDA subtypes, depending on their abiliy to bind NMDA.
AMPA and kainate receptors have been grouped to the non-NMDA receptor
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family. Unlike the NMDA receptors, the non-NMDA receptors mediate fast exci-
tatory synaptic transmission and they are primarily associated with voltage-inde-
pendent channels.

AMPA receptors

AMPA receptors are ionotropic receptors and they belong to the group of non-
NMDA-receptors. From the pharmacological point of view, they are not as well
characterized as the NMDA receptors.

The AMPA receptors can be activated by the agonists a-amino-3-hydroxy-5-
methyl-4-isoxazolleproprionat (AMPA), quisqualate and glutamate. Despite the
absence of a specific antagonist for the AMPA receptors, several substances
show relatively selective effects. Among these substances are glutamyl-ami-
noethyl-sulfonate (GAMS), glutamylglycine (DGG) and 6-cyano-7-nitroquinoxa-
line-2,3-dion (CNQX).

The AMPA receptors are associated with a cation-selective ion channel which
is permeable for monovalent cations, like Na* and K. Under certain combina-
torial conditions of the receptor subunits, it also becomes permeable to Ca**.

Molecular biological techniques have allowed the cloning of several cDNAs cod-
ing for at least four different subtypes of AMPA receptors. These subtypes were
named GluR,, GluRg, GluRc, GluRp, or alternatively GluR1, GluR2, GluR3,
GluR4. The different subfamilies of glutamate receptors share a homology in their
predicted amino acid sequence of about 70% and each subunit is about 900 amino
acids in length. The ensemble of the subunits which form the receptor and its as-
sociated ion channel provides, to a considerable degree, a combinatorial freedom
that strongly influences the functional properties of the channel.

Like GABA, or nicotinic receptors, a combination of different subunits can
form a functional receptor. Functional AMPA receptor channels can be as-
sembled by expression of one type of subunit or by co-expression of two or four
subunits. However, the homomeric receptors differ in their permeability to
Ca®*. For instance, when homomeric channels consisting of GluR2 subunits are
functionally expressed in Xenopus oocytes, they exhibit little current in the pres-
ence of an agonist, unlike the large inwardly rectifying currents obtained when
GluR1 or GluR3 are expressed.

Apparently, homomeric GluR2 channels form poorly conducting receptors.
However, when GluR2 is coexpressed with either GluR1 or GluR3, the proper-
ties of the channel are distinctly different. In this case, the channel shows little
rectification and a nearly linear I/V plot. Closer examination reveals that GluR1
and GluR3, either independently or under coexpression conditions, show chan-
nels permeable to Ca’*, unlike channels which contain GluR2 subunits. In this
case, any subunit combination makes the receptor impermeable to Ca’**. Ob-
viously, the physiological properties of the glutamate receptors can be quite dif-
ferent and elicit different responses depending on the subunit composition ex-
pressed in a particular type of neuron.

In addition, all subtypes can occur in two forms. These two forms are prod-
ucts of alternative splicing and they can be distinguished by the presence or the
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absence of a segment in the last transmembrane domain. These two splice vari-
ants are named “flip” and “flop” and they have different effects upon the ki-
netics and the amplitude of agonist-induced responses of the channels. Chan-
nels formed by the GluR-D “flip” variant, for example, show a slower desensiti-
zation kinetic than receptors formed by GluR-D “flop” variant.

Furthermore, both variants show different expression patterns in the adult
and in the developing brain. An additional variation of the functional properties
of recombinant AMPA receptors can be achieved by posttranscriptional RNA
editing of the subtypes. RNA editing specifically permutates the encoded amino
acid residues by deletion or insertion of single nucleotides, which usually leads
to modified functional properties of the protein. In glutamate receptors, conver-
sion of specific adenosine (A) residues to inosine (I) causes either a CAG — CIG
conversion, with the consequence that arginine is changed to a glycine residue,
or an AGA — IGA conversion having the same consequence. The most dramatic
functional effects of RNA editing have been shown with edited sites located
within the ion permeation pathway. When a glutamine (Q) residue at position
586 (for example present in all AMPA receptor protein except GluR2) is altered
to an arginine (R) via RNA editing — a change that has been coined the Q/R
site — the permation pore shuts off the calcium permeability and causes a linear
current-voltage relationship instead of the normally inwardly rectifying relation-
ship. AMPA receptors show an alteration of the GluR2/R3 expression during
development [increasing to a peak between postnatal day (PND) 10 and PND 15
and then decreasing to a plateau at PND 30]; and this expression is subject to
changes in the adult brain under pathological conditions. It is believed that an
altered expression of GluR2 mRNA precedes neuronal degeneration.

The AMPA receptors are widely distributed in the central nervous system and
their pattern is different from that of the NMDA receptors. High densities of
AMPA receptors have been identified in the neocortex, the hippocampus, the
lateral septum, the basolateral nucleus and the lateral nucleus of the amygdala,
the caudate-putamen, the nucleus accumbens, the bulbus olfactorius and in the
molecular layers of the cerebellum.

In the hippocampal formation, AMPA receptors are located preferentially in
the pyramidal layer of the cerebral cortex, where they are primarily found, like
NMDA receptors, in layer II and layer III.

GluR1-4 are widely distributed in the brain; however, the expression pattern
and relative abundance of the different GluR subunits differ among various
brain areas. In the hippocampus, for example, GluR1-3 mRNAs are highly ex-
pressed in the fields CA1, CA2 and CA3 and in the granule cells of the dentate
gyrus. A low expression of GluR2—4 has been shown in the striatum, accompa-
nied by a high expression of GluR1. The cerebral cortex exhibits high levels of
GluR2 and GluR3, but shows low expression of GluR4.

GluR2 and GluR4 are abundant in the cerebellum and in the “Bergmann’
glia.
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Kainate receptors

Kainate receptors can be activated by kainate and glutamate. The substances
glutamylaminomethylsulfonate (GAMS), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 5-nitro-6,7,8,9-tetrahydrobenzo[GJindole-2,3-dione-3-oxime (NS102)
show weak antagonizing effects on the kainate receptor, but no specific antago-
nists have been found yet.

Selective antagonists are currently not available. For this reason, it was
thought for a long time that AMPA and kainate receptors were identical (and
were thus termed the AMPA/kainate receptor).

Like the AMPA receptors, the kainate receptors are associated with an ion
channel which is permeable for the monovalent cations Na" and K" and for
Ca*.

High-affinity kainate receptors are formed by different subunits, which belong
to two structural classes. These two classes consist of the subtypes GIuR5,
GluR6, GluR7 and KA-1 and KA-2. Sequence homology of both classes is less
than 50%.

One class comprises GluRS5, GluR6 and GluR7, which share a homology of
about 80% with one another, but they share a homology of only 40% with the sub-
units of the AMPA receptors. The homomeric expression of GluR5 or GluR6, but
not GluR?7, yields functional channels with a low affinity for kainate.

In addition, GluR5 and GluR6 occur in two isoforms. These differ in their
Q/R site (see above) due to RNA editing.

The second class comprises KA-1 and KA-2. Homomeric expression of both
subtypes yields channels exhibiting a high affinity for kainate, but the homo-
meric expression does not qualify for agonist-sensitive ion channels.

Functional channels with affinity for kainate are also formed by coexpression
of KA-1 or KA-2 in combination with GluR5 or GluR6.

Kainate receptors have been found in the neocortex, the piriform cortex and
the hippocampal formation as well as in the caudate-putamen, the reticular nu-
cleus of the thalamus and in other brain areas. The distribution patterns of kai-
nate receptors depend on the configuration of the subtype. By in situ hybridiza-
tion it has been demonstrated that the mRNAs of different kainate receptor sub-
units are differentially expressed.

The GluR5 mRNA is localized in the piriform and cingulate cortex, the medi-
al nucleus of the amygdala, the medial habenula and in the Purkinje layer of
the cerebellum.

The mRNA coding for GluR6 is found in the hippocampus, the caudate-puta-
men and in the granular layer of the cerebellum, while the distribution of KA-1
seems to be limited to the hippocampal formation (region CA3 and dentate
gyrus).

The KA-2 subunit is extensively distributed in the brain with the exception of
some thalamic brain nuclei. High levels of KA-2 mRNA are present in the cere-
bral cortex, the hippocampal formation and the cerebellum.

The precise function of the kainate receptors has not been clarified in detail.
It has been shown that the high-affinity binding sites for kainate are located
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preferentially on presynaptic membranes. It is possible, therefore, that these re-
ceptors are mainly involved in modulating the release of excitatory amino acids
and additional neurotransmitters or neuromodulators.

The metabotropic glutamate receptors

The metabotropic glutamate receptors (Qp) are coupled to G proteins and the sig-
nal transduction involves different second-messenger systems. The metabotropic
receptors generate slow postsynaptic responses after an adequate stimulus.

The metabotropic glutamate receptors reveal a considerable diversity in signal
transduction pathways. They either interact with the adenylate cyclase system or
with the protein kinase C system. Additionally, they are capable of activating the
phospolipase C-DAG-IP3 pathway.

Moreover, a direct coupling of G proteins to cation channels may also occur,
since activation of the metabotropic receptors can influence voltage-gated K*
and Ca®* channels.

The metabotropic receptors are activated by glutamate, quisqualate, 1-amino-
cyclopentane-(1S,3R)-dicarboxylic acid (ACPD) or L-serine-O-phosphate and ibo-
tenic acid. However, they are resistent to activation by NMDA, AMPA or kai-
nate.

Eight different metabotropic glutamate receptors (mGluR1-mGluR8) have been
described. They share about 40% homology with each other and they all belong to
the family of receptors sharing the seven membrane-spanning motif (Fig. 3.22).
The eight receptors have been classified into three groups based on their linkage
to second-messenger systems and their pharmacology: group I (mGluR1 and
mGluR5) act via the phospholipase C system, whereas group II (mGluR2 and
mGluR3) and group III (mGluR4, mGluR6, mGluR7 and mGluR8) inhibit adeny-
late cyclase. Groups II and III differ in their affinity to several agonists. Metabo-
tropic receptors of group II can be activated by CCG, whereas receptors of group
IIT bind the agonists L-serine-O-phosphate and 2-AP4.

The metabotropic glutamate receptors are widely expressed throughout the
central nervous system, but the different subtypes are differentially distributed.

The mGlIuR1 receptors were found in high densities in the following areas:
the hippocampus, the thalamus, the lateral septum, the olfactory bulb and in
the Purkinje cells of the cerebellum. They appear to be localized postsynapti-
cally.

The mGluR2 receptors have been shown in the entorhinal cortex, the parasu-
bicular cortex, the dentate gyrus, the accessory olfactory bulbs and in Golgi cells
of the cerebellum, where they seem to be primarily located at presynaptic sites.

The mGluR3 receptors are more widely distributed than mGluR2 in the
brain. They have been demonstrated in the cerebral cortex, the dentate gyrus,
the nucleus reticularis of the thalamus, the caudate-putamen and in the su-
praoptic nucleus. In addition, mGIuR3 receptors have been found in glia.

Expression of mGluR4 receptors is prominent in the dentate gyrus, the hip-
pocampal area CA3, the entorhinal cortex, the lateral septum, the thalamus, the
olfactory bulb, the pontine nucleus and in the granule cells of the cerebellum.
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Fig. 3.22 The metabotropic glutamate receptors and their putative amino acid sequences.

The mGluR5 receptors occur in the cerebral cortex, the hippocampus (areas
CA1-CA4, subiculum, dentate gyrus), the lateral septum, the caudate-putamen,
the nucleus accumbens and in the olfactory bulb.

The mGIuR6 receptors seem to be absent from brain tissues, but are ex-
pressed in bipolar cells of the retina.

Expression of mGluR7 has been found in the cerebral cortex, the hippocam-
pus, the thalamus, the caudate-putamen and in the olfactory bulb.

The mGluR8 receptors are more locally restricted and occur in the olfactory
bulb, the olfactory tubercle and in the mammillary bodies.

The functional significance of the metabotropic receptors has been subject of
extensive investigations. They are considered to contribute to delayed neuronal
responses and to synaptic plasticity. Since application of agonists of metabotro-
pic glutamate receptors can potentiate long-term potentiation (LTP), it is be-
lieved that these receptors are involved in processes coupled to learning and
memory storage.

3.4.6
Biological Effects

Glutamate is involved in fast synaptic transmission, eliciting a postsynaptic de-
polarization, as indicated above.

Besides the fast excitatory effect, which occurs in the millisecond range, gluta-
mate can produce long-lasting activity-dependent changes of neuronal excitabil-
ity, as is the case in long-term potentiation (LTP) of synaptic transmission.

Additional functional features comprise:
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e neuroendocrine regulatory functions by influencing the secretion of pituitary
hormones, which play a role in the reproductive cycle;

e participation in neuronal migration in some brain areas during development;

e involvement in the reception and processing of environmental stimuli and
motor behavior.

By enumerating the diverse function of glutamate, it becomes obvious that the
function of glutamatergic synapses is not confined to serving as electrochemical
relays for fast interneuronal signal transmission, but that they also participate
in processes related to storage of information. The remarkable capacity of the
brain to translate transient experience into almost infinite numbers of mem-
ories has been attributed to long-lasting, activity-dependent changes in synaptic
activity. This storage is believed to be electrophysiologically translated as a modi-
fication of synaptic strength, either by an augmentation of synaptic efficacy
(which is obvious in long-term potentiation; LTP) or by its reduction (obvious in
long-term depression; LTD).

In the central nervous system, long-lasting synaptic modifications of the LIP
type are best studied in the hippocampus, specifically on the synapses of the
Schaffer collateral and commissural axons and the apical dendrites of CA1 pyra-
midal cells.

Long-term potentiation (LTP) is defined as an increase in the efficacy of the
synaptic responses, which can be experimentally induced by repetitive electrical
stimulation or by the application of some drugs, particularly NMDA. After LTP
is triggered rapidly (within seconds), it can last for hours within in vitro pre-
parations and for days in vivo.

Glutamate appears to play a crucial role in these processes since glutamate re-
lease can be observed during LTP production throughout the mammalian brain,
including the cerebral cortex. It is well accepted that postsynaptic NMDA recep-
tors play an important role in the generation of LTP. Application of NMDA re-
ceptor antagonists, like AP7 and APS5, prior to the tetanic stimulation, can com-
pletely inhibit the induction of LTP. Preventing the rise in postsynaptic Ca**
with Ca®" chelators also blocks LTP, whereas directly raising the postsynaptic
Ca®* concentration by photolysis of caged Ca®* can mimic LTP. In agreement
with these functional observations is the fact that NMDA receptors are found in
brain areas which are believed to be involved in memory formation and learn-
ing.

LTP may also involve a long-lasting increase in the release of transmitters
(presynaptic effect) as well as the sensitization of postsynaptic membranes to
the transmitter.

The detailed electrophysiological and molecular mechanisms underlying LTP
are an actively debated topic. An important role in the activation mechanism of
the NMDA receptor is conveyed by the calcium/calmodulin-dependent kinase II
(CaMKII). Evidence from clinical studies and knockout animals show that LTP
induced by glutamate contributes substantially to specific forms of memory stor-
age, in particular spatial memory formation.
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Furthermore, in vitro studies have shown that glutamate exerts positive effects
on the survival, growth and development of neurons in the cerebellum and that
glutamate can stimulate the outgrowth of dendrites of pyramidal cells in the
hippocampus. These data are in agreement with findings on the density of
NMDA receptors within the caudate-putamen and the hippocampus, which
show a significantly higher expression in the young compared to adult animals.

The allosteric binding sites (like the glycine-binding site: see previous section,
under NMDA receptors) have a higher density in adult animals. This indicates
that there is a specific morphogenetic regulation of different components of the
NMDA receptor during development.

The NMDA receptor as a target for D-amino acids

The existence of two glycine-binding sites, strychnine-sensitive and strychnine-
insensitive (see Section 3.5), in mammalian brain centers have been demon-
strated by radioligand-binding techniques. Glycine has been found to increase
the NMDA response in a strychnine-independent manner. It also increases the
frequency of channel opening without altering their conductance or mean open
time in the presence of NMDA under patch clamp conditions. Occupation of
the NMDA glycine site seems to be an absolute requirement for receptor activa-
tion. Support for the absolute requirement of glycine site agonist for NMDA re-
ceptor activation comes from blocking experiments exploiting the selective gly-
cine site antagonist 7-chlorokynurenate (7-Cl-Kyn), which results in a complete
block of NMDA responses after exposure to glycine. D-serine, the D-isomer of
the non-essential amino acid L-serine, was found to act in a similar manner.
The EDs, values of D-serine were found to be even lower in functional expres-
sion systems using various heteromeric combinations of NMDA receptor sub-
units. In support of the concept that D-serine constitutes an endogeous co-acti-
vator at the glutamatergic NMDA receptor is the finding that: (1) D-serine is
confined predominantly to forebrain structure, the hippocampus and the stria-
tum in the adult brain and (2) the developmental expression pattern corre-
sponds well with those of the NMDA receptor. Interestingly the D-isomer of L-
aspartate, D-aspartate, has also been found to activate the NMDA receptor at its
glutamate-binding site. Unlike D-serine, the concentration of D-aspartate yields
highest levels during early embryogenesis and declines dramatically during late
gestation, indicating that this D-amino acid may play a role in developmental
processes rather than being an important physiological effector in the mature
brain. Since the NMDA subtype of glutamate receptors is essential for many de-
velopmental, learning and memory storage processes in mammals, the exis-
tence of endogenous agonists acting at its glycine-binding site are of consider-
able importance in respect to pathological disorders where the glutamatergic
system is involved (see below).
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347
Neurological Disorders and Neurodegenerative Diseases

The biological effects of excitatory amino acids as described above are consistent
with the idea of glutamate being a Janus-faced neurotransmitter: on one hand,
it provides beneficial effects in the regulation of neuronal growth and differen-
tiation; on the other, excitatory amino acids can be harmful to brain tissue. This
happens when large amounts of glutamate or aspartate are released into the ex-
tracellular space with the consequence of hyperactivation of glutamate receptors,
an effect which has been termed “excitotoxicity”.

This can be observed in ischemia, hypoglycemia, epileptic seizures and in
neurodegenerative diseases such as Alzheimer’s disease, Parkinsonism and
amyotropic lateral sclerosis.

The excitotoxic effect is related to the massive entry of Ca®" into the cells as a
consequence of the sustained activation of glutamate receptors. An excessive
raise in intracellular Ca®* accounts for multiple cytotoxic damage to the neurons
such as perturbation of cytoskeletal proteins and activation of proteases and
phospholipases. In addition to their proteolytic and lipolytic acitivity these en-
zymes result in the formation of free radicals which damage the cells. It is gen-
erally believed that the most important mechanism mediating the toxic influx
of Ca®* into neurons, is the ionotropic channel of the NMDA receptors.

The following arguments support this view:

e Cerebral ischemia is coupled to a massive increase in the extracellular concen-
trations of aspartate and glutamate.

e Prior to the accumulation of excitatory amino acids in the extracellular space,
stimulation of AMPA receptors takes place; this is followed by a depolariza-
tion of neurons, which in turn allows the activation of NMDA receptors.

o Treatment with competitive antagonists, like APV, CPP, CGS 19755 or non-
competitive antagonists (phencyclidine, MK-801) of the NMDA receptor, can
protect neurons from the neurotoxic effects.

In fact, some experimental data provide evidence for the neuroprotective effects
of NMDA antagonists, thus corroborating this concept. For instance, cell death,
induced by a transient ischemia of the middle cerebral artery occurs after a de-
lay of 24-48h. Administration of NMDA antagonists shortly after induction of
the ischemic stress can reduce the number of damaged cells. One such drug is
MK801. For this reason, the use of NMDA receptor antagonists could be advan-
tageous in the therapy of ischemic insults, traumatic lesions and epilepsy. Clini-
cal trials have yet to substantiate these therapeutic possibilities.

NMDA receptors have also been implicated in the pathophysiology of schizo-
phrenia. In particular, the glycine modulatory site of the NMDA receptors is
considered to participate in clinical manifestation of schizophrenia and is cur-
rently a favored theraupeutic target. The glycine site at the NMDAR affects
channel open time and desensitization rate in the presence of agonist (gluta-
mate), but does not, of itself, induce channel opening. The glycine binding site
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is also sensitive for D-serine and D-cycloserine; and it represents the strych-
nine-insensitive target of the glycine receptors. The strongest clinical data vali-
dating glutamatergic mechanisms behind schizophrenic symptoms come from
studies with NMDAR glycine-site agonists, which function as positive allosteric
modulators of the NMDAR complex. Clinical trials with NMDA receptor ago-
nists (glycine, D-serine and D-cycloserine) together with typical antipsychotic
drugs revealed large effect size improvements in negative and cognitive symp-
toms of schizophrenia.

Other neuropsychiatric disorders may also represent appropriate targets for
glutamatergic agents. Stimulation may be beneficial in disorders associated with
primary memory deficits, whereas inhibition may exert positive effects in disor-
ders with neurodegeneration. Effects of glutamatergic agents have been studied
more extensively with regard to Alzheimer’s disease (AD), anxiety and posttrau-
matic stress disorder (PTSD). NMDAR antagonists have been used to attempt
to slow down excitotoxic neurodegeneration in AD. Memantine, a weak
NMDAR channel blocker, has shown safety and efficacy in slowing the decline
in moderate to advanced AD. The effect of memantine has been contributed to
mimicking the voltage-dependent Mg”* blockade of the NMDAR, which is
found to be reduced during the progression of AD. Thus memantine seems to
take over the physiological role of Mg”*.

Benzodiazepines and barbiturates are by far the most common group of
drugs for the treatment of anxiety. The rational behind this therapeutic para-
digm is to increase the inhibitory impact of GABAergic transmission. On the
simplest level, a similar neurochemical effect could be achieved by reducing ex-
citatory glutamatergic neurotransmission. AMPA receptor agonists, or group II/
IIT metabotropic agonists could in theory achieve such an effect. Preclinical
studies gained some promising outcome of some of the available drugs, but
further follow-up studies need to be done in order to substantiate the therapeu-
tic efficacy of this concept.

A further focus of glutamatergic therapies is related to neuropathic pain.
Here the NMDA receptor and, in particular, glycine-site antagonists have shown
much promise in this arena.
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3.5
Glycine

3.5.1
General Aspects and History

In mammals, glycine belongs to the non-essential amino acids. Glycine is capa-
ble of crossing the blood-brain barrier and thus can be transported from the
blood into the spinal cord and brain.

Like glutamate and GABA, glycine is part of the common protein metabolism
and shares with these amino acids the same difficulties in separating its meta-
bolic and neurotransmitter function.

Until the early 1960s, glycine was considered to be of minor importance in
synaptic transmission because of its simple structure and its ubiquitous distri-
bution as a member of protein and nucleotide metabolism. Between 1960 and
1970, however, it became apparent that glycine is a potent neurotransmitter in
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the spinal chord and brain stem. Today, GABA and glycine are known to be the
main inhibitory transmitters in the central nervous system acting through iono-
tropic receptors. More recently, glycine has been found to play a role in the
functional modulation of N-methyl-D-aspartate (NMDA) receptors (see Section
3.4).

3.5.2
Localization Within the Central Nervous System

Glycine is present at very high concentrations in the spinal cord, the pons and
the medulla oblongata, as well as in suprabulbar regions of the central nervous
system. At somewhat lower concentrations, glycine has been found in the cere-
bellum, the forebrain and the retina.

Colocalization of glycine with other neurotransmitters is also known. For ex-
ample, glycine coexists with GABA in some interneurons of the dorsal horn of
the spinal chord.

3.5.3
Biosynthesis and Degradation

The precise metabolic pathway for glycine in the transmitter pool is not fully
understood. However, ample evidence suggests that most of the glycine in the
central nervous system is synthesized from glucose via serine in mitochondria.
It is presumed that the enzyme serine hydroxymethyltransferase is responsible
for converting serine to glycine. An alternative, possible pathway for the synthe-
sis of glycine is from isocitrate by the activity of the enzyme isocitrate lyase and
subsequent transamination by glycine a-ketoglutarate aminotransferase.

The degradation of the neurotransmitter glycine still remains unclear, but it
has been shown that glycine can be metabolized to form guanidinoacetic acid,
glyoxylate, gluthathione or serine. The glycine cleavage system has been local-
ized in the form of a mitochondrial and cytosolic enzyme complex.

Glycine can be taken up into cells by specific transporter systems (GLYT1 and
GLYT?2) which comprise sodium/chloride-dependent transporters. These high-af-
finity glycine re-uptake mechanisms reveal an affinity constant (K,,) of about
10° M. This re-uptake mechanism is thought to be responsible for the removal
of glycine from the synaptic cleft after release of the amino acid. The GLYT1
transporter is found in the spinal cord, the pons, the medulla, the diencephalon
and the retina and, to a lower concentration, in the olfactory bulb and the brain
hemispheres. GLYT2 is more restricted to spinal cord, brain stem and the cere-
bellum. GLYT?2 is preferentially found in neurons, whereas GLYT1 is localized
in astrocytes. Recent studies have shown that both types of GLYT are expressed
by oligodendrocytic precursor cells.

The accumulation of glycine in synaptic vesicles implies that a vesicular trans-
porter must exist. While no specific vesicular glycine transporter has been de-
scribed so far and vesicular GABA transporters colocalize in glycinergic neu-
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rons, it seems suggestive that a common transporter system for both inhibitory
neurotransmitters exists. Observations indicating that inhibitory presynaptic
boutons may contain both GABA and glycine favor this idea.

354
Receptors and Signal Transduction

The glycine receptor (GlyR) is a strychnine-sensitive glycoprotein which is com-
posed of five subunits. Among these subunits are the a-subunit, which is the li-
gand-binding structure, the f-subunit and a supplementary polypeptide
(Fig.3.23). The total glycine receptor is a 250-kDa glycoprotein and, in molecu-
lar mass, the a-subunit is about 48kDa, the f-subunit 58kDa and the polypep-
tide 93kDa.

The receptor has a pentameric structure with three ¢- and two f-subunits
forming the ion channel. Sequence alignment of the subunits has shown that

+
H,N
Glycine
Strychnin

Microtubules

Fig. 3.23 Structure of the strychnin-sensitive
glycine receptor. The receptor protein forms
an ion channel which is permeable for
chloride ions. The receptor is a pentameric
structure which consists of three a and two
f subunits. The postsynaptic scaffold is
composed of gephyrin, which binds the

receptor to microtubules. Gephyrin interacts
with associated proteins (profilin and
collibistin) involved in actin dynamics and
downstream signaling. It also interacts with
Raft-1, a candidate regulator of dendritic
protein synthesis.
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the glycine receptor belongs to the superfamily of ligand-gated ion channels,
like the GABA, receptor or the nicotinergic acetylcholine receptor. Molecular
cloning has revealed the existence of several subtypes of the ligand-binding sub-
unit. This heterogeneity is responsible for the distinct pharmacological and
functional properties displayed by the various receptor configurations that are
differentially expressed and assembled during development.

The existence of four different isoforms of the a-subunit (al, 2, a3 and a4)
has been described. These isoforms are expressed in different areas or in differ-
ent stages during development. alf-heteromers are mainly found in the spinal
chord of adults, whereas a2 homomers predominate in embryonic and neonatal
stages. The switch towards the adult isoform is completed by around postnatal
day 20. However, the embryonic a2-subunit pattern prevails in the retina and in
the auditory brain stem.

To date, no isoforms of the p-subunit have been described. The a-subunits
share a homology of 80-90% while the f-subunit has a sequence identity of
about 47% with the al isoform. Splice variants have been found in rat al-sub-
unit, termed a1™, which contains an eight-amino-acid insert in the large intra-
cellular loop that contains a possible phosphorylation site. The rat a2-subunit
exhibits two splice variants, a2A and a2B. The 42B variant differs from a2A by
V58I and T59A amino acid substitutions. Two transcripts of the human a3-
gene, termed a3L and a3K, have also been characterized. The amino acid se-
quence of the a3L is mainly identical to the a3 isoform. The a3K subunit lacks
the coding sequence for 15 amino acid residues located within the putative cyto-
plasmic loop bewteen the transmembrane domains M3 and M4. Homologous
screening of brain ¢cDNA libraries led to the discovery of a further a2-subunit,
a2”, which is not generated by alternative splicing. The protein sequence differs
from other a2 isoforms by an E167G substitution which results functionally in
a 40-fold lower affinity for glycine and a 500-fold lower affinity for the antago-
nist strychnine.

The glycine receptor is presently considered to form a complex consisting of
a glycine recognition site and an associated chloride channel.

It is believed that at least two glycine molecules must bind to the recognition
site to open the chloride channel and that the a-subunits are responsible for li-
gand binding.

The properties of GlyRs seem to depend on their a-subunit composition and
their stochiometry. Different GlyR subtypes possess distinct ionic conductance
and kinetic properties, affinities for various agonists and/or antagonists as well
as different allosteric modulatory sites. They are also regulated in distinct ways
by phosphorylation processes.

Postsynaptic glycine receptors are aggregated in clusters whose formation de-
pends on the presence of submembrane scaffolding proteins. The size of the
GlyR clusters varies considerably on postsynaptic sites. The major constituent
of the postsynaptic scaffold in inhibitory synapses is a 93-kDa protein named
gephyrin, which has been identified as a pheripheral membrane protein. Ge-
phyrin binds to the long cytoplasmic loop of the f-subunit and anchors the gly-
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cine receptors and the GABA receptors to the cytoskeleton (see Fig.3.23). Evi-
dence in favor of this role of gephyrin derived from antisense strategies and
from knockout mice in which synaptic clustering of GlyRs was abolished. How-
ever, the clustering mechanism might be more complex, since homomeric
GlyRs deprived of the f-subunit can be synaptically activated. Additionally, cur-
rent data indicate that homomeric GlyRs can cluster at the cell surface indepen-
dently of gephyrin.

Gephyrin is also known to colocalize with GABA, receptors, where it binds
specifically to y2- and y3-subunits.

Further scaffolding proteins associated with the postsynaptic web of glyciner-
gic synapses are collybistin, profilin and RAFT1. They are discussed to act in
concert with gephyrin in the GlyR aggregate complex.

Glycince, taurine and f-alanine are the most common agonist at GlyRs,
whereas strychnine represents a high-affinity antagonist (see below).

Modulatory effects on GlyRs acitivity can be achieved by zinc, some alcohols
and anaesthetics.

Zinc seems to be an endogenous modulator. This metal ion is released to-
gether with neurotransmitters at some synaptic terminals. Zinc ions are known
to modulate several voltage-dependent and ligand-gated channels. The effects of
zinc on GlyRs are concentration-dependent: at low concentrations, zinc en-
hances glycinergic currents, while concentrations higher than 10uM elicit a de-
pression effect. Further allosteric modulation is conveyed by ethanol and anaes-
thetics in a similar way as at GABA,4 receptor sites.

Picrotoxin, commonly used as a GABA, receptor antagonist, also suppresses
GlyR responses to glycine.

Binding sites for glycine are present within the brain, which differ from the
typical inhibitory glycine receptor. These binding sites are located on receptors,
which are insensitive to strychnine and are found at high densities in the cor-
tex, the hippocampus, the amygdala and the cerebellum.

This glycine-binding site is associated with N-methyl-D-aspartate (NMDA) re-
ceptors, because glycine can influence the activity of NMDA receptors.

NMDA and glutamate are selective agonists for one of the principal receptor
types (NMDA receptors) involved in excitatory synaptic transmission. Glycine
may serve as a co-factor for NMDA-receptors because glycine is needed for the
opening of the ion channel of the NMDA receptor. Both NMDA- and glycine-
binding sites are present on this receptor; and glycine mediates its effects
through the strychnine-insensitive binding site. The exact mechanism of glycine
action on the NMDA receptor is largely unknown, but some evidence indicates
that glycine increases the opening frequency of the ion channel associated with
the NMDA receptor (see Section 3.4).

Thus, glycine has two distinct functions in the central nervous system: an in-
hibitory function in the spinal cord and the brain stem through activation of a
specific glycine receptor; and an excitatory function in the forebrain as a co-acti-
vator of NMDA receptors.
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3.5.5
Biological Effects

Glycine is known as the major inhibitory neurotransmitter in the spinal cord
and the brain stem. When GlyR is activated, the resulting CI” flux moves the
membrane potential rapidly toward the CI” equilibrium potential. Depending on
the value of the equilibrium potential relative to the cell resting potential, the
CI" flux may cause either a depolarization or a hyperpolarization. The inhibitory
preference of the GlyR happens because the CI™ equilibrium potential is usually
close to, or more negative than, the cell resting potential. However, in embryo-
nic neurons, the intracellular CI” concentration is raised substantially, with the
effect that GlyR activation elicits a strong, suprathreshold depolarization. The
switch to the mature neuron phenotype is caused by the developmentally regu-
lated expression of a K™-Cl™ cotransporter, KCC2, which lowers the internal CI~
concentration, thereby shifting the CI” equilibrium potential to more negative
values and converting the action of GlyR from excitatory to inhibitory.

Neurons within the spinal cord seem more sensitive than other neurons to
glycine. Strychnine, an alkaloid from the plant Strychnos nux vomica, is a potent
convulsant poison which antagonizes the inhibitory hyperpolarizing action of
glycine by a specific, competitive interaction with glycine receptors. Based on
the strychnine sensitivity of glycine-binding sites, a strychnine-sensitive site,
which comprises the glycine receptor, and a strychnine non-sensitive site, repre-
sented by the glycine-binding site of the glutamatergic NMDA receptor, can be
differentiated (see above).

Another toxin that occupies the glycine repector is tetanus toxin released by
the bacterium Clostridium tetani. One of the effects of the tetanus toxin is the
blockade of glycinergic inhibition, which leads to the typical clinical symptom
of muscle rigidity with agonizing spasms superimposed (overactivity of motor
neurons). It is hypothesized that tetanus toxin presynaptically blocks the release
of glycine.

A further function for glycine is postulated in epileptogenesis, since intracere-
bral levels of glutamate, aspartate and glycine are significantly increased in the
epileptogenic cerebral cortex. In this context, glycine is considered to act via
NMDA receptors.

3.5.6
Neurological Disorders and Neurodegenerative Diseases

Hyperekplexia, or startle disease, is a rare neurological disorder characterized by
an exaggerated response to unexpected stimuli. The response is typically accom-
panied by a transient but complete muscular rigidity. Suspectibility to startle re-
sponses is increased by emotional tension, nervousness, fatigue and the expecta-
tion of being frightened. Symptoms of this disease are present from birth, a reason
why it is also named stiff baby syndrome, with infants displaying severe muscular
rigidity. This disorder has a history of being misdiagnosed as epilepsy, although
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hyperekplexia can be readily distinguished by an absence of fits and retention of
consciousness during the startle episodes. The symptoms are successfully treated
by benzodiazepines, with clonazepam being the current drug of choice.

Dominant and recessive forms of this rare disease result from missense mu-
tations of the al GlyR subunit gene on chromosome 5q. The most common
mutation is the R271L substitution which leads to an autosomally dominant
form. This mutation and other substitutions at the R271 site cause reduced gly-
cine sensitivity and single-channel conductance. The reduced efficiency of gly-
cinergic neurotransmission explains the human phenotype which exhibits an
increasing level of excitability of motor neurons at the spinal cord and brain
stem level.
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3.6
Histamine

3.6.1
General Aspects and History

Since the discovery of histamine (f-imidazolylethylamine) by Sir Henry Dale at
the beginning of the 20th century, this substance has been the subject of de-
tailed studies.
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Histamine was first known to be a substance released by mast cells in response
to allergen stimulation. However, data have been obtained showing that the func-
tion of histamine is not restricted to hyperergic processes, but is also a physiolog-
ical mediator within different tissues, including the central nervous system.

In 1920, Popielski described the secretagogic effect of histamine on parietal
cells in the stomach.

About 20 years later, histamine was identified in the central nervous system.
In the last quarter of the 20th century, the idea was born that histamine could
act as a neuroactive substance within the central nervous system. Since hista-
mine is unable to cross the blood-brain barrier, it was suggested that histamine
is synthesized in brain tissues and represents a neurotransmitter per se.

In the meantime, both postsynaptic and presynaptic histaminergic receptors
have been found in the brain as well as the precursor of histamine metabolism.
Histamine has many features in common with the monoamines, such as cate-
cholamines (dopamine, epinephrine and norepinephrine) or indolamines (like
serotonin), with respect to release, metabolic pathway and mode of action at the
cellular level.

3.6.2
Localization Within the Central Nervous System

The principal storage sites of histamine are basophilic leucocytes and mast cells,
which release histamine as part of their reaction to allergens. Other sources in-
clude the epidermis, the intestinal mucosa and the central nervous system.

Immunohistochemical methods have played a central role in the localization
of histamine in the central nervous system. Somewhat striking is the fact that
histamine is located not only within neurons, but also in interstitial cerebral
mast cells. It is thought that these cells are involved in the regulation of vascu-
lar permeability. An interesting feature of cerebral mast cells is that the half-life
of their histamine content is much longer than in neurons.

Histaminergic neurons are predominantly located in the tuberal area of the
posterior hypothalamus, which is known as the tuberomammillary nucleus
(Fig.3.24). From this nucleus, the histaminergic neurons project diffusely into
several brain areas; and their axonal collaterals give rise to projections, for ex-
ample to the forebrain, the cerebellum and the mesencephalon. Two ascending
pathways can be distinguished in the rat brain. One pathway runs at the ventral
surface of the brain to the septal area; and the other runs more caudally at the
lateral side of the third ventricle.

Intrahypothalamic fibers are most common within the medial forebrain bun-
dle from which they ascend ipsilaterally into the forebrain. Another fraction
crosses the midline and ascends within the contralateral side.

A dense histaminergic innervation is also obvious in thalamic areas as well as
in the nucleus accumbens and in the bed nucleus of the stria terminalis. In ad-
dition, histaminergic projections have been found in the cerebral cortex and in
the hippocampus.
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Fig. 3.24 Schematic representation of the DM=dorsomedial nucleus of the thalamus;
histaminergic projection pattern within the DRN=dorsal raphe nucleus; SL=lateral
brain of rats. Abbreviations: AHA=anterior septum; VMH =ventromedial nucleus of the

hypothalamic area; BST=bed nucleus of the hypothalamus.
stria terminalis; Cg=cingulum;

Besides the ascending projections, a long descending pathway, which origi-
nates also from the tuberomammillary nucleus, projects to various regions of
the brain stem: these include the periaqueductal grey, the nucleus of the solitary
tract and, more caudally, the dorsal horn of the spinal chord.

3.63
Biosynthesis and Degradation

Pharmacological and biochemical studies have revealed that the enzyme L-histi-
dine-decarboxylase (HDC or HD) is responsible for the biosynthesis of hista-
mine in the central nervous system. Histamine is formed by a single decarboxy-
lation of L-histidine under the control of L-histidine-decarboxylase.

L-Histidine-decarboxylase shares a homology of about 50% with dopamine-dec-
arboxylase, the rate-limiting enzyme responsible for the generation of dopamine.

The highest activity of L-histidine-decarboxylase has been detected in the pos-
terior hypothalamus. In this area, the mRNA coding for HDC is expressed at
high levels. However, the regional distribution of L-histidine-decarboxylase is ex-
tremely heterogeneous in the brain, a fact which reflects the diffuse histaminer-
gic innervation in the different brain areas. The reason why the enzyme is
found in brain areas other than the posterior hypothalamus is that L-histidine-
decarboxylase, synthesized in the hypothalamus, is transported anterogradely
from the soma to the nerve endings.

An important step in unraveling the function of histamine as a neurotrans-
mitter began with the synthesis of a-fluoromethylhistidine (FMH), an inhibitor
of L-histidine-decarboxylase.
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With FMH, it became possible to inactivate the enzyme irreversibly and thus
prevent the formation of histamine.

The decline in histamine level after administration of FMH is a reliable
means of assessing the speed of renewal of neuronal histamine. Using this
method, it was possible to demonstrate that histamine has a half-life of about
30min.

The renewal of histamine can be slowed down by sedatives and enhanced by
stimulation of NMDA receptors or p-opioid receptors. This rapid adaptation
after manipulation of neuronal receptor components suggests that the metabo-
lism of the neurotransmitter histamine is modulated by neurons themselves.

Histamine synthesized in neurons is stored in synaptic vesicles by a reser-
pine-sensitive mechanism and is released from these stores in a calcium-depen-
dent manner.

Histamine is inactivated by the ubiquitously distributed enzyme histamine N-
methyltransferase and subsequently deaminated by monoamine oxidase B.

No evidence exists for a high-affinity re-uptake mechanism of histamine.

3.64
Receptors and Signal Transduction

Three different receptor subtypes, termed H1, H2 and H3, bind histamine spe-
cifically. The three receptor subtypes can be distinguished by their different
binding patterns and different biological effects (Table3.9). All three receptor
subtypes seem to belong to the superfamily of G protein-coupled receptors.

Table 3.9 The three different subtypes of histamine receptors
and some of their characteristic functional features.

Subtype of histamine receptor

H, H, Hs

Localization on 3p2 5 ?

human chromosome

Specific agonist (Trifluoromethyl Impromidine (R)a-Methyl-histamine
phenyl)-histamine

Specific antagonist Mepyramine Cimetidine Thioperamide

autoreceptor No No Yes

Receptor localization  Postsynaptic Postsynaptic Presynaptic

G protein coupling  Gi/, Gy Gi/o

Highest densities Cerebellum, Caudate-putamen, Frontal cortex, caudate-
thalamus, cerebral cortex, putamen, substantia

hippocampus amygdala nigra
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H1 receptors

The H1 receptor is a glycoprotein of about 490 amino acids. Antagonists of the
H1 receptor are collectively known as “antihistamines” (which are capable of
crossing the blood-brain barrier). The activation of the H1 receptor gives rise to
a variety of intracellular signals, which depend on the action of a G protein of
the type Gq. This G protein enhances phospholipase C activation, which ulti-
mately leads to activation of the DAG/IP3 pathway and consequent release of
Ca®* from intracellular calcium stores.

The activation of H1 receptors is positively coupled to an enhancement in
phospholipid turnover and stimulates glycogen hydrolysis. Prolonged exposure
of the receptor to its neurotransmitter can produce receptor subsensitivity (de-
sensitization). The molecular nature of the desensitization effect is not known.

Agonists of the H1 receptor are substances like 2,3 (trifluoromethyl)-phenyl-
histamine, 2-methylhistamine and 2-(pyridyl)-ethylamine. In addition, different
specific antagonists have been found which interact with the H1 receptors.
Some of these antagonists have been used in the treatment of allergies, but
since they cross the blood-brain barrier they exhibit side-effects within the cen-
tral nervous system, predominantly tranquilizing effects, by inhibition of cere-
bral H1 receptors. Therefore, considerable efforts have been made to develop
H1 receptor antagonists which do not cross the blood-brain barrier and so are
without a sedative effect.

H1 receptors are mainly found in cerebral areas, in which histaminergic
terminals are present at high densities. H1 receptor-expressing cells have been
identified in the pyramidal layer of the hippocampus and in cerebellar Purkinje
cells.

H2 receptors

The H2 receptor is a glycoprotein of about 358 amino acids; and it shares a
homology of about 40% with the H1 receptor. Like the H1 receptor, the H2 re-
ceptor belongs to the superfamily of G protein-coupled receptors. Unlike the
H1 receptor, the H2 receptor displays dual signaling by means of coupling to
the G5 and G4 members of the G protein family.

H2 receptors are located postsynaptically and are found in areas containing
large numbers of histaminergic terminals. These include the caudate-putamen,
the hippocampus and the cerebral cortex. H2 receptors have also been found in
non-neuronal tissues, like small cerebral microvessels and glia.

In contrast to the H1 antagonists, most of the H2 antagonists are unable to
cross the blood-brain barrier (with the exception of zolantidine, which passes
this barrier).

The substance impromidine was first thought to be an agonist of H2 recep-
tors; however, more recent studies have shown that this substance is an agonist
of H3 receptors.
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H3 receptors

The human histamine H3 receptor was identified by orphan GPCR cloning in
1999 (Lovenberg et al. 1999). Translation of the open reading frame revealed a
445-amino-acid coding region with low homology (20-27%) to the biogenic amine
subfamily of GPCRs. The receptor shows abundant expression in the brain, par-
ticularly in the hypothalamus, the caudate nucleus, the thalamus and the cortex.

The H3 receptors function as inhibitory, presynaptic autoreceptors which regu-
late the synthesis and release of histamine. Based on the inhibitory function of the
H3 autoreceptor, H3 antagonists elicit an increase of histamine at the extracellular
site. Therefore, H3 antagonists reveal a kind of inverse agonistic effects.

However, H3 receptors may also function as heteroreceptors, inhibiting the
release of other neurotransmitters, like acetylcholine, dopamine, norepinephrine
and serotonin.

A controversial issue is whether the H3 receptor can bind N-methyl-D-aspar-
tat (NMDA) on its polyamine-binding site.

The H3 receptor displays “constitutive acitivity”, that is, spontaneous activativ-
ity in the absence of an agonist. This means that a proportion of the receptor
population spontaneously undergoes an allosteric transition, leading to a confor-
mation that can bind G protein. Constitutive acitivity of the H3 receptor is sug-
gested to control histaminergic neuron activity in vivo.

A further human histamine receptor, H4, was cloned from human leukocytes.
The deduced amino acid sequence showed about 40% identity to that of the hu-
man H3 receptor. In contrast to the H3 receptor, expression was not detected in
the brain. Recent cloning work indicated that H3 receptors in different species
have minor, yet significant, differences in their protein sequences that result in
pharmacological heterogeneity. Three functional rat H3 receptor isoforms (Hja,
Hip, Hic) and one non-functional Hst have been cloned, displaying differential
expression in key areas involved in endocrine, sensory and cognitive functions.
All three isoforms are generated as a result of alternative splicing. The three iso-
forms couple to the G;,, protein-dependent inhibition of adenylate cyclase. Inter-
estingly, the activation of the H3 receptor isoforms also leads to activation of
the MAP kinase pathway via PTX-sensitive G proteins. The Hj, isoform seems
to be more effectively coupled to p44/p42 MAPK activation. Since the H3 recep-
tor is known to be involved in learning and memory storage and histamine has
been implicated in long-term potentiation, the strong expression of the Hj, iso-
form in the hippocampus and its preferential linkage to the MAPK pathway
could provide a clue for these effects.

3.6.5
Biological Effects

Histamine in mast cells is a potent inflammatory substance depleted when an
allergen binds to the cell surface, cross-linking specific IgE molecules. This
mechanism is also present in the nervous tissue; and it seems most likely that
released intracerebral histamine regulates cerebral circulation and the perme-
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ability of cerebral vessels. Anti-histaminergic drugs have been used in cases of

fever but, since they produce drowsiness, which may be due to an action on his-

taminergic receptors in the brain, they are nowadays less frequently used.

In contrast, neuronal histamine plays a role as a neurotransmitter. Many of
the physiological effects attributed to the tuberomammillary nucleus, seem to
involve histamine. Histamine is a major player in the control of sleep and wake-
fulness. The following observations speak in favor of the crucial role of the his-
taminergic system in wakening:

e Lesion of the posterior hypothalamus at the site of the tuberomamillary nu-
cleus (TM), where a high density of histaminergic neurons can be found, pro-
duces a comatose-like continous sleeping.

e TM neurons send inputs to various brain regions, including those that control
the sleep-wake cycle, such as the cortex, thalamus, preoptic and anterior hy-
pothalamus.

e Presumed histamine-containing neurons discharge tonically and specifically
during wakefulness; this pattern of activity seems to be the most wake-selec-
tive neuronal pattern so far described in the brain.

o Histamine discharge in the prefrontal cortex is strictly correlated to wakening.

e Treatments that impair histamine-mediated neurotransmission increase corti-
cal slow waves and enhance sleep.

Histamine is also involved in the regulation of the energetic balance of the
body, by regulating glycogenolytic functions. The modulation of neuronal hista-
mine, for instance by blocking H3 receptors, reduces food intake.

Furthermore, histamine exerts some endocrine functions because it influ-
ences the secretion of hormones from the pituitary. Together with some prosta-
glandines, histamine cooperates in the stimulation of ACTH secretion. Similar
interaction may also play a role in the mediation of the ACTH response to im-
munochallenges. Additional evidence for an endocrine function of histamine
has been obtained by experimental adrenalectomy, which enhances the plasma
level of vasopression. Inhibition of histidine-decarboxylase by FMH blocks the
increased vasopression response. Similar effects of FMH have been found on
the secretion of ACTH and the stress-induced increase of prolactin. Taken to-
gether, these findings suggest that neuronal histamine functions to modulate
the release of hormones and neuromodulators.

Blood pressure and body temperature are two further examples for a possible
involvement of histamine in centrally regulated physiological processes. Intra-
ventricular administration of histamine results in an increase in blood pressure,
though a role for histamine in the development or maintenance of hypertension
remains to be clarified.

The release of histamine acting on H1 and H2 receptors may be involved in
radiation-induced hypothermia, since the H1 receptor antagonist, mepyramine,
and the H2 receptor antagonist, cimetidine, both antagonized the hypothermia.

However, there is evidence that intracerebroventricularly applied histamine
could induce biphasic changes in body temperature. Clark and Cumby (1976)



3.6 Histamine

observed hypothermic responses to histamine in cats at an environmental tem-
perature of 22°C. These responses were antagonized by the administration of
H1 receptor antagonists. In some animals at higher environmental tempera-
tures, hyperthermic responses to histamine were observed, which could be an-
tagonized by central, but not peripheral, injection of metiamide, an H2-receptor
antagonist.

The histaminergic innervation of the limbic system suggests that histamine
is influential on different behavioral and cognitive functions and in the genera-
tion and maintenance of emotional states.

A competitive antagonist of the H2 receptors is the drug lysergic acid diethy-
lamide (LSD; although it also interacts efficiently with the serotoninergic sys-
tem); and some changes in the behavior induced by LSD might be coupled to
the inactivation of H2 receptors. An interesting point in this context is that the
stereo-isomer L-LSD is not capable of antagonizing H2 receptors.

3.6.6
Neurological Disorders and Neurodegenerative Diseases

As indicated above, histamine is an essential neurotransmitter involved in arou-
sal and wakefulness. Drugs that improve arousal and thus modulate attention
or vigilance are thought to be valuable tools in correcting cognitive deficiencies.
Thus, it is not surprising that histamine is considered to be a versatile candi-
date for the improvement of impaired cognitive functions. In particular, the
blockage of H3 receptors is the focus of current research concerning the thera-
peutical manipulation of histamine levels for the improvement of cognitive per-
formances in disease states like Alzheimer’s disease, schizophrenia, Parkinson’s
disease and trauma. Selective H3 receptor antagonists have been developed,
among which thioperamide is the most widely used experimental tool. Toxicities
that may be a function of the thiourea portion of the molecule have taken this
drug off the list of potential clinical candidates. A further antagonist/inverse
agonist, ciproxifan, is also highly potent in vitro and in vivo.

Since the tuberomammillary nucleus is afflicted in Alzheimer’s disease, an in-
crease in histamine and/or histamine turnover through H3 receptor antagonists
may be beneficial for these patients.

The dose-dependent and complete blockade of amphetamine-induced in-
creases in locomotor activity by the H3 antagonists thioperamide and ciproxifan
suggest a potential use of H3 antagonists in schizopherina. However, since lev-
els of tele-methylhistamine (a marker to measure the activity of the histamine
turnover) have been found to increase in schizophrenic-like symptomatology, in-
creases in histamine levels with H3 antagonists may be contradicted. Yet, it
may well have efficacy in the treatment of some symptoms of schizophrenia
(e.g. congnition). Two further neurological disorders cataplexy and attention def-
icit hyperactivity disorder (ADHD) have come into focus as putative candidates
for H3 receptor antagonistic treatment. Due to the arousal and sleep-controlling
nature of histamine and the relationship of this neurotransmitter to the arou-
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sal-inducing orexin/hypocretin system, it is compelling to venture that H3 an-
tagonists may have a therapeutic benefit in disorders of this nature.
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3.7
Norepinephrine

3.7.1
General Aspects and History

The catecholamines constitute a family of neurotransmitters (dopamine, epi-
nephrine, norepinephrine) which derive from the same precusor molecule (tyro-
sine) and thus share an almost identical chemical structure, consisting of a ben-
zene ring with two adjacent hydroxyl groups and an ethylamine side-chain.

In 1921, Loewi found evidence for a substance, which he named “acceler-
ance”. In 1936, this substance was identified to be epinephrine (synonym adre-
naline). Since norepinephrine (1-f-3,4-dihydroxylphenyl-a-ethanolamine, or sy-
nonym noradrenaline) is the direct precursor of epinephrine (Fig.3.25), it was
long thought that norepinephrine was an intermediary substrate in the synthe-
sis of epinephrine.

In the 1940s, evidence accrued that norepinephrine is not a mere intermedi-
ary product, but plays a significant role as a neurotransmitter per se.

In contrast to epinephrine, which is mainly restricted to the peripheral ner-
vous system, norepinephrine is also a major transmitter in the central nervous
system.

The fluorescent histochemical technique which allows the visualization of ca-
techolamines, the so-called glyoxylic acid method developed by Falck and Hillarp
(also known as the Falck-Hillarp method), furthered knowledge about the cere-
bral and extracerebral distribution of this neurotransmitter group.

3.7.2
Localization Within the Central Nervous System

Early work on the localization of norepinephrine using the Falck and Hillarp
method, and later immunohistochemical approaches by means of antibodies to
the enzymes tyrosine hydroxylase and dopamine-f-hydroxylase, made it possible
to screen the noradrenergic systems.

Noradrenergic cell somata were found to be concentrated in the locus coeru-
leus (LC) and locus subcoeruleus (groups AS, A6, A7), as well as in some areas
of the formatio reticularis (groups Al and C1) and in the nucleus of the tractus
solitarius (groups A2 and C2; Fig.3.26.

OH Fig. 3.25 Structure of norepinephrine.
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Fig. 3.26 Schematic overview of the distri-
bution of noradrenergic somata in the
brain of rats. Abbreviations: LC=locus
coeruleus; NTS=nucleus of the tractus
solitarius; SubC=/locus subcoeruleus;

RtN =reticular nuclei.

The locus coeruleus is a source of diffuse noradrenergic projections which in-
nervate the cerebral cortex, the hippocampus, the amygdala, the septum, the
thalamus, the hypothalamus and the spinal cord.

The relative small nucleus constitutes the main source of noradrenergic pro-
jections in the CNS; however the neurons form abundant collaterals which di-
verge into several cortical and subcortical areas. Some of the projections from
the LC emerge bilaterally, but ipsilateral projections prevail.

Although divergence of the projection pattern from the LC is the dominant
feature of the noradrenergic system, a topological organization is obviously re-
lated to the internal organization of the nucleus. The medial part of the LC pro-
jects to the cortex, whereas neurons which project to the hippocampus are pri-
marily found in more posterior portions of the locus coeruleus.

The noradrenergic neurons of the area Al and A2 are mixed up to some ex-
tent with neurons of group C1 and C2 (which are adrenergic neurons) and their
termination fields seem to be locally related. Projections of these areas have
been found to terminate in the intermedio-lateral tract of the spinal chord and
in some nuclei of the hypothalamus. In addition, some projections of the neu-
rons of group Al and A2 have been found to terminate in the amygdala and
the thalamus.

Some noradrenergic neurons coexpress neuromodulators. For example in the
rat, a colocalization of norepinephrine and neuropeptide tyrosine (NPY) has
been detected in most of the noradrenergic neurons of the formatio reticularis;
and, similarly, about 20% of the neurons in the locus coeruleus coexpress NPY
and norepinephrine. A larger fraction of about 70% of the neurons in the locus
coeruleus coexpress norepinephrine with galanine.
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3.7.3
Biosynthesis and Degradation

The synthesis of all members of the catecholamine family starts from the ami-
no acid tyrosine and runs through several enzymatic steps before it is finalized
as the definite end-product (Fig.3.27).

In symapthetic neurons, the enzymes tyrosine hydroxylase (TH, EC
1.14.16.2), DOPA-decarboxylase (DDC, EC 4.1.1.26), dopamine-f-hydroxylase
(DBH, EC 1.14.2.1) and phenylethylamine-N-methyl-transferase (PNMT, EC
2.1.1) are expressed in the cell soma, from which they are transported to the
nerve terminals by the anterograde axoplasmic flow. The synthesis of catechola-
mines begins with a hydroxylation of tyrosine to L-DOPA by tyrosine hydroxy-
lase. The hydroxylation is rate-limiting and takes place in the cytosol of nerve
terminals (in peripheral tissue, chromaffin cells carry the same set of enzymes
for catecholamine synthesis).

Tyrosine hydroxylase is an oxidase which requires tetrahydrobiopterin and
oxygen as cofactors. The activity of this enzyme can be modified by phosphory-
lation.

The hydroxylation product L-DOPA is then decarboxylated to dopamine by an
aromatic acid decarboxylase. In noradrenergic neurons, dopamine is converted
to norepinephrine by the copper ion-containing dopamine-f-hydroxylase. This
enzyme is highly enriched in noradrenergic neurons and chromaffin cells. Do-
pamine-f-hydroxylase is constitutively expressed in noradrenergic neurons and
represents the key enzymatic difference between dopaminergic and noradrener-
gic neurons. The cytosolic norepinephrine is subsequently imported through a
specific vesicular transport mechanism into synaptic vesicles.

In some neurons of the central nervous system and in chromaffine cells of
the medulla of the adrenal gland, norepinephrine is not released, but is further
metabolized to generate epinephrine. The formation of epinephrine (which by
definition is a transmitter in peripheral tissues) is catalyzed by phenylethanola-
mine-N-methyltransferase. This enzyme transfers a methyl group from the do-
nor S-adenosylmethionine to the nitrogen of norepinephrine.

Tyrosine-hydroxylase

Phenylalanine —— Tyrosine » DOPA
DOPA-
oH decarboxylase
HO NH,

Dopamin-beta-
hydroxylase

Norepinephrine ¢¥————— i
HO pinep Dopamine

Fig. 3.27 Synthesis of norepinephrine.
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The complement of enzymes, which serves for the synthesis of norepineph-
rine, is subject of neuronal and hormonal control, creating fast and slow adap-
tive changes in the rate of biosynthesis.

Excess of catecholamines inhibits the activity of tyrosine hydroxylase in a fast
negative feedback loop. In contrast, neuromodulators like vasoactive intestinal
peptide (VIP) or growth factors like the nerve growth factor (NGF) can upregu-
late tyrosine hydroxylase activity.

Long-lasting regulation of tyrosine hydroxylase and dopamine-f-hydroxylase
take place at the transcriptional level. For instance, repeated stress or adminis-
tration of reserpine depletes the reservoirs of norepinephrine, which are fueled
by up-regulation of the transcription rate of the appropriate genes. The en-
hancement of transcription leads to an adaptive long-lasting increase in the con-
centration of the enzymes.

The genes which encode for tyrosine hydroxylase and dopamine-f-hydroxylase
are largely homologous in their structure and are located on the same chromo-
some (chromosome 11).

A selective positive effect on the biosynthesis of phenylethylamine-N-methyl-
transferase can be observed by glucocorticoids, while the influence of the latter
on dopamine-f-hydroxylase and tyrosine hydroxylase is minor.

The degradation of norepinephrine and its inactivation entails different mech-
anisms. A prominent mechanism for the inactivation of norepinephrine is its
re-uptake from the synaptic cleft.

Norepinephrine transporters (NET) mediate the removal of norepinephrine
from the extracellular space, thereby limiting the extent of activation of auto-
and heteroadrenoceptors. As with other transporters, the activity of norepineph-
rine transporters depends on the transmembrane Na* gradient.

Some drugs, like cocaine and tricyclic antidepressiva, block the re-uptake of
norepinephrine into the nerve terminals and thus lead to an increase in the
concentration of extracellular norepinephrine. The consequence is a prolonga-
tion of the postsynaptic action of norepinephrine on its receptors. This mecha-
nism is thought to be responsible for some of the psycho-stimulating and eu-
phorizing effects of antidepressives and especially cocaine.

Norepinephrine, like other catecholamines, is metabolized by cytoplasmic ca-
techol-O-methyl-transferase (COMT, EC 2.1.1.6) or by intra-mitochondrial mono-
amine oxidase (MAO, EC 1.4.3.4).

The monoamine oxidase converts epinephrine and norepinephrine to 3,4-di-
hydroxymandelic acid. Since MAO is involved in the degradation of norepineph-
rine, inhibitors of MAO elevate the neuronal level of norepinephrine.

The catechol-O-methyl-transferase transfers the methyl-group of S-adenosyl-
methionine to norepinephrine and thus inactivates its substrate.
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3.74
Receptors and Signal Transduction

When released from the nerve varicosities, norepinephrine interacts with specif-
ic receptors. These are collectively designated as adrenoceptors and occur on the
plasma membrane of neurons from the central and peripheral nervous system
or on peripheral glands or muscle cells (so-called effector cells).

The effects elicited by norepinephrine binding depend on the type of receptor.
In 1948, two types of noradrenergic receptors (a and ff) were described by Ahl-
quist to explain the different effects of norepinephrine. To date, the ¢-adrenore-
ceptors have been further split into two different subcategories (a1 and a2).

All three adrenoreceptor types have in common the property that they couple to
G proteins and show the topology of the seven membrane-spanning domain model.

Each of the receptors can be further divided into several subtypes. Three dif-
ferent subtypes of the a-1 receptors (a-1A, a-1B and a-1D) have been identified,
as well as three different subtypes of a-2 receptors (a-2A, a-2B and a-2C). Three
further subtypes of f receptors (f1, 52 and f53) complete the catecholamine re-
ceptor family.

Table 3.10 lists the different adrenergic receptors, together with some specific
agonists and antagonists to which the receptors are susceptible.

The adrenoceptors in the central nervous system are activated by norepineph-
rine or by specific agonists; and signal transduction involves stimulation of G
proteins. The sequence of the seven transmembrane domains is highly con-
served among the three adrenoceptor subfamilies; however they share little
homology in the third intracellular loop and the carboxy-terminal region.

Table 3.10 The three subfamilies of adrenergic receptors
and some pharmacological characteristics.

Subfamily G protein Second Selective Selective Cloned
coupling messenger  agonists antagonists  subtypes
al Gq Ca? Phenylephrine  Prazosine a1a
Methoxamine ~ WB 4101 a1
d1p
a2 G cAMP Clonidine Rauwolscin @A
Dexmedetomi-  Yohimbine a,B
dine
(lzc
p Gs cAMP Isoproterenol Propranolol  f;
Terbutalin Metoprolol ~ f5,

B3
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Mutagenesis studies exploiting chimeric adrenoceptors have provided evi-
dence that the carboxyl terminus and the third intracellular loop are important
for functional binding of the ligand. A displacement of amino acids in the third
intracellular loop can disturb the signal transduction downstream of the recep-
tor site. The third intracellular loop and the carboxyl terminus are also essential
for desensitization of the adrenoceptors. Desensitization occurs in the continued
presence of a ligand and takes the form of a decrease in the response to the
agonist over time. The mechanisms involved in desensitization of adrenoceptors
include uncoupling from the G protein and removal of the receptor from the
plasma membrane (so-called internalization). This internalization stops the li-
gand-induced effects and allows recycling of the receptor.

The distribution of the different subtypes of adrenoceptors is not homoge-
neous in the brain and each receptor subtype reveals a characteristic location.

For example, in the cerebral cortex, the adrenoceptors of type a and f are dif-
ferently distributed among the cortical layers. These topological differences in
receptor distribution could account for the local variability of noradrenergic re-
sponses in the cortex.

Adrenergic a-1 receptors
Pharmacological differences of the three al subtypes have been well established.
All subtypes exhibit susceptibility to prazosin.

The a-1A receptors are most sensitive to the a-1-specific antagonist WB4101
and are insensitive to chloroethylclonidine (a site-directed alcylating compound).
In contrast, the a-1B receptors exhibit low affinity for WB4101 and they are sen-
sitive to chloroethylclonidine inactivation.

An ¢-1 clone has been described, which was first thought to code for a new a
receptor and was therefore classified as a-1C. However, further studies indicated
that the a-1C is identical to the a-1A receptor.

A third subtype is the a-1D receptor, which on the basis of its pharmacology
and molecular identity is definitely different from the a-1A and a-1B receptors.

The three subtypes (a-1A, a-1B and a-1D) activate pertussis toxin-insensitive
G, proteins. Linkage of the G4 protein to the receptors results in the activation
of phospholipase C, which initiates the generation of 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG).

Adrenergic a-2 receptors
Three different subtypes of the a-2 receptor are known (a-2A, a-2B, a-2C).

A further ¢-2D receptor has been described in mice and rats. This subtype ap-
pears to be a rodent-specific homolog of the human a-2A receptor, with a differ-
ence in a single amino acid. A serine present in the sequence of the fifth trans-
membrane domain of the mouse receptor is a cysteine in the sequence of the
human a-2A receptor at the same position. Mutation of this cysteine in the hu-
man a-2A receptor to a serine yields a change in the affinity for yohimbine,
which is consistent with the affinity of the mouse a-2D receptor.



3.7 Norepinephrine

The early concept was that all members of the a-2 receptor family were
coupled to a pertussis toxin-sensitive inhibitory G protein (G;). However, it
turned out that this is true exclusively for the receptor subtype a-2C. While the
receptor ¢-2B is linked to a pertussis toxin-insensitive G protein and is capable
of activating adenylate cyclase, the a-2A receptor inhibits adenylate cyclase at
low agonist concentrations and shows a reverse effect at high concentrations.
Additionally, it has been shown that activation of a-2A receptors involves the
stimulation of the mitogen-activated protein kinase (MAPK).

The a-2 receptor family has been found primarily on presynaptic membranes,
whereas the a-1 receptors occur at postsynaptic sites.

Adrenergic f§ receptors
Two subtypes of f adrenoceptors were originally identified as f1 and /2.

The f1 receptors are expressed primarily in neurons, whereas the 2 recep-
tors are found in glia. In addition, a third member of the f adrenoceptors has
been identified which shows only a minor affinity for epinephrine or norepi-
nephrine. This receptor subtype was named “atypical” f adrenoceptor or f3 re-
ceptor.

A further difference in the 3 receptor as compared to the other f subtypes is
its behavior in the presence of CGP12177. This substance is an antagonist of f1
and 2 receptors, but shows a partial agonistic effect when exposed to 53 recep-
tors.

All three subtypes of f adrenoceptors are coupled to Gy proteins, which leads
to a stimulation of adenylate cyclase activity.

A prolonged exposure of the f adrenoceptors to their agonists reduces the re-
sponsiveness of the receptors (desensitization). Desensitization includes func-
tional uncoupling from the G proteins and removal of the receptor from the
membrane. The functional uncoupling from G proteins may occur as a result
of phosphorylation of the intracellular domains of the receptor, either by G pro-
tein-coupled receptor kinases (GRKs) or by protein kinases.

3.7.5
Biological Effects

The functional consequences of noradrenergic receptor activation can be either
inhibitory or excitory. On the one hand, norepinephrine frequently reveals inhi-
bitory effects. Electrical stimulation of the locus coeruleus or the iontophoretic
application of norepinephrine induces a decrease in the spontaneous activity of
the neurons. On the other hand, norepinephrine seems to potentiate the neuro-
nal responses to visual, auditory or nociceptive stimuli.

As mentioned earlier, norepinephrine has been found to colocalize with some
neuropeptides, like NPY or galanine. Under experimental conditions (by in-
creasing the frequency of electrical stimulation of a sympathetic nerve), NPY
and norepinephrine are co-released and act synergistically on vasoconstriction.
Furthermore, NPY inhibits the release of norepinephrine.
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The activation of adrenoceptors of the a- and f-type exhibits almost inverse
phsiological effects. In peripheral tissues, for example, activation of a1 adreno-
ceptors causes vasoconstriction, enhances glycogenolysis and more generally in-
duces the contraction of smooth muscle cells, whereas activation of f adreno-
ceptors leads to vasodilatation, bronchodilatation and positive ionotropic and
chronotropic effects on heart tissue.

Neuronal activation of f adrenoceptors is responsible for hyperpolarization,
which depends on the activation of cAMP, accompanied by an increase in mem-
brane resistance.

A further aspect of functional relevance is the potentiating effect of nor-
adrenaline on some neuromodulators and neurotransmitters. For example, it
has been found that norepinephrine increases vasoactive intestinal protein
(VIP)-induced effects on glycogenolysis and enhances the neuronal responses to
excitatory amino acids, like glutamate, in the cerebral cortex.

With respect to the locus coeruleus and its dominant role in the organization
of the intracerebral noradrenergic system, the involvement of this nucleus in
the regulation of general attention and circadian rhythm is of interest. However,
the predominant physiological function of the central noradrenergic system is
its response to stress-induced stimuli.

The induction of stress is coupled to an enhanced activity of the locus coeru-
leus which, because of its widespread projections into cortical and subcortical
structures and lower brain stem areas, affects a variety of physiological func-
tions. Evidently, the locus coeruleus seems to work as a relais for the noradre-
nergic projection, which is regulated by hypothalamic inputs such as the neuro-
peptide corticotropin-releasing factor (CRF).

Administration of CRF, for example, causes an increase in the plasmatic con-
centration of norepinephrine and CRF stimulates the synthesis of tyrosine hy-
droxylase (the enzyme which is necessary for the biosynthesis of norepineph-
rine) within the locus coeruleus.

3.7.6
Neurological Disorders and Neurodegenerative Diseases

The locus coeruleus and norepinephrinergic neurons in the reticular nuclei of
the substantia nigra (A1 and A2) can be targets of degenerative diseases.

In Parkinson's disease, a massive loss of neurons can be observed in both
brain areas, particularly if the disease is coupled with dementia, the loss of neu-
rons in the locus coeruleus being significantly higher than in the reticular nu-
clei. However, the loss of norepinephrinergic neurons is not restricted to the
brain stem, but also includes neurons in the cerebral cortex. Although the dopa-
minergic system plays the dominant role in Parkinson’s disease, norepinephrin-
ergic deficits seem to be responsible for the clinical phenotype of this disease,
especially in the manifestation of deficits of cognitive function.

Postmortem studies have consistently shown norepinephrinergic system in-
volvement in Alzheimer’s disease with decreased norepinephrine levels. The ma-
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jority of studies indicate significantly decreased cortical and subcortical levels of
norepinephrine in the frontal medial gyrus, temporal superior gyrus, cingulated
gyrus, hippocampus, amygdala, thalamus, hypothalamus, striatum and the LC.

The loss of norepinephrinergic neurons in the LC has been well established
in patients with Alzheimer’s disease; and it has not been found in other types
of dementia, such as vascular dementia. Concurrent with the loss of NE in the
LC is an increase of the norepinephrine metabolite 3-methoxy-4-hydroxyphenyl-
gycol (MHPG), indicating a compensatory mechanism for LC norepinephrine
loss. There is a well established link between AD severity and loss of noradre-
nergic neurons. Norpepinephrine levels in the brain of AD patients have also
been found to have an inverse relationship with cognitive impairment.

The norepinephrinergic system seems to be indirectly involved in depression.
The compound reserpine can provoke depression and a variety of antidepressive
agents prolong the halflife of catecholamines, either by inhibition of their re-
uptake or by decreasing the metabolic rate (for example, by inhibiting mono-
amine oxidase; MAO). Modifications to the density of epinephrinergic receptors
and phasic variability in the level of norepinephrinergic metabolites have been
found in patients suffering from depression. In particular, postsynaptic a, re-
ceptor down-regulation seems to be prevalent in depression, combined with in-
creased presynaptic receptor sensitivity and increased a, receptor density in the
LC. Decreased norepinephrinergic receptor sensitivity and increased norepin-
ephrinergic turnover have been noted in patients with anxiety, generalized anxi-
ety disorder and posttraumatic stress disorder.

Some experimental data speak in favor of an involvement of norepinephrine
in epilepsy, since norepinephrine inhibits the propagation of seizures or di-
minishes their extent. Also, vagal nerve stimulation (VNS) has served as a versa-
tile tool in treating patients suffering from refractory epilepsy. Norepinephrine
has been suggested to be involved in the prophylactic antiseizure effects of
VNS. Most of the data on a link between norepinephrine and epilepsy stem
from epidemiological studies and pharmacological effects showing that norepi-
nephrinergic and/or serotonergic transmission are both anticonvulsant and anti-
depressive. However, most of the the data indicating a direct correlation be-
tween norepinephrine and epilepsy were obtained from animal models and
need to be substantiated for human epilepsy.
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3.8
Serotonin (5-Hydroxytryptamine)

3.8.1
General Aspects and History

In 1947, serotonin (or 5-hydroxytryptamin; 5-HT) was discovered as a substrate
which modulates vasoconstriction. The name serotonin is an acronym com-
posed of serum (because the substance can be found in blood serum) and vaso-
tonic (because it provides vasotonic properties). In the early 1950s, it became
evident that 5-HT and D-lysergic acid diethylamide (LSD), one of the most po-
tent hallucinogenic drugs (Fig.3.28), possess some common functional features,

NH,

HO \

Iz

Fig. 3.28 Structure of serotonin
Serotonin d-LsSD and LSD.



3.8 Serotonin (5-Hydroxytryptamine)

but it took nearly another decade before serotonin was identified as a neuro-
transmitter.

Serotonin belongs to the class of biogenic amines (indolamines or mono-
amine transmitters) and its biosynthesis resembles that of catecholamines.

3.8.2
Localization Within the Central Nervous System

Fluorescence histochemistry and immunocytochemistry revealed the presence
of serotonergic neurons predominantly in different nuclei of the raphe. The
general localization of serotonergic neurons in the CNS is depicted in Fig.3.29.
Within the central nervous system, the serotonergic innervation is essentially
diffuse. Terminals expressing serotonin can be found in nearly every brain area,
but their general density is low. A relatively high density of serotonergic projec-
tions occurs in the cerebral cortex, the hippocampus, the amygdala, the basal
ganglia, the lateral geniculate nucleus, the suprachiasmatic nucleus, the tectum
opticum, the substantia gelatinosa and in the ventral horn of the spinal chord.

3.8.3
Biosynthesis and Degradation

Neurons provide the only source for serotonin in the central nervous system.
The precursor of serotonin is the essential amino acid tryptophan and the avail-
ability of tryptophan represents the rate-limiting factor in the synthesis of sero-
tonin. Tryptophan crosses the blood-brain barrier by means of an active amino

Fig. 3.29 The most important
brain areas containing serotoner-
gic neurons. The serotonergic
innervation of the brain consists
mainly of projections originating
in the nuclei of the dorsal raphe
(B7) and the medial raphe (B8).
Abbreviations: DR=dorsal raphe;

- MnR=medial raphe;

« Rmg : ;

> *ROb RMg=nucleus raphe magnus;
-R.P_' ROb=nucleus raphe obscurus;

RPa=nucleus raphe pallidus.
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acid transport system in competition with leucine, lysine and methionine. The
activity of this transporter is facilitated by the presence of glucose and insulin.
The neurogenic uptake of tryptophan involves a membrane transporter. This
transporter is not specific for tryptophan but carries other neutral amino acids
as well, allowing competition between tryptophan and neutral amino acids. By
manipulating the level of extracellular tryptophan, the biosynthesis of serotonin
in the brain can be directly influenced.
By the administration of neutral amino acids like valine, leucine, isoleucine
or phenylalanine in excess, it is possible to clear tryptophan from the brain.
Under these experminental conditions, the synthesis of serotonin ceases when
the intracellular tryptophan stores have been depleted and the initial enzyme in
tryptophan synthesis (tryptophan hydroxylase) becomes deprived of its substrate.
Conversely, an excess of tryptophan has the opposite effect, by enhancing the
production of neuronal serotonin. In the presence of oxygen molecules and a
proton donor (tetrahydropterine), tryptophan hydroxylase converts tryptophan to
5-hydroxytryptophan (5-HTP), which is further processed by decarboxylation to
serotonin through an amino acid decarboxylase (AADC). The same decarboxy-
lase is also capable of decarboxylating dihydroxyphenylalanine (DOPA), which is
an intermediary product in the biosynthesis of dopamine. Accordingly and in
contrast to the tryptophan hydroxylase, AADC is not restricted to serotonergic
neurons.

A Serotonin synthesis
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Fig. 3.30 Steps in serotonin synthesis (A) and degradation (B).
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Inactivation of serotonin takes place by a specific re-uptake mechanism,
which allows the re-uptake of released serotonin from the extracellular space.

The serotonin transporter (Sert) depends on the electrochemical gradient of
Na™ and K, like most neurotransmitter transporters. The serotonin transporter
is an important pharmacological target for antidepressives. For example, the
family of tricyclic antidepressives blocks the recapture of serotonin.

A further mechanism for serotonin inactivation is its enzymatic degradation
by monoaminooxidase A (MAO,) and an aldehyde dehydrogenase. The result-
ing metabolite, 5-hydroxyindolic acid (5-HIAA), is eliminated via the urinary
tract (Fig.3.30).

3.8.4
Receptors and Signal Transduction

The idea that different serotonin receptors exist in brain tissue was first devel-
oped in the 1950s. This hypothesis was proven almost four decades later after
molecular biological techniques became available. It is now clear that the quater-
nary structure of 5-HT receptors consists of at least three different constituents:
the transporter, the ligand-gated ion channel and the G protein-coupled receptor
(Table 3.11). The largest group of serotonin receptors belongs to the superfamily
of G protein-coupled receptors. To date, seven subtypes of 5-HT receptors have
been distinguished (5-HT1 to 5-HT7) on the basis of cloning data.

A further subdivision of the seven subclasses has been achieved by classifying
them on the basis of their structural and pharmacological properties.

5-HT1 receptors

The subfamily of 5-HT1 receptors consists of seven different members (sub-
types 1A, 1B, 1D, 1E, 1F, 1P and 1S). The 5-HT1C receptor was later identified
as belonging to the 5-HT2 receptor subfamily. In contrast to the receptors of
the 5-HT2 family or the SHT-4 receptors, the 5-HT1 receptors display a high af-
finity for serotonin.

Table 3.11 The different subtypes of 5HT receptors and their
relationship to the three different molecular structures.

Subtypes of 5-HT receptor

G protein-coupled receptors

The family of the 5-HT; receptors  5-HT;,, 5-HT1p, 5-HT1p, 5-HT1g, 5-HT ¢

The family of the 5-HT, receptors  5-HT,,, 5-HT,p, 5-HT,¢

Other receptors 5-HT,s,5-HT,y, 5-HTsa, 5-HTsg, 5-HTg, 5-HT

Ligand-gated ion channels 5-HT;

Transporters 5-HT “uptake site”
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The 5-HT1 receptors are defined on the basis of their putative protein se-
quence and they are well characterized by their biochemical and pharmacologi-
cal properties. Selective agonists are, however, sparse; and they exist exclusively
for the SHT-1A receptor (for example, buspirone). The G;/G, protein-coupled 5-
HT1 receptors generally mediate inhibitory effects either by opening potassium
channels or by closing calcium channels.

The 5-HT1A receptors, which constitute autoreceptors, are preferentially ex-
pressed on the soma and dendrites of serotonergic neurons. Their activation in-
hibits the firing rate of serotonergic fibers; and their desensitization after long-
term exposure to 5-HT uptake blocker restores the firing rate. Both the human
5-HT1A receptor and the 5-HT1A receptor of rats have been cloned, indicating
a predicted length of their amino acid sequence of 421 and 422 amino acids, re-
spectively. The gene of the human 5HT1A receptor subtype is located on hu-
man chromosome 5-q1.

The 5-HT1B receptor has a shorter amino acid sequence and consists of 386
amino acids in rats. The human 5-HT1B receptor gene is located on the human
chromosome 6q13. This receptor subtype is concentrated in the basal ganglia,
striatum and frontal cortex. The receptor is negatively coupled to adenylyl cy-
clase.

The human 5-HT1D receptors exist in two different isoforms, which have
been labeled 5-HT1Da and 5-HT1Df. The 5-HT1Da receptor has a putative
length of 377 amino acids, while the 5-HT1Df receptor consists of 390 amino
acids. The receptor gene is located on human gene 1p36.3—p34.3. A general
functional feature of autoreceptors is their capacity for self-regulating the release
of their neurotransmitter. In rats, this behavior has been described for the 5-
HT1B receptors, while the receptor subtype 5-HT1D shows autoreceptive func-
tion in humans and guinea pigs.

Using [*H] 5-HT as a radioligand, another SHT binding site was discovered,
which was named 5-HT1E. Human brain binding studies have reported that 5-
HT1E receptors (representing up to 60% of SHT1 receptor binding) are concen-
trated in the caudate putamen, with lower levels in the amygdala, frontal cortex
and globus pallidus. The receptor has been mapped to human chromosome
6q14—q15. The SHT1E receptor is negatively linked to adenylyl cyclase and con-
sists of a 365-amino-acid protein with seven transmembrane domains.

The 5-HT1F receptor subtype is most closely related to the 5-HT1E receptor
with a sequence homology of 70% across the seven transmembrane domains.
In addition, this receptor exhibits intermediate transmembrane homology with
several other 5-HT1 receptors: the 5-HT1Da (63%), 5-HT1DfS (60%) and 5-
HT1A (53%) receptor subtypes. In situ hybridizations have demonstrated that
mRNA coding for the receptor is concentrated in the dorsal raphe, hippocam-
pus and cortex and is also present in the striatum, thalamus and hypothalamus.
The receptor is negatively linked to adenylyl cyclase.

5-HT1P sites are labeled by [*H]5-HT and display a pharmacology distinct
from other 5-HT receptors. 5-HT1P receptors were mainly located in the gut
but, because they have not been identified in the central nervous system until
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now, they will not be discussed here in detail and are mentioned only for com-
pleteness.

The 5-HT1S receptors are mainly expressed in the spinal chord. Although
these receptors appear to be the predominant 5-HT1 receptor population in the
spinal cord, no significant density of 5-HT1S receptors has been found in the
brain stem or frontal cortex.

5-HT2 receptors

In contrast to 5-HT1 receptors, 5-HT2 receptors mediate slow excitatory effects
through a decrease in potassium conductance or, alternatively, an increase in
non-selective cation conductance. The 5-HT2 receptor subfamily consists of
three members: 5-HT2A, 5-HT2B and 5-HT2C.

The 5-HT2A receptor is composed of 471 amino acids, whereas the 5-HT2B
receptor in rats is composed of 479 amino acids (or 504 amino acids in mice).
The 5-HT2C receptors also differ in their amino acid sequence, depending on
the species from which they were cloned. In rats, this receptor is composed of
460 amino acids, while in mice the receptor is composed of 459 amino acids;
and the human 5-HT2C receptor is 458 amino acids in length. The 5-HT2 re-
ceptors are coupled to phospholipase C and binding of the ligand leads to acti-
vation of phosphoinositol metabolism.

Different selective 5-HT2 receptor antagonists have been developed, including
cyproheptadine, metergoline, lisurid, methysergid, and pizotifen. The com-
pound amitriptylin shows dual properties, working as an antagonist of the 5-
HT2 receptors and as a serotonin-uptake blocker.

5-HT3 receptors

The unique feature of the 5-HT3 receptors, as compared to the other members
of the 5-HT receptor family, is that they are not coupled to G proteins. This re-
ceptor type exhibits ionotropic features and belongs to the superfamily of li-
gand-gated ion channels. Not surprisingly, the 5-HT receptor family is structur-
ally and functionally different from the other serotonergic receptors. The 5-HT3
receptor has a putative length of 487 amino acids and forms four transmem-
brane-spanning segments.

Activation of 5-HT?3 receptors elicits an increase in Na™ and K" permeability
and makes the membrane impermeable for divalent cations. Consequently, acti-
vation of 5-HT3 receptors depolarizes the neuron, which therefore shows an ex-
citatory response.

In contrast to the 5-HT1 and 5-HT2 receptors, which are located on neurons,
glia and muscle cells, the 5-HT3 receptors are exclusively expressed in neurons.
5-HT3 receptors have a much lower affinity for their specific ligand than 5-HT1
receptors and have been found at high density in the area postrema of the hind-
brain, the entorhinal cortex and the amygdala.

Some selective antagonists, like graniseton, ondanseton and tropiseton, act
specifically upon 5-HT3 receptors.

137



138

3 Neurotransmitters

5-HT4 receptors
Two different 5HT4 receptors have been cloned which are generated by alterna-
tive splicing. Signal transduction of the 5-HT4 receptors involves cAMP, which
distinguishes them from the other 5-HT receptors.

Activation of 5-HT4 receptors in the hippocampus elicits an increase in intra-
cellular cAMP levels and a decrease in K conductance.

Two potent pharmacological compounds are known to possess a high affinity
for 5-HT4 receptors, namely renzaprid and zacoprid.

5-HTS, 5-HT6 and 5-HT7 receptors

Two 5-HT receptors identified from rat cDNA and cloned were found to have
88% overall sequence homology, yet were not closely related to any other 5-HT
receptor family. These receptors have been termed 5-HT5A and SHT5B. The 5-
HT5A receptor is composed of 357 amino acids and the 5-HT5B receptor is
composed of 370 amino acids.

Functional expression in COS7 cells indicates that both subtypes are G pro-
tein-coupled receptors. Their topology fulfills the criteria of the seven trans-
membrane-spanning model. The mRNA coding for the 5-HT5 receptors is lo-
cated in the cortex, the olfactory bulb, the hippocampus, the habenula and the
cerebellum. However, it is assumed that this receptor subtype is mainly ex-
pressed on glial cells.

By screening ¢cDNA libraries, a 5-HT6 receptor gene has been found and
cloned. This receptor shares only low amino acid homology (about 40%) with
the other 5-HT receptors. The rat receptor consists of 438 amino acids with sev-
en transmembrane domains and is positively coupled to adenylyl cyclase via G-
proteins. 5-HT6 mRNA has been detected in the cortex, the hippocampus, the
striatum, the amygdala, the nucleus accumbens and in the olfactory tubercle.

5-HT7 is the most recent 5-HT receptor identified by molecular cloning. The
5-HT7 receptor, expressed mainly in the central nervous system, has been
cloned from several species, including guinea pigs, rats and humans. Alterna-
tive splicing probably accounts for two splice variants in rats. Both forms are
positively coupled to adenylate cyclase. The short form of the rat 5-HT7 receptor
contains 435 amino acids, whereas the long form contains 448 amino acids.
The human 5-HT7 receptor, which does not exist in two isoforms, falls in be-
tween, with 445 amino acids. The human 5-HT7 receptor gene has been local-
ized to chromosome 10.

Receptor autoradiography and in situ hybridization have been exploited to de-
lineate the distribution of the 5-HT7 receptor and its mRNA in rat brain. The
location data indicate that 5-HT7 receptors are concentrated in layers 1-3 of the
cortex, as well as in neurons of the septum, the hippocampus, the thalamus,
the hypothalamus, the centromedial amygdala, the periaquaductal gray and in
neurons of the superior colliculus.
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3.8.5
Biological Effects

Because of its receptor diversity and divergence in transduction pathways, sero-
tonin modulates several biological functions in the central nervous system. The
serotonin system exhibits sexual dimorphism, since differences in the expres-
sion of mRNA and in the binding of serotonin receptors (subtypes 1A and 2A)
between sexes have been described by in situ hybridization and autoradiography.
For instance, mRNA of the 5-HT1A receptor shows distinctly different expres-
sion patterns in female and male rats.

Serotonin influences processes related to memory and learning, sexual behavior
and feeding behavior. The latter becomes apparent in transgenic mice, which over-
express 5-HT2C receptors. The transgenics reveal a significantly higher body
weight than wild types. In addition, the 5-HT2 antagonist ketanserin inhibits salt
appetite induced by sodium depletion. Serotonin seems also be involved in regu-
lating agressive behavior. For example, it has been shown that, after a certain per-
iod of isolation, 5-HT1B-deficient mice become more aggressive than wild-type lit-
termates. Since these findings are based on animal models, one must be cautious
about assuming that they are directly relevant to human beings.

Within the central nervous system, serotonin plays a significant role in noci-
ception. Experimental data obtained by electrical stimulation of the raphe nuclei
speak in favor of this assumption, since the electrical stimulus induces powerful
analgesia. In addition, the selective destruction of serotonergic cells (by the neu-
rotoxin 5,7-dihydroxytryptophan) directly affects nociception.

There is ample pharmacologic evidence that serotonin receptors in the brain
can activate the hypothalamic—pituitary—adrenocortical (HPA) axis. Direct-acting
serotonin agonists, serotonin-uptake inhibitors, serotonin releasers and the sero-
tonin precursor L-5-hydroxytryptophan all increase release of adrenocorticotro-
phin (ACTH) and corticosterone. Serotonin-containing nerve terminals make
synaptic contact with corticotrophin-releasing factor (CRF)-containing cells in
the hypothalamus; and serotonin, as well as serotonin agonists, stimulate corti-
cotropin release from the hypothalamus. Current evidence suggests that both 5-
HT1A and 5-HT2 receptor subtypes are involved in the regulation of the secre-
tion of corticotrophin-releasing factors. However, the physiology of the seroto-
nergic regulation of the HPA axis is not well understood. Serotonin-containing
neurons also appear to influence the secretion of other pituitary hormones,
especially prolactin and gonadotropins.

3.8.6
Neurological Disorders and Neurodegenerative Diseases

Alterations in serotonin function have been linked to anxiety, affective, eating
and sleep disorders.

In clinical trials, the 5-HT1A agonist buspirone has been found to be useful
in the treatment of anxiety. Buspirone has a side-effect profile that differs from
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the anxiolytic effect of benzodiazepines insofar as it has no sedating effect. 5-
HT1A agonists thus offer a useful tool in the treatment of anxiety.

A role for serotonin in the origin of migraine has been supported by changes
in circulating levels of serotonin and its metabolites during the cycle of mi-
graine attacks, along with the ability of serotonin-releasing agents to induce mi-
graine-like symptoms. An involvement of serotonin in migraine is further sup-
ported by the efficacy of serotonin receptor ligands. Sumatriptan is an agonist
on 5-HT1D and 5-HT1B receptor subtypes and is effective in treating migraine
pain and associated symptoms. Recently, selective 5-HT1F agonists have been
proposed for the treatment of migraine, without the side-effects associated with
the 5-HT1D and 5-HT1B receptor agonists. A triggering role has also been sug-
gested for 5-HT2B receptors in the initiation of migraine, suggesting that the
application of selective 5-HT2B receptor antagonists might be effective in mi-
graine treatment. Thus, compounds that modulate 5-HT1B, 5-HT1D, 5-HT1F
and 5-HT2B receptors either have or may have clinical relevance in the therapy
of migraine headache.

The serotonergic system plays a significant role in the generation of depres-
sion. Functional deficiencies in serotonin and norepinephrine have been impli-
cated in the pathophysiology of depressive syndromes; and restoration of the
normal function of the 5-HT- and NE-associated signaling pathway has been the
target of antidepressants. This strategy is based on the monoamine theory of de-
pression. In this context, it is essential to mention the observation that the
monoamine hypothesis of 5-HT and NE deficiencies fails to explain the whole
mechanims of antidepressants; and account must be taken of the additional hy-
potheses, including the cytokine hypothesis of depression, the hypothalamic—pi-
tuitary—thyroid hypothesis of depression, as well as the role of brain-derived
neurotrophic factor (BDNF) and cyclic AMP response elements.

Nevertheless, the monoamine hypthesis has been fruitful in conceptualizing
and developing potent antidepressants. Hypoactivity of the central serotonergic
system has been demonstrated in neuronal subpopulations in depressed pa-
tients, leading to the therapeutical concept of 5-HT uptake blocker application
in the treatment of depression.

Selective serotonin re-uptake inhibitors (SSRI), e.g. citalopram, fluoxetine,
paroxetine and sertraline, are as effective as tricyclic antidepressants. An advan-
tage of the serotonin re-uptake inhibitors over the tricyclic antidepressants is
that they induce a lower tolerance. Drugs that inhibit serotonin and norepine-
phrin re-uptake (SNRIs), e.g. venlafaxine, milnacipram, and duloxetine, have be-
come a further potent class of antidepressiva. There is no evidence for major
differences between the SSRIs and SNRIs in their efficacy in treating anxiety
disorders. In contrast to SSRIs, which are generally ineffective in treating
chronic pain, all SNRIs seem to be helpful in relieving chronic pain associated
with and independent of depression.

5-HT1A agonists seem to have antidepressant properties in some animal
models of depression. A noteworthy issue in this context (and somewhat contra-
dictory to the anxiolytic effect of 5-HT receptor activation) is the finding that
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some forms of phobia seem to be associated with an increase in serotonin lev-
els, indicating that the serotinergic system is only one player in the generation
of psychotic syndromes (see above).

In the treatment of psychosis, antagonists of both dopamine D2 and 5HT-2
receptors seem to be efficacious; and they reveal fewer extrapyramidal symp-
toms than neuroleptics that block only dopamine receptors.

A partial degeneration of serotonergic neurons occurs in some pathological
states, like Alzheimer’s and Chorea—Huntington's disease. In addition, in pa-
tients suffering from Alzheimer’s disease, the density of 5-HT1A and 5-HT2A
receptors in the cortex decreases. These deficits in serotonergic transmission
might be relevant to the frequently observed depressive mood in Alzheimer’s
patients.

Concerning Chorea—Huntington, it has been shown that this inherited degen-
erative disease is coupled with a significant reduction in 5-HT1D receptors in
the substantia nigra. However, the functional aspects of this reduction are es-
sentially unknown.
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4
Neuromodulators

In recent years, the recognition that neuroactive substances others than the clas-

sic neurotransmitters are widespread in the CNS has gained considerable atten-

tion. These neuroactive substances have been termed neuromodulators (see also

Section 1.1: Neuroactive Substances). A main feature of neuromodulators is that

they are capable of modulating synaptic transmission. Neuromodulators cover a

broad spectrum of neuroactive substances, ranging from neuropeptides to ste-

roids.

Some of them reveal neurotransmitter-like characteristics and have been
termed “putative” neurotransmitters.

Neuromodulators can be distinguished from the classic neurotransmitters by
several criteria:

e The amount of expression is generally lower than that of neurotransmitters.

e In contrast to neurotransmitters, neuromodulators are effective at low concen-
trations.

e Normally, neuromodulators are incapable of inducing the rapid changes in
signal transmission which may be seen with neurotransmitters. They exert
slow and long-lasting actions, mainly by affecting G protein-coupled receptors
and subsequent second messenger systems.

e Neuromodulators act indirectly by interacting with neurotransmitters (in such
cases, they coexist with neurotransmitters in the nerve terminals). Their direct
effects on synaptic transmission are weaker than those of neurotransmitters.

e Specific rapid inactivation mechanisms, as e.g. re-uptake mechanisms are
rare.

Depending on their chemical origin, the family of neuromodulators is com-
posed of three members: neuropeptides, the derivatives of arachidonic acid and
gaseous molecules, including nitric oxide and carbon monoxide.

Neuropeptide-secreting neurons were among the first specialized cells to ap-
pear in the evolution of primitive nervous systems; and neuropeptides are
strongly conserved in phylogeny. A likely interpretation of the biological conser-
vatism of neuropeptides is that they perform some essential feature in brain
function.

Compared with neurotransmitters, the synthesis of neuropeptides requires
complex metabolic pathways, including proteolytic processing from pre-neuro-
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peptides to smaller pro-neuropeptides and finally mature neuropeptides in the
Golgi apparatus.

The rate of synthesis of neuropeptides in the soma is low and they are trans-
ported anterogradually into the nerve terminals. Neuropeptides are commonly
stored in large, dense-cored vesicles and can colocalize with additional neuromo-
dulators or neurotransmitters.

Derivatives of arachidonic acid act similarly to neuropeptides. They are
synthesized by complex metabolic processing from precursors and the neuroac-
tive products act through specific receptors.

Some gases are produced in brain tissues and exhibit physiological effects on
neuronal signaling. Among these gases is nitric oxide which per definitionem
constitutes a neuromodulator. This gaseous neuromodulator has an extremely
brief half-life and is transmitted by diffusion. In contrast to neurotransmitters
and most of the neuromodulators, the gaseous substance nitric oxide (NO) is
not stored in vesicles, but is synthesized on demand and does not bind to mem-
brane-associated receptors.

4.1
Adrenocorticotropic Hormone

411
General Aspects and History

The adrenocorticotropic hormone (ACTH) was the first pituitary peptide isolated
from hypophyseal extracts (Li et al. 1955).

Adrenocorticotropic hormone (ACTH), also known as corticotropin, is se-
creted by the anterior lobe of the pituitary gland and is responsible for the stim-
ulation of steroid secretion from the cortex of the adrenal glands.

Corticotropin-releasing hormone (CRH) is the most prominent inducer of
ACTH secretion. Furthermore, vasopressin, angiotensin II, vasoactive intestinal
peptide (VIP), growth hormone-releasing hormone (GHRH), norepinephrine
and epinephrine also influence the secretion of ACTH. However, gene expres-
sion of proopiomelanocortin (the precursor of ACTH) in corticotropic cells is ex-
clusively stimulated by CRH. Adrenal steroids via a negative feedback mecha-
nism inhibit the secretion of ACTH.

ACTH is synthesized in several forms. ACTH 1-39 (Fig. 4.1) represents the
complete biologically active form of ACTH and consists of 39 amino acids.
Some additional biologically active fragments of ACTH have also been demon-
strated, including the fragments ACTH 11-24 and ACTH 4-10.
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Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-
Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Ala-Gly-Glu-Asp-Asp-Glu-
Ala-Ser-Glu-Ala-Phe-Pro-Leu-Glu-Phe

Fig. 4.1 The amino acid sequence of ACTH.

4.1.2
Localization Within the Central Nervous System

ACTH 1-39 and ACTH 11-24 have been demonstrated by immunohistochemis-
try in the hypothalamus, the thalamus, the amygdala and in the periaqueductal
gray.

ACTH 4-10 has a more restricted distribution and is expressed in the ventral
horn of the spinal chord, the eminentia mediana, the septal area and the sub-
ventricular zone of the third ventricle.

ACTH 1-39 is cleaved from the precursor proopiomelanocortin and can be
further processed into shorter forms which also show neurotropic and behavior-
al effects. The shorter form ACTH 11-24 exhibits biological activity similar to
that of ACTH 1-39. It shows corticotropic and melanotropic properties.

413
Biosynthesis and Degradation

ACTH, alpha melanocyte-stimulating hormone (a-MSH) and the endorphins
are processed from a common precursor, proopiomelanocortin. Biosynthesis of
ACTH from this precursor is described in detail in the section on proopiomela-
nocortin (Section 4.28).

ACTH is secreted from the anterior pituitary in response to the hypothalamic
corticotropin-releasing hormone. There is a diurnal variation in the release of
ACTH and a subsequent variation in the concentration of endogenous corticos-
teroids. The levels of both are higher during the early morning hours.

4.1.4
Receptors and Signal Transduction

Melanotropic receptors are responsible for the signal transduction of ACTH and
a-MSH. They reveal the typical seven membrane-spanning domains of G pro-
tein-coupled receptors. Recognition sites within the extracellular domains are
important for ligand binding. The intracytoplasmic loops, in particular the third
loop (ITM3) and the intracellular carboxyl terminus, are essential for transduc-
tion of the signal to the G proteins. The transduction pathway involves the acti-
vation of adenylate cyclase and the activation of phosphokinase A (PKA).
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Receptors of the MC1 type bind specifically with a-MSH, whereas the MC2
receptor binds selectively ACTH. Both receptors share a homology of about
39%.

The receptor types MC3, MC4, MC5 act as neutral receptors, because they
bind a-MSH or ACTH with nearly the same affinity.

Binding sites for ACTH in brain tissue have been identified in the bed nu-
cleus of the stria terminalis, in the eminentia mediana and in hypothalamic nu-
clei, including the ventromedial nucleus, the dorsomedial nucleus, the paraven-
tricular nucleus and the arcuate nucleus.

Binding sites for the short fragment ACTH 4-10 and the neurotrophic analog
Org 2766 have been identified in the hypothalamus, the preoptic area, the sep-
tum and the hippocampus.

4.1.5
Biological Effects

The main biological function of ACTH is the stimulation of the adrenal cortex.
ACTH elicits an increase in the production of glucocorticoids, mineralocorti-
coids and androgenic steroids, collectively labeled as corticosteroids. Glucocorti-
coids are so named because they promote the mobilization of energy by carbo-
hydrates; and mineralocorticoids because they influence water and salt homeos-
tasis. Aldosterone is the most potent mineralocorticoid as it accounts for 95% of
activity in this class of corticosteroids. They control primarily electrolyte home-
ostasis by targeting to the distal tubules of the kidney to increase sodium re-
sorption and reduce potassium elimination, thereby maintaining osmotic bal-
ance in the urine and preventing serum acidosis.

Glucocorticoids are secreted by the zona fasciculata (and to a lesser extent by
the zona reticularis). The predominant glucocorticoid is hydrocortisone (cortisol)
which accounts for 95% of glucocorticosteroid activity.

ACTH 1-39 and ACTH 1-24 reveal both corticotropic and neurotropic proper-
ties. The corticotropic properties are dependent on the sequence of amino acids
11-24 of ACTH. The corticotropic effects are initiated by the binding of ACTH
to the MC2 receptors in the adrenal cortex. Via its corticotropic effect, ACTH in-
fluences the serotoninergic and the catecholaminergic systems.

ACTH and its fragments are involved in neurotransmission of the central ner-
vous system. It enhances the synthesis of acetylcholine, stimulates the uptake
of choline into synaptosomes and enhances its calcium-dependent release. The
stimulation of the re-uptake of choline seems to be restricted to some brain
areas, including the hippocampus, the hypothalamus, the olfactory tract, the
pons and the medulla oblongata. In the cerebellum and in the anterior thala-
mus ACTH exerts an opposite effect.

In vitro studies have shown that ACTH is capable of activating neurogenesis
since it reveals neurotrophic effects upon cultivated cerebral neurons. It stimu-
lates the outgrowth of neurites in a dose-dependent manner and enhances their
metabolic activity. Strand and Kung (1980) were the first to demonstrate that
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ACTH promotes the regeneration of crushed sciatic nerves, assessed by an ac-
celerated return of motoric and sensoric functions in adrenalectomized animals.

ACTH 4-10 and ACTH 1-24 have been demonstrated to increase the density
of neuronal networks in dissociated cerebral neurons. ACTH 1-24 has the full
biological activity of the 39-amino-acid ACTH, thus possessing both neuro-
trophic and corticotropic characteristics.

ACTH 4-10 is a neurotrophic fragment of ACTH 1-39. Neonatal administra-
tion of ACTH 4-10 accelerates the maturation of the developing neuromuscular
system (Smith and Strand 1981).

Adrenocorticotropic hormones seem also to influence cognitive functions like
memorizing and learning, since administration of ACTH facilitates the acquisi-
tion and recall of learned tasks which are coupled with fear or anxiety.

Furthermore, it has been demonstrated that ACTH plays a role in sexual be-
havior and the determination of sexual dimorphism. Prenatal administration of
ACTH elicits changes in the serotoninergic system, (e.g. by increasing 5-HT up-
take) and induces changes in the dopaminergic innervation of the brain which
persists until adulthood. These anatomical changes are coupled to severe dys-
functions of sexual activity in males, while sexual activity is not significantly al-
tered in females.

4.1.6
Neurological Disorders and Neurodegenerative Diseases

ACTH is a prominent mediator in stress-related effects. Acutely, glucocorticoids
act to inhibit stress-induced corticotrophin-releasing factor (CRF) and ACTH se-
cretion through their actions in brain and anterior pituitary. With chronic stress,
glucocorticoid feedback inhibition of ACTH secretion changes markedly.
Chronically stressed rats characteristically exhibit facilitated ACTH responses to
acute, novel stressors. Stress-enhanced release of ACTH and prolonged expo-
sure to ACTH-evoked increase in glucocorticoids can induce hypertension and
immuno-suppression.

Not only chronic stress, but also adverse early life experiences can have a neg-
ative impact later in life. For example, maternal separation leads to anxiety-like
behavior in rats. These separated animals also have enhanced basal ACTH lev-
els and display a blunted ACTH response and altered neurotransmitter levels in
response to subsequent stressors.

ACTH-dependent hypersecretion of glucocorticoids induces Cushing’s syn-
drome. Cushing’s syndrome is a hormonal disorder caused by prolonged expo-
sure of the body's tissues to high levels of the hormone cortisol. The symptoms
of Cushing’s syndrome vary, but most people show upper body obesity, a
rounded face, an increase in the neck region and thinning arms and legs. Chil-
dren tend to be obese with slowed growth rates. Additional symptoms afflict the
skin, which becomes fragile and thin. Most patients suffer from severe fatigue,
weak muscles, high blood pressure and high blood sugar. Irritability, anxiety
and depression are common.
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Cushing’s syndrome can develop due to an overproduction of cortisol, because
of over-stimulation by ACTH.

The following factors may contribute to increased ACTH production and con-
sequently to Cushing’s syndrome:

e Pituitary adenomas. These are benign, or non-cancerous, tumors of the pitui-
tary gland which secrete increased amounts of ACTH.

e Some benign or malignant (cancerous) tumors that arise outside the pituitary
can produce ACTH. This condition is known as ectopic ACTH syndrome. In
addition, peripheral tumors of the adrenal gland can induce Cushing’s syn-
drome.

Cushing’s disease is a form of Cushing’s syndrome, with persistent inappropri-
ate hypercortisolism that results from pituitary ACTH hypersecretion. The epi-
sodic secretion of ACTH is similar to the normal; however, the frequency and
amplitude of the secretory episodes lack the normal circadian rhythm.

ACTH secretion in Cushing’s disease is under hypothalamic control; however,
there are observations that suggest that brain centers superior to the hypophy-
siotropic area of the hypothalamus are involved in the pathophysiology of Cush-
ing’s disease. Thus, there is a dispute whether Crushing’s disease is primarily a
CNS or a pituitary disorder (Fehm and Voigt 1979).
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4.2
Anandamide (Endocannabinoids)

4.2.1
General Aspects and History

The Indian plant Cannabis sativa shows psychotropic properties as a result of its
activating a specific endogenous receptor in the brain. The most potent psy-
choactive substance of the Cannabis plant is cannabinoid A’-tetrahydrocannabi-
nol (THC), although other substances can modify the action of THC or have
pharmacological effects of their own. The psychotropic substance THC was iso-
lated in 1964 by Mechoulam and coworkers (Mechoulam et al. 1994).

The psychotropic action of THC is mediated through a plasmalemmal recep-
tor, designated as CB1 receptor. This receptor was characterized by Matsuda and
coworkers (1990). The discovery of this receptor indicated that endogenous can-
nabinoids may occur in the brain, which acts as physiological ligands for CB1.

In 1993, Munro and coworkers characterized a second cannabinoid receptor,
which is primarily expressed in macrophages. This was accordingly named CB2
receptor.

OH
A-THC
o Fig. 4.2 Structure of A’-tetrahy-
drocannabinol (THC) and
anandamide. Anandamide is the
endogenous ligand of the CB
Anandamide receptor. Tetrahydrocannabinol

is a potent exogenous
psychoactive substance.
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At the same time, Mechoulam and coworkers (1994) isolated an endogenous
substance, which proved capable of activating the cannabinoid receptors in very
low concentrations.

This substance was identified as a derivate of arachidonic acid and the term
anandamide was coined to reflect this fact. Anandamide (Fig. 4.2) is about 10-
fold less potent and has a shorter duration of action than THC.

Anandamide is found in the central nervous system, where it is synthesized
and degraded. It is believed that other endogenous ligands exist, with structural
relationship to anandamides.

4.2.2
Localization Within the Central Nervous System

The exact localization of anandamides in brain tissues is unknown. However, in
vitro evidence exists that cultivated cerebral neurons of rats are able to synthe-
size anandamides.

The presence of an enzyme (anandamide amidohydrolase) which degrades
anandamides and the presence of CB1 receptors which specifically bind this
arachidonic derivative have strengthened the hypothesis that anandamides are
produced within the central nervous system and that these substances play a
role in neurotransmission.

The molecular machinery responsible for anandamide production as well as
its degradation can be found in the CNS.

423
Biosynthesis and Degradation

The synthesis of anandamide was first evaluated in primary cell cultures. The
initiation of anandamide production is induced by depolarizing stimuli and is
calcium-dependent.

The formation of anandamide from its precursor N-arachidonyl-phosphatidyl-
ethanolamine (NAPE) is catalyzed by the enzyme phospholipase D.

In cultured primary neurons, depolarization induces the release of ananda-
mide and elicits the biosynthesis of its precursor NAPE.

Extracellular anandamide is rapidly recaptured by neuronal and non-neuronal
cells through a mechanism that meets four key criteria of carrier-mediated
transport: fast rate, temperature dependence, saturability and substrate selectiv-
ity. In contrast with transport systems for classic neurotransmitters, [*H]ananda-
mide re-uptake is neither dependent on external Na* ions nor affected by meta-
bolic inhibitors, suggesting that it may be mediated by a process of carrier-facili-
tated diffusion. However, the mechanism has not been molecularly character-
ized yet.

Because of this rapid deactivation process, the endocannabinoids may primar-
ily act near their sites of synthesis by binding to and activating cannabinoid re-
ceptors on the surface of neighboring cells.
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Endocannabinoid re-uptake has been demonstrated in discrete brain regions
and in various tissues and cells throughout the body. Inhibitors of endocannabi-
noid re-uptake include N-(4-hydroxyphenyl)-arachidonylamide (AM404), which
blocks transport with ICs, values in the low micromolar range.

Anandamide can be transformed by the activity of two different lipoxygenases
(12-LOX and 15-LOX) into 12-hydroperoxy-anandamide or 15-hydroperoxy-anan-
damide (Fig. 4.3). The resulting anandamides are further metabolized by the ac-
tivity of a hydrolase into arachidonic acid.
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Fig. 4.3 Biosynthesis and degradation of anandamide. The for-
mation of anandamide from the specific precursor is
catalyzed by phospholipase D. The degradation of
anandamide involves either hydrolases or lipoxygenases
(12-LOX and 15-LOX).
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The endocannabinoids are hydrolyzed by an intracellular membrane-bound
enzyme, termed anandamide amidohydrolase (AAH). AAH may act as a general
hydrolytic enzyme not only for anandamide and other fatty acid ethanolamides,
but also for primary amides. Moreover, like other hydrolase enzymes, AAH may
act in reverse, catalyzing the synthesis of anandamide from free arachidonate
and ethanolamine.

4.2.4
Receptors and Signal Transduction

Both endocannabinoid receptors (CB1 and CB2) belong to the superfamily of G
protein-coupled receptors with seven transmembrane-spanning domains. Addi-
tionally to the CB1 receptors, a splice variant, CB1A, has been described. Activa-
tion of both receptors is achieved by endocannabinoids, but they differ in their
selectivity. While the CB1 receptor is activated by anandamide, the CB2 receptor
is selectively activated by N-palmitoyl-ethanolamine.

Activation of CB receptors initiates a signal transduction, which involves the
mobilization of arachidonic acid and thus induces an increase in the intracellu-
lar production of eicosanoids.

Cannabinoid receptors are not restricted to the central nervous system. Thus,
they also occur in many peripheral tissues, including the immune system, re-
productive and gastrointestinal tracts, sympathetic ganglia, endocrine glands, ar-
teries, lung and heart.

CB1 receptors

Genes encoding orthologs of the mammalian CB1 receptor have been identified
in fishes, amphibians and birds, indicating that CB1 receptors may occur
throughout the vertebrates. The genomes of the invertebrates Drosophila melano-
gaster and Caenorhabditis elegans, however, do not contain CB1 orthologs, indicat-
ing that CB1-like cannabinoid receptors may have evolved after the divergence
of deuterostomes and protostomes.

The cDNA of the CB1-receptor is 5.7 kb in length and encodes for a putative
protein which contains seven hydrophobic domains. The CB1 receptor (Fig. 4.4)
is coupled to G proteins of the G;/G, type. Anandamide and endocannabinoids
appear to bind to CB1 receptors in transmembrane alpha helices 2, 3, 4 and 5,
leading to the inhibition of the activity of adenylate cyclase, which gives rise to
a subsequent inhibition of cAMP production.

Electrophysiological studies reveal that anandamide, via CB1 receptor binding,
inhibits high-voltage-activated calcium channels (so-called N-type channels).
CB1 receptors are primarily expressed at presynaptic sites and thus allow modu-
lation of neurotransmitter release through retrograde signaling by endocannabi-
noids. Such a modulation was described in the cerebellum and the hippocam-
pus, where the activation of CB1 receptors elicits a depolarization-induced sup-
pression of inhibition (DSI). DSI represents a short inhibition of neurotransmit-
ter release which is initiated by the postsynaptic release of endocannabinoids.
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Fig. 4.4 Scheme of the structure of the CB1 and CB2
receptors. Both receptors belong to the GPCR family. CB1
shows extended amino and carboxyl termini.

The secretion of endocannabinoids is stimulated through postsynaptic increase

of intracellular calcium by:

1. Activation of voltage-sensitive calcium channels which stimulates the produc-
tion of endocannabinoids via phospolipase D.

2. Receptor-mediated release where activation of metabotropic glutamate or nico-
tinergic acetylcholine receptors seem to be involved. The latter pathway is G
protein-dependent and requires phospholipase C.

This receptor-driven pathway is responsible for endocannoabinoid-mediated
long-term depression (LTD). Also, the facilitation of LTP production through en-
docannabinoid release has been described for CA1l neurons, indicating that
these neuromodulators play a substantial role in modulating synaptic efficacy in
different cell types and brain regions (Fig. 4.5).

CB1 receptors exhibit binding specificity to anandamides, but they can also
bind several other endogenous ligands which are present in the central nervous
system. These substances include homo-y-linolenyl-ethanolamide and docosate-
traenyl-ethanolamide, as well as 2-arachidonylglycerol, all of which bind to both
CB1 receptors and CB2 receptors.

The human CB1 receptor and the CB1 receptor of rats share a homology of 97.3%
in their amino acid sequence. The distribution of CB1 receptors in the human cen-
tral nervous system and in the central nervous system of rats is quite similar.

CB1 receptors have been identified within the cortex, the olfactory bulb, the
hippocampal formation, the caudate-putamen, the globus pallidus, the substan-
tia nigra, the nucleus accumbens, the entopeduncular nucleus and the molecu-
lar layer of the cerebellum (Fig. 4.6).
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Fig. 4.5 Retrograde signaling by endocanna- diacylglycerol lipase to yield 2-arachidonyl-
binoids. Postsynaptic depolarization opens glycerol. Endocannabinoids then leave the
voltage-dependent Ca®* channels. An postsynaptic cell and work as retrograde
increase in postsynaptic Ca”* elicits an messengers by activating presynaptic CB1
activation of phospholipase D, which leads receptors. Postsynaptic G protein activation
to endocannabinoid synthesis from lipid liberates Gg,, which then directly inhibits
precursors. Activation of postsynaptic presynaptic Ca®" influx. This decreases the
mGluRs can also generate endo- probability of release of a vesicle of neuro-
cannabinoids. A pathway which seems to transmitter (adapted from Wilson and Nicoll

involve phospholipase C and the generation 2002).
of diacylglycerol is further cleaved by

CB2 receptors

The topology of the CB2 receptor shows the same seven transmembrane do-
main-spanning motif as the CB1 receptor. The amino acid sequence of the hu-
man CB2 receptor exhibits a homology of 44% with the rat CB1 receptor. The
mouse and rat CB2 genes have also been cloned and encode proteins of 347
amino acids (mouse) and 361 amino acids (rat), with only about 80% identity to
the human CB2 receptor (Fig. 4.4). The CB2 receptor is found in peripheral or-
gans and has not been detected in the CNS thus far.
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Fig. 4.6 Schematic overview of the EP=entopeduncular nucleus; GD=gyrus
distribution of CB1 receptors in the central dentatus; GP=globus pallidus;
nervous system. Abbreviations: Acb=nucleus Hl=hippocampus; HY =hypothalamus;
accumbens; Cer=Cerebellum; SNR=substantia nigra pars reticularis.

CPu=caudate-putamen; Cx=Cortex;

The receptor is expressed in mononuclear macrophages and in mast cells,
suggesting that anandamides may play a role in immunomodulation through
binding to CB2 receptors.

The signal transduction mechanisms of the CB2 receptor are largely un-
known; however some evidence suggests that the CB2 receptor is also G pro-
tein-coupled and inhibits adenylate cyclase activity.

Other binding sites

In vitro studies indicate that anandamides can inhibit gap junction-mediated

signal transmission in striatal astrocytes. The inhibition is sensitive to pertussis

toxin and to some extent to glytheric acid, but can neither be mimicked by can-

nabinoid agonists nor blocked by the CB1 receptor antagonist SR-14176A.
These data suggest different binding sites for anandamide in gap junction in-

hibition and in CB1- or CB2-mediated effects.

4.2.5
Biological Effects

The cannabinoids are involved in a variety of biological functions, such as anti-
nociception, hypothermia, catalepsy, depression of spontaneous locomotor activ-
ity and perhaps mechanisms underlying learning and memory storage.
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The injection of anandamide triggers effects which are analogous to those of
THC. They differ in their kinetics, since they are somewhat faster than those in-
duced by THC and also somewhat weaker.

The antinociceptive effects of THC can be blocked by opioidergic antagonists
of the x receptors. Curiously, this effect is not blocked by anandamide, indicat-
ing that THC and anandamide activate different pathways in nociception. An al-
ternative explanation is that THC not only activates receptors of the CB1 and
CB2 types, but also represents a ligand for additional receptors involved in noci-
ception.

THC is also capable of modulating the metabolic and secretory activity of
lymphocytes and macrophages. Among the known effects of THC on these cells
is the suppression of interferon production, the reduction in secretion of tumor-
necrosis factor alpha (TNF-a) and the enhanced production of interleukinl (IL-
1). In addition, THC seems to inhibit or stimulate the proliferation of T- or B-
lymphocytes, according to the dose. At low concentration, it stimulates the pro-
liferation of lymphocytes, while it decreases their proliferation at high concen-
tration.

The anandamid system is also involved in mechanisms related to anxiety.
Data from animal tests provide evidence of dose-dependent bidirectional modu-
lation of anxiety by the cannabinoid system that appears to involve CB1 and
non-CB1 cannabinoid receptors. CB1 receptor knockout mice show anxiogenic-
like and depressive-like phenotypes in several behavioral paradigms. Along this
line, pharmacological blockade of CB1 receptors induces anxiety in rats and in-
hibition of anandamide metabolism produces anxiolytic-like effects.

4.2.6
Neurological Disorders and Neurodegenerative Diseases

Cannabis has been historically used to relieve some of the symptoms associated
with central nervous system disorders. Nowadays, there are anecdotal evidences
for the use of cannabis in many patients suffering from multiple sclerosis or
chronic pain. Considerable evidence indicates that the endocannabinoid system
plays an essential role in pain regulation. For example, in vivo microdialysis ex-
periments have shown that peripheral injections of the chemical irritant forma-
lin are accompanied by increases in anandamide outflow within the periaque-
ductal gray (PAG), a brain region involved in pain-processing. Since activation
of CB1 receptors in the PAG causes profound analgesia, it is speculated that in-
hibitors of anandamide inactivation may be useful in the pharmacotherapy of
pain, particularly in instances where opiates are ineffective.

Recent research in animal models of multiple sclerosis has demonstrated the
efficacy of cannabinoids in ameliorating symptoms such as spasticity and tre-
mor. Although cannabinoid treatment of multiple sclerosis symptoms has been
shown to be both well tolerated and effective in a number of subjective tests in
several small-scale clinical trials, objective measures demonstrating the efficacy
of cannabinoids are still lacking (Croxford and Miller 2004).
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4.3
Angiotensin

4.3.1
General Aspects and History

In 1898, more then a century ago, Tigerstedt and Bergman discovered that the
injection of renal extracts exerts profound effects upon blood pressure. Accord-
ingly, this extract was called renin. Several years later, it was found that the ac-
tive substrate, renin, is a specific protease which represents the key enzyme for
angiotensin production. Two groups working in the 1930s—-1940s, Braun-Menen-
dez and coworkers as well as Page and Helmer, isolated a hypertensive sub-
stance from the blood, named angiotensin (ANG), which is produced through
the catalytic action of renin.

The renin-angiotensin system is well known for its regulation of blood pres-
sure and fluid homeostasis. In recent decades, it has become apparent that local
autocrine or paracrine renin—angiotensin systems may exist in different tissues.
All components of the renin-angiotensin system can be found, for example, in
the gonads, placenta, pancreas, adipose tissue, heart, retina and pituitary.

Bickerton and Buckley (1961) found that intraventricular injection of angio-
tensin IT induces a centrally mediated pressor response. Since angiotensin II
does not readily cross the blood-brain barrier, it is unlikely that brain angioten-
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sin II originates in the peripheral renin—angiotensin system. Based on this ex-
periment and on subsequent detailed analysis of the distribution and functions
of the renin-angiotensin system, it is now firmly established that a complete
renin-angiotensin system exists in the brain, which is distinctly separate from
the peripheral renin—angiotensin system and comprises all necessary precursors
and enzymes required for the formation and metabolism of the biologically ac-
tive forms of angiotensin.

Several traditional roles have been attributed to the brain renin-angiotensin
system, including the regulation of blood pressure and the regulation of salt
and water homeostasis. However, central actions of angiotensins are not exclu-
sively associated with these traditional roles. Thus, a variety of studies have
shown that central angiotensins are also involved in sexual behavior, stress,
learning and memory.

4.3.2
Localization Within the Central Nervous System

The biologically inactive form angiotensin I is intracellularly converted to the ac-
tive form, angiotensin II. Angiotensin II can be metabolized to a shorter frag-
ment, angiotensin IV, which is also biologically active. In addition, angiotensin
IT can be metabolized to a further biologically active fragment, angiotensin II
(1-7).

Immunohistochemical and autoradiographic studies have been used to deter-
mine the distribution of angiotensin II in the central nervous system.

Large numbers of neurons expressing angiotensin II have been identified in
the circumventricular organs (the subfornical organ, the organum vasculosum
of the terminal lamina and the area postrema). In addition, cells expressing an-
giotensin II have been encountered, including the hypothalamus, the thalamus
and the amygdala. A schematic overview of the distribution of angiotensin II-ex-
pressing cells of the central nervous system is shown in Fig. 4.7.

A further biologically active form of the angiotensins is a fragment of angioten-
sin II, termed angiotensin IV. Although specific binding sides for angiotensin IV
(namely AT4 receptors) exist within the brain, data concerning the distribution of
angiotensin IV within the central nervous system is not yet available.

Angiotensin II (1-7) has been identified in the amygdala, the hypothalamus,
the bed nucleus of the stria terminalis, the substantia innominata, the median
eminence and in the medulla oblongata.

433
Biosynthesis and Degradation

The precursor of angiotensin [ is angiotensinogen, which is synthesized in both
the liver and in the central nervous system. Renin (EC 3.4.23.15) is the enzyme
which catalyzes the formation of angiotensin I from the precursor angiotensino-
gen. Renin, which is an endopeptidase aspartyl-protease, clips off a fragment of
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Fig. 4.7 Schematic overview of the
distribution of angiotensinergic cells in the
brain. Abbreviations: BO=bulbus olfactorius;
BST=bed nucleus of the stria terminalis;
Cam=central nucleus of the amygdala;
Cer=cerebellum; CGL=corpus geniculatum,
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terminalis; PPN =pedunculopontine nucleus;
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nucleus; Th=thalamus; VMH =ventromedial
nucleus of the hypothalamus.
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four amino acids from the amino-terminal region of angiotensinogen and there-
by catalyzes the synthesis of angiotensin I.

By the activity of the angiotensin-converting enzyme (ACE, EC 3.4.15.1), a dipep-
tidyl carboxypeptidase, angiotensin I is hydrolyzed at its carboxyl terminus, leading
to the generation of the octapeptide angiotensin II. Angiotensin II seem to repre-
sent the first biologically active form of the angiotensins. Angiotensin II is not only
generated in the brain via this classic pathway, using renin and angiotensin-con-
verting enzyme, it can also be generated directly from angiotensinogen by cathe-
psin G or tonin. In conformity with tachykinins and opioid peptides, a limited hy-
drolysis of angiotensin II results in the formation of fragments with retained but
modified biological activity. Two different fragments have been identified so far
which possess biological activity: angiotensin IV and angiotensin (1-7).

Aminopeptidase A (EC 3.4.11.7) converts angiotensin II to the 2-8 fragment
of angiotensin II, named angiotensin III (Fig. 4.8A). This peptide is further
cleaved by aminopeptidase N (EC 3.4.11.2) to form the 3-8 hexapeptide frag-
ment of angiotensin II, with the amino acid sequence Val-Tyr-Ile-His-Pro-Phe.
This biologically active 3-8 fragment of angiotensin II is called angiotensin IV.
In addition, angiotensin IV may also be formed by aminopeptidases acting on
angiotensin I prior to conversion to angiotensin II by ACE or may be generated
by the activity of aminopeptidase A and N directly from angiotensin II.
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Angiotensin (1-7) is a primary product of angiotensin I (by the activity of spe-
cific endopeptidases, like EC 3.4.24.11, EC 3.4.24.15 and EC 3.4.21.26), although
it may also be cleaved from angiotensin II by a post-proline carboxypeptidase.

Moreover, a further pathway exists which involves the nonapeptide [des-Asp1]-
angiotensin I (Fig. 4.8B). This angiotensin is converted directly to angiotensin
IIT via ACE. At least in the rat hypothalamus, angiotensin I is mainly degraded
to [des-Aspl]-angiotensin I instead of angiotensin II.

Angiotensin II can be metabolized by aminopeptidase A to angiotensin III
and further converted to angiotensin IV by aminopeptidase B. Additional endo-
peptidases and carboxypeptidases are involved in downstream degradation of an-
giotensin IV, producing biologically inactive fragments. In addition, angiotensin
(1-7) can be degraded to angiotensin (2-7) by aminopeptidase A activity at the
Asp—Arg bond.

434
Receptors and Signal Transduction

Angiotensin II binds to two different receptors, which are referred to as AT1
and AT2 receptors. The AT1 receptor accounts for most of the peripheral and
cerebral effects of angiotensin II, including cardiovascular regulation, hormone
secretion and fluid balancing. Blockade of the AT1 receptor inhibits angiotensin
II-induced changes in blood pressure and prevents the induction of drinking be-
havior. The AT1 receptor consists of a monomer of 359 amino acids. The recep-
tor possesses seven transmembrane domains and is coupled to G proteins. Two
subtypes (AT1a and AT1D) have been characterized.

Binding of angiotensin II to the AT1 receptor results in an activation of G
proteins and involves the activation of tyrosine kinases and phospholipase C
(PLCy), which cleaves phosphatodylinositol-4,5-bisphosphate to diacylglycerol
(DAG) and inositol-1,4,5-trisphospate (IP3). The increase in IP3 triggers an in-
crease in intracellular calcium. DAG activates proteinkinase C which, in turn,
phosphorylates a variety of intracellular proteins (Fig. 4.9).

The AT2 receptor is also capable of binding angiotensin II. The functional
significance of this receptor is not fully understood, but it might be involved in
angiogenesis and the regulation of cerebral blood flow. AT2 receptors are highly
expressed in neonatal tissue. AT2 levels decrease sharply after birth, but persist
into adulthood in the brain and in some other tissues in rats. Additional find-
ings have led to the proposal that the AT2 receptor might be involved in differ-
entiation, development and/or apoptosis.

Recently it was demonstrated that, in neurons cultured from newborn hy-
pothalamus and brain stem of rats, angiotensin II contributes to apoptosis via
AT?2 receptors and activation of a serine/threonine phosphatase.

As with the AT1 receptor, the AT2 receptor shows a monomeric structure.
The AT?2 receptor is composed of 363 amino acids and its sequence displays a
homology of about 34% with the amino acid sequence of the AT1 receptor.

The AT2 receptor seems to be coupled to G proteins and exhibits the same topology.
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AT receptor Fig. 4.9 Schematic drawing of an

. AT1 receptor and the intracellular
signal cascade which is activated
after the binding of angiotensin
Il to the receptor.

Binding sites for angiotensin IV are also widely distributed in peripheral tis-
sues as well as in the brain. Specific binding sites for angiotensin IV are found
in both neurons and astrocytes. These binding sites are referred to as AT4 re-
ceptors.

By protein purification and peptide sequencing, the AT4 receptor was identi-
fied in 2001 to be identical with insulin-regulated aminopeptidase and, thus,
the known angiotensin AT4 ligands are potent, competitive inhibitors of insu-
lin-regulated aminopeptidase. The signaling cascade, activated after the binding
of angiotensin IV to the AT4 receptor, is largely unknown. AT4 activation has
been shown to stimulate expression and release of plasminogen activator inhibi-
tor-1 (PAI-1), an effect which can be blocked by AT4 antagonists. In addition to
angiotensin IV, hemorphins, a class of endogenous peptides obtained by hydro-
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Fig. 4.10 Several inhibitors can interfere with the biosynthesis
of angiotensin. In addition, several antagonists are available
to block selectively one receptor type (losartan, PD 123319,
CGP-42112A or divalinal) or both angiotensin Il receptors
(saralasin).
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Table 4.1 Localization of AT1, AT2 and AT4 receptors in the
brain, as determined by immunohistochemistry and
autoradiography. Abbreviations: NTS: nucleus of the tractus
solitarius; OVLT: organum vasculosum of the laminae terminalis.

Area/receptor AT1T AT2 AT4

Cortex Frontal and parietal cortex +
Piriform cortex + +
Entorhinal cortex + +
Insular cortex +
Cingulate cortex + +

Hippocampus CA1-CA3; dentate gyrus + + +
Subiculum +

Amygdala Lateral and basomedial nucleus + +
Basolateral nucleus + + +
Central and medial nucleus + + +

Globus pallidus +

Caudate-putamen + +

Subfornical organ, OVLT +

Lateral septal area + +

Medial septal area + +

Thalamus Habenula + +
Anterior thalamus + +
Mediodorsal, ventroposterior +
and centromedial thalamus
Ventrolateral thalamus +
Lateral geniculate nucleus +
Medial geniculate nucleus +
Reticular nucleus +
Zona incerta +

Hypothalamus Median eminence +
Paraventricular nucleus + + +
Periventricular nucleus +
Supraoptic nucleus + + +
Suprachiasmatic nucleus + +
Preoptic nucleus + +
Dorsomedial hypothalamus + +
Ventromedial hypothalamus +
Arcuate nucleus + +

Mesencephalon Superior colliculus + +
Inferior colliculus +
Periaqueductal gray + +
Ventral tegmental area + +
Substantia nigra + +
Locus coeruleus + + +
Pontine reticular nucleus +

Cerebellum + +

Area postrema +

NTS +

Inferior olive + + +
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lysis of the beta chain of hemoglobin, can also interact with the AT4 receptor.
Therefore, it might be possible that hemorphins acts as endogenous competi-
tors of angiotensin IV.

Pharmacologically active antagonists directed to the three angiotensin recep-
tors (AT1, AT2 and AT4) have been developed (Fig. 4.10).

In the brain, the presence of the three receptor types (AT1, AT2 and AT4, dif-
fering considerably in their location) has been described (Table 4.1).

Several studies have shown that angiotensin (1-7) does not act through angio-
tensin II receptors (AT1 and AT2); and thus it is speculated that a specific
receptor for angiotensin (1-7) might exist. A specific receptor for angiotensin
(1-7) has not been identified or cloned so far. However, there are reports that
the Mas proto-oncogene product may encode an angiotensin (1-7) receptor.

The existence of an AT3 receptor, as described in cultured neuroblastoma, is
still questionable since neither specific agonists nor specific functions have been
attributed to this putative receptor.

435
Biological Effects

The brain renin-angiotensin system is independent of the peripheral renin-an-
giotensin system. However, circulating angiotensin can cross the blood-brain
barrier at specific sites and interact with angiotensin receptors of the brain. The
sites of entry are the so-called circumventricular organs: the area postrema, the
subfornical organ and the organum vasculosum of the terminal lamina (OVLI).
These hemoneuronal regions exhibit reduced barrier properties because of the
presence of fenestrated capillaries, which allow a passage of small molecules
from the circulating blood into the brain parenchyma or vice versa.

Angiotensins are involved in water and electrolyte balance. Intraventricular in-
jection of angiotensin, for example, induces drinking behavior as well as salt ap-
petite. A further prominent property of angiotensin is its vasoactive effect on ce-
rebral blood vessels. Application of angiotensin II results in vasoconstriction of
cerebral arterioles, while angiotensin IV results in vasodilatation.

In the brain, angiotensin acts through its receptors on the regulation of sex-
ual hormones and thereby influences sexual behavior. Intraventricular applica-
tion of angiotensin increases the release of vasopressin and leads to an elevation
of circulating LH.

Angiotensin interacts with a number of neurotransmitters and neuromodula-
tors. Angiotensin II enhances the release, but not the production, of norepineph-
rine. The effects of angiotensin on serotonin are dose-dependent: at high doses
angiotensin enhances serotonin synthesis and at low doses it inhibits synthesis.
In addition, it has been shown that angiotensin is involved in the regulation of
corticoid hormones, since it modulates the release of ACTH as well as the level
of glucocorticoids and enhances the release of corticotropin-releasing hormone.

The manipulation of angiotensin levels in the brain appears to influence cog-
nitive processing, especially the acquisition and recall of a newly learned task.
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There is also some evidence that angiotensin-converting enzyme inhibitors
(ACE-inhibitors) have positive effects upon memory and cognition by reducing
the level of active angiotensin.

These data are supported by a number of experiments. For example, intraventri-
cular administration of angiotensin II reduces the learning capacity in rodents. In
addition, animals which received ACE-inhibitors prior to a learning task showed a
better learning behavior as controls, since they need less time to solve newly
learned tasks. Almost identical results have been achieved by the application of
an AT1 receptor antagonist. These findings corroborate the idea that via AT1 re-
ceptors angiotensin II influences learning and memory in a negative way. Suppor-
tive data come from electrophysiological experiments which indicate that activa-
tion of AT1 receptors can inhibit long-term potentiation, a standard model of syn-
aptic plasticity suggested as being involved in learning and memory storage.

Angiotensin IV is also a biologically active peptide, which derives from angio-
tensinogen. It is speculated that angiotensin IV binds to a specific receptor,
which has been named the AT4 receptor.

The effects of angiotensin IV are in some respects the opposite to those of an-
giotensin II. While angiotensin II is a potent vasoconstrictor, angiotensin IV is a
vasodilator. Opposing effects have also been described in the amygdala, where an-
giotensin II enhances field potentials, while angiotensin IV reduces them. Some
data indicate that the role of angiotensin IV is different from that of angiotensin II
in learning and memory storage, since intraventricularly injected angiotensin IV
seems to enhance learning in animal experiments. In addition, angiotensin IV
binding sites have been identified in brain regions (which are known to be in-
volved in cognitive functions) where angiotensin II receptors are abundant.

Angiotensin II (1-7) is a biologically active fragment of angiotensin II. It is
unclear whether it binds to a specific receptor. Angiotensin (1-7) has an blood
pressure-lowering effect, acting as a vasodilatator and an antihypertensive sub-
stance. Angiotensin (1-7) binding sites have been demonstrated in the central
nervous system (amygdala, hypothalamus, medulla oblongata); however, little is
known about the action of angiotensin (1-7) in the nervous system. It has been
demonstrated that angiotensin (1-7) modulates the release of vasopressin and
increased substance P levels in the central nervous system. Furthermore, angio-
tensin (1-7) could mediate antihypertensive effects by stimulating the synthesis
and release of prostaglandines and nitric oxide.

4.3.6
Neurological Disorders and Neurodegenerative Diseases

Cerebral blood flow and ischemia

Angiotensin II regulates cerebral blood flow by stimulating cerebral vasocon-
striction via AT1 receptors. Treatment with ACE inhibitors, like captopril, ap-
pears to improve cerebral blood flow and protects against damage induced by
cerebral ischemia in spontaneously hypertensive rats. With regard to the regula-
tion of cerebral blood flow, it appears that angiotensin II and IV can induce op-
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posite effects. Thus, angiotensin II induces reductions in cerebral blood flow,
while angiotensin IV increases cerebral blood flow. Thus, it is not the biosynthe-
sis of biological active forms of angiotensins which should be blocked, but the
signaling via AT1 receptors. Indeed, it has been shown that only an effective
blockade of brain AT1 receptors has neuroprotective effects in ischemic neuro-
nal tissue and improves the neurological outcome of focal brain ischemia.

The requirements for an effective AT1 antagonist include sufficient penetra-
tion to cross the blood-brain barrier when administered orally, effective and se-
lective inhibition of AT1 receptors in the brain and long-lasting receptor block-
ade. One of the AT1 receptor antagonists which meet these criteria is candesar-
tan, which is highly effective in crossing the blood-brain barrier. Indeed, in rats,
chronic treatment with the AT1 receptor antagonist candesartan markedly de-
creased cerebral ischemia as a consequence of MCAO.

Angiotensins and neurodegenerative disorders

Recent reports support the hypothesis of tight links between vascular and neu-
rodegenerative diseases, e.g. increased risk of Alzheimer’'s dementia for hyper-
tensive subjects and decreased risk of dementia for elderly treated with hypoten-
sive drugs. As a major player of vascular homeostasis, the renin-angiotensin
system constitutes an interesting source of candidate genes which might be in-
volved in neurodegenerative disorders.

Despite that, no association between Alzheimer’s disease and polymorphisms
in the angiotensinogen and renin genes have been found. Therefore, investiga-
tors focussed on a possible association between polymorphisms in the ACE
gene and Alzheimer’s disease, but controversial results were obtained. Thus, no
association between polymorphism in the ACE gene was found in a Russian
population and in a population from North America or Italy, while associations
were found in a Japanese population.

Concerning Parkinson’s disease and a possible linkage with polymorphisms in
genes of the renin-angiotensin system, the results are as controversial as in the
case of Alzheimer’s disease. Thus, an association between genetic polymorphism
of the ACE gene and Parkinson’s disease has been found in Taiwan but not in Aus-
tralia. However, decreased angiotensin-binding sites in the substantia nigra of
postmortem brains from patients with Parkinson’s disease have been found.

Additional research efforts are required to resolve the differences in the find-
ings concerning the association of ACE gene polymorphisms and neurodegen-
erative disorders, and to clarify the role of the brain renin-angiotensin system
in Alzheimer’s or Parkinson's disease.
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4.4
Atrial Natriuretic Factor

4.4.1
General Aspects and History

The natriuretic peptides are widely distributed throughout the whole organism
and are present to some extent in the central nervous system.

In the 1950s, Kirsch (1956) observed that the atrium contains granules. In
1980, De Bold and coworkers (1981) found that these granules seemed to be se-
cretory. Injection of extracts into rats revealed natriuretic as well as diuretic
properties. In 1984, Kangawa and Matsuo purified a peptide of 28 amino acids.
They labeled this peptide atrial naturetic factor (ANF) because of its abundance
in cardiomyocytes of the right atrium and because of the naturetic effect pro-
voked by the peptide. Frequently used synonyms include arterio-natriuretic pep-
tide (ANP), atriopeptin, cardiodilatin and atrial natriuretic hormone (ANH).

Within the central nervous system, three different forms of atrial natriuretic
factor are distinguished: the atrial natriuretic factor (ANF) itself, the brain na-
triuretic peptide (BNP), which represents a homolog of 26-32 amino acids, and
the C-type natriuretic peptide (CNP). CNP is composed of 22 amino acids.

442
Localization Within the Central Nervous System

The natriuretic peptide is found preferentially in brain tissues, but it is also
present in some peripheral organs. Most immunohistochemical studies do not
distinguish between ANF and BNP, because of a lack of differentiating antibod-
ies, however it is likely that ANF and BNP factors are differentially distributed.

CNP is more widely distributed than either ANF or BNP. The neuropeptides
ANF and BNP are located predominantly in brain areas, which are involved in
cardiovascular regulation and in the control of natriuresis and diuresis. Thus, it
comes as no surprise that high densities of ANF-containing somata are found
in the preoptic paraventricular and arcuate nuclei of the hypothalamus as well
as in the central nucleus of the amygdala and the nucleus of the tractus solitar-
ius (Fig. 4.11). ANF-immunoreactive fibers and terminals coexist in the same
brain nuclei. Further immunoreactivity is found in the olfactory bulb, the med-
ian eminence, the locus coeruleus, the area postrema, the subfornical organ
and the dorsal motor nucleus of the vagus nerve.

In mouse CNS, gene transcripts for CNP were present at the onset of neuro-
genesis, embryonic day 10.5 (E10.5), primarily in the dorsal part of the ventricu-
lar zone throughout the hindbrain and spinal cord. On E14.5, new CNP signals
were observed in the ventrolateral spinal cord. In contrast, ANP and BNP gene
transcripts were not detected in embryonic brain of mice.

Immunohistochemical studies indicate that CNP is widely distributed in the
central nervous system, with a pronounced expression in the cells of various hy-
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Fig. 411 Schematic representation of the
distribution of ANF-producing cells in the
central nervous system. Abbreviations:

Acb =nucleus accumbens; AMB = nucleus
ambiguus; ARC=arcuate nucleus; BST=bed
nucleus of the stria terminalis; Ce=central
nucleus of the amygdala; CPu=caudate-
putamen; Cx=Cortex; DTN =dorsal
tegmental nucleus; EM =eminentia mediana;
GD=gyrus dentatus; GP=globus pallidus;

IPN=interpeduncular nucleus; LHA=lateral
hypothalamic area; MM =medial mammillary
nucleus; NTS=nucleus of the tractus
solitarius; PB=parabrachial nucleus;

PPN =pedunculopontine nucleus;

PVN =paraventricular nucleus of the
hypothalamus; SC=spinal cord,;

SCN =suprachiasmatic nucleus; SMN=su-
pramamillary nucleus; SNR=Substantia
nigra pars reticularis; VP=ventral pallidum.

Hl=hippocampus; HY =hypothalamus;

pothalamic and thalamic nuclei. Furthermore, the existence of CNP-expressing
cells has been demonstrated in different nuclei of the brain stem. CNP has also
been detected in small quantities in the spinal cord and in the pituitary. As
compared to the wealth of knowledge concerning the expression of ANF and
BNF, a thorough analysis of CNP expression has yet to be performed.

443
Biosynthesis and Degradation

Natriuretic peptides (ANF, BNP and CNP) comprise a family of structurally re-
lated peptides which are derived from three different genes and which share a
17-amino-acid internal ring. All three peptides have in common the fact that
they are processed from precursors of high molecular weight. The gene which
encodes for the atrial natriuretic factor consists of three exons and two introns
and is located on human chromosome 1.

Transcription gives rise to the primary RNA of the precursor prepro-ANF with
a putative length of 152 amino acids. Within the endoplasmic reticulum the
prepro-ANF is processed to pro-ANF, a precursor of 126 amino acids.

The pro-ANF is stored in vesicular form. Upon a stimulus which elicits the
secretion of ANF, the pro-ANF is fragmented by proteolytic cleavage. The car-
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boxy-terminal fragment of pro-ANF, which consists of 28 amino acids, repre-
sents the biologically active native form of ANF. Through the cleavage process,
three additional peptides are generated: the long-acting natriuretic peptide
(LANP) and two additional fragments, all with biological activity. These two
fragments are known as “vessel dilator” and as “kaliuretic peptide”.

The half-life of ANF in the blood is short (about 5 min), whereas LANP sur-
vives for more than 24 h in the circulation. The duration of ANF activity is lim-
ited insofar as it is rapidly inactivated by hydrolases and different peptidases.
Enkephalinase (EC 24.11) is a prominent peptidase involved in the degradation
of ANF and is abundantly expressed in several tissues, including the central ner-
vous system. Moreover, it is known that neutral endopeptidases rapidly degrade
ANF, without having an influence upon BNP metabolism.

As with the ANF-coding gene, the BNP gene is located on human chromo-
some 1. This gene shows a structural similarity to the ANF gene and gives rise
to a BNP precursor protein. In contrast to ANF, different species-specific iso-
forms of BNF are known. Human BNF, for example, consists of 36 amino
acids, while rat BNF is composed of 45 amino acids.

The biosynthesis of CNP is somewhat different from that of the ANF and
BNP. The prepro-CNP, a peptide of 126 amino acids, is cleaved to pro-CNP, a
peptide of 103 amino acids. This precursor is stored in vesicular form. The pre-
cursor is further processed to a fragment of 22 amino acids (CNP-22) and an
additional fragment of 53 amino acids (CNP-53).

In vitro analysis has shown that cytokines — interleukin-1 and the transform-
ing growth factor (TGF-f) — influence the release of CNP and that CNP in turn
is able to modulate the effects of the cytokines.

The degradation mechanisms of CNP are largely unknown.

4.4.4
Receptors and Signal Transduction

In the central nervous system, the existence of specific binding sites for the na-
triuretic peptides has been shown. The receptors are confined to certain brain
areas, predominantly the circumventricular organs, i.e. the area postrema, the
organum vasculosum of the lamina terminalis, the subfornical organ and the
ependyma of the ventricles. However, a moderate density of these receptors is
known to occur in the olfactory bulb, the habenula and some nuclei of the hy-
pothalamus, in the hippocampus and in various thalamic nuclei and the cere-
bellum.

The receptors are not located exclusively on neurons, but are also found on
asterocytes. The receptors family consists of the following three members:
NPRa (or R1), NPRb and NPRc (or R2).

ANF preferentially binds to the receptors NPRa and NPRc, whereas BNP
binds to NPRc receptors and CNP to the receptors NPRb and NPRc.

A common feature of the NPRa and NPRb receptors is that they couple to
guanylate cyclase. Both metabotropic receptor types reveal identical topologies
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consisting of an extracellular domain, a transmembrane-spanning domain and
two intracellular domains. One of the intracellular domains possesses a protein
kinase-binding site, while the other activates guanylate cyclase and thereby
could increase the formation of cGMP.

Agonist binding results in the activation of guanylate cyclase, which in turn
elevates the level of intracellular cyclic guanosine monophosphate (cGMP).

NPRa and NPRbD, although identical in their structure, reveal different affi-
nities for their specific ligands. The third member of the natriuretic peptide re-
ceptor family is the NPRc receptor. The NPRc subtype is completely different
from the NPRa and NPRb subtypes, both in respect of its structure and in its
signal transduction.

The NPRc receptor is composed of one extracellular domain, one transmem-
brane-spanning domain and a single intracellular domain. Unlike the NPRa
and NPRbD subtypes, the NPRc receptor is not linked to guanylate cyclase, but is
internalized as a ligand-receptor complex which dissociates intracellularly.

The NPRc receptor reveals nearly equal affinities for ANF, BNP and CNP. The
internalization of the NPRc receptor efficiently limits the steady-state concentra-
tion of the extracellular natriuretic peptides. For this reason, NPRc belongs to
the class of so-called “clearance receptors”, i.e. receptors which regulate the extra-
cellular concentrations of their ligands through receptor-mediated uptake.

However, some data indicate that the NPRc receptor, at least in some brain
areas, is also directly involved in modulating the effects of natiuretic peptides.

In the CNS of man and rodents, NPRa is found mainly in cortex and hippo-
campus, whereas NPRD is present in the amygdala and several brainstem regu-
latory sites. NPRc is found widely within the CNS, e.g. in the neocortex, the
limbic cortex, the hippocampal area and the amygdala.

4.4.5
Biological Effects

The central effects of the natriuretic peptides are comparable to those in the pe-
riphery, i.e. augmentation of natriuresis and diuresis and modulation of salt
and water homeostasis. Natriuretic peptides are specifically involved in the regu-
lation of the hypothalamo—pituitary—adrenocortical (HPA) system: in man and
rodents ANF inhibits the HPA system at all regulatory levels, while CNP stimu-
lates the release of cortisol.

Angiotensin is the antagonistic counterpart of the natriuretic peptides with re-
spect to central water and salt homeostasis. Intraventricular application of an-
giotensin, for example, induces thirst, whereas intraventricular application of
natriuretic peptides suppresses thirst.

The central cardiovascular effects of the natiuretic peptides depend on their
control of vasopressin secretion from the paraventricular and supraoptic nucleus
of the hypothalamus.

In the periphery, angiotensin II and the natriuretic peptides also exhibit oppo-
site effects. Most of the peripheral effects are related to fluid homeostasis of the
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organism. ANF enhances natriuresis and diuresis by regulating the filtration
rate in the glomeruli and by increasing renal perfusion. In addition, ANF blocks
the vasopressin-dependent reabsorption of Na®, resulting in an enhanced diur-
esis and natriuresis.

Besides its direct vasodilator action, ANF exerts indirect effects on the cardio-
vascular system by inhibiting the secretion of aldosteron and renin.

Since BNP shows co-secretion with ANF, it is believed that BNP cooperates
with ANF in the regulation of blood pressure and in salt homeostasis. Consis-
tent with this idea is the finding that hypertensive patients show an increase of
both peptides under a low-Na* diet.

In contrast to BNP and ANF, the C-type natriuretic peptide (CNP) has minor
effects upon natriuresis and diuresis. CNP seems to possess an anti-proliferative
action on smooth muscle cells in vitro and induces vasodilatation as well as re-
laxation of smooth muscle cells in the bronchi.

The natriuretic peptides are also thought to play a role in higher brain func-
tions. In rodents, ANF was found to reduce anxiety levels, whereas CNP in-
duced the opposite effect. In patients with panic disorder, basal ANF plasma lev-
els are lower in comparison to healthy volunteers, but ANF secretion is faster
and more pronounced during experimentally induced panic attacks. Interest-
ingly, panic anxiety and concomitant ACTH and cortisol secretion elicited by
stimulation with cholecystokinin tetrapeptide were also attenuated by ANF infu-
sions in patients as well as in healthy volunteers, indicating a role for ANF in
anxiety.

The central corticotropin-releasing factor (CRF)-ergic system is known to play
a critical role in anxiety and other behavioral stress responses. It has been
shown that ANF, but also BNP and CNP, exert anxiolytic-like effects in behav-
ioral studies.

4.4.6
Neurological Disorders and Neurodegenerative Diseases

Under certain pathological conditions, such as sepsis, trauma or major surgery,
systemic hypotension and an intrinsic myocardial dysfunctions occur. Natriure-
tic peptides have emerged as valuable markers to detect left ventricular dysfunc-
tion in congestive heart failure of different origins. Increased plasma levels of
circulating natriuretic peptides, ANF, amino-terminal pro-atrial natriuretic pep-
tide, BNP and its amino-terminal moiety amino-terminal pro-brain natriuretic
peptide have also been found under critical cardiovascular conditions; and all of
these peptides have been reported to reflect left ventricular dysfunction in these
patients (Witthaut 2004).

Apart from that, anti-ischemic properties have been reported for ANF. An as-
sociation between the ANF/TC2238 polymorphic site and stroke occurrence has
been reported. In cerebral ischemia, peri-infarct cortical spreading depression
(CSD)-like depolarization potentiates infarct growth, whereas preconditioning
with a CSD episode protects against subsequent ischemic insult. Acute, unilat-
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eral CSD in rats increases ANP mRNA up to 80% in layers II and VI of ipsilat-
eral cortex, indicating that ANF may convey neuroprotective effects.
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4.5
Bombesin and Related Neuropeptides

4.5.1
General Aspects and History

Bombesin was first isolated from skin of the amphibian Bombina bombina.

Later, additional structurally related peptides were discovered and divided into

three groups:

1. The bombesin family, which includes bombesin and alytesin.

2.The ranatensin family, which includes ranatensin, litorin and their deriva-
tives.

3. The phyllolitorin family (Erspamer et al. 1984).

The first mammalian bombesin-like peptide was isolated from porcine gastric
tissue and was named gastrin-releasing peptide (GRP) because of its potent gas-
trin-releasing competence (McDonald et al. 1979). GRP shows high homology
with bombesin and alytesin. Similarly, neuromedin B (NmB) was identified
from porcine spinal cord as a novel decapaptide which belong to the ranatensin
family (Minamino et al. 1983).

4.5.2
Localization Within the Central Nervous System

Bombesin-like peptides are present in the central nervous system as well as in
the gastrointestinal tract of mammals, where they modulate smooth-muscle
contraction, exocrine and endocrine processes, metabolism and behavior. By
using in situ hybridization, the distribution of the GRP and NmB mRNA ex-
pressing cells in the brain was analyzed and it was found that the distribution
of cells expressing either GRP or NmB mRNA is quite distinct. In general,
there is a higher GRP mRNA expression than NmB mRNA expression in the
brain.

Strong GRP mRNA expression was observed in the hippocampal formation
and in several nuclei of the amygdala. Moderate GRP mRNA expression levels
were found in the anterior olfactory nucleus, the isocortex, the medial genicu-
late nucleus, the suprachiasmatic nucleus, the medial preoptic nucleus and the
parabrachial nucleus.

A prominent NmB mRNA expression has been detected in the olfactory bulb
as well as in the polymorph layer of the dentate gyrus. Moderate levels of NmB
mRNA expression have been found in the substantia nigra and in the ventral
tegmental area. Moreover, NmB mRNA expression is found in the central nu-
cleus of the amygdala and in neurons located in the raphe nuclei and in soma-
tosensory and motor nuclei of the brain stem.
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453
Biosynthesis and Degradation

Human mature GRP is processed from a precursor form which consists of a
148-amino-acid signal sequence, a GRP sequence of 27 amino acids and a car-
boxy-terminal extension peptide.

The cDNA encoding human NmB was isolated in the 1980s by Krane and co-
workers (1988). NmB is embedded in a 76-amino-acid precursor consisting of a
signal peptide, a 32-amino-acid sequence for the large form of NmB and a car-
boxy-terminal extension peptide.

GRP and NmB share only 48% identity at the nucleotide level and localize to
different chromosomes. Thus, the human GRP gene is localized on chromo-
some 18, whereas the human NmB gene is located on chromosome 15.

4.5.4
Receptors and Signal Transduction

In the 1990s, Spindel and coworkers (1990) cloned a bombesin/GRP receptor
from mouse cells (Swiss 3T3). Analysis of the putative amino acid sequence of
this GRP receptor revealed that the receptor has seven hydrophobic transmem-
brane domains. Thus, it is likely that this receptor belongs to the family of the
G protein-coupled receptors (GPCRs).

The human GRP receptor gene is localized on chromosome X (at X p22).

GRP receptors have a high affinity for GRP and bombesin, but a low affinity
for NmB. The GRP receptors are mainly expressed in hypothalamic regions,
but are also found in the dentate gyrus. Moreover, GRP receptor expression is
found in the nucleus ambiguus.

In 1991, the NmB receptor was cloned from a rat cDNA library. The NmB recep-
tor shows a higher affinity to NmB than to GRP or bombesin. The NmB receptor
gene is localized to human chromosome 6 and to mouse chromosome 10.

Prominent NmB receptor expression has been described in the olfactory re-
gion and thalamic areas, the nucleus ambiguus and the dentate gyrus.

Gorbulev and coworkers (1992) cloned a further subtype of a bombesin-like
peptide receptor. The receptor showed a high similarity to GRP receptors (52%)
and NmB receptors (47%) and was therefore designated as bombesin-like pep-
tide receptor subtype 3 (BRS-3). The affinity of the BRS-3 receptor for bombesin
is lower than the affinity of GRP receptors or NmB receptors. A high-affinity li-
gand for the BRS-3 receptor has not been identified so far.

The human BRS-3 gene is mapped to chromosome X (X q26—q28); and the
mouse BRS-3 gene is also mapped to chromosome X.

The expression of this receptor in the brain is restricted. BRS-3 receptors can
be found in the medial habenula, some hypothalamic areas and in several areas
of the hindbrain.
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It is important to note that, beside the mentioned receptors, some further
bombesin-binding receptors have been cloned in amphibians and chicken. How-
ever, these receptors have not been detected in mammalian brain yet.

4.5.5
Biological Effects

Bombesin, GRP and NMB show an inhibitory effect on food intake. Central ad-
ministration of bombesin, for example, inhibits food intake in mice. Infusion of
bombesin in combination with loxiglumide, a cholecystokinin (CCK) receptor
blocker, results in suppression of food intake, suggesting that the appetite-sup-
pressing effect of bombesin is independent of the presence of CCK.

Since both GRP and NmB receptors are expressed in hyopthalamic areas
which are known to be involved in feeding behavior, it is likely that the action
of bombesin and bombesin-related peptides is mediated by both receptors.

Interestingly, BRS-3-deficient mice are hypertensive and show mild obesity,
associated with an impairment of glucose metabolism.

Signaling via GRP receptors seem to play a role in amygdala-dependent mem-
ory of fear. Recent data show that GRP receptor-deficient mice exhibit enhanced
long-term potentiation (LTP) and a greater and more persistent long-term fear
memory. This role of GRP receptors in memory storage seems to be specific for
the amygdala, since these mice performed normally in hippocampus-dependent
Morris maze tests.

There are also indications that bombesin can exert sexual-dimorphism effects.
For example, in male rats bombesin inhibits GH secretion, whereas in female
rat bombesin stimulates GH release.
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4.6
Calcitonin and Calcitonin Gene-related Protein

4.6.1
General Aspects and History

Copp and Cameron (1961) discovered calcitonin (CT) as a substance which is
released by high calcium perfusion of the thyroid and which induces a lowering
of plasma calcium. Calcitonin acts primarily on bone, but has also a direct ac-
tion on the gastrointestinal secretion as well as on the kidney. In addition, calci-
tonin has direct and indirect effects on the CNS.

Calcitonin is a phylogenetically ancient peptide, found in mammals (including
humans), reptiles, amphibians, fishes and even in Escherichia coli. Calcitonin is a
peptide which consists of 32 amino acids. A structural analysis of the calcitonin-
encoding gene revealed that this gene encodes also for a second biologically active
peptide. This peptide was termed the calcitonin gene-related protein (CGRP).
Hence, calcitonin and the calcitonin gene-related peptide are two products ex-
pressed by the same gene (Fig. 4.12). This gene is referred to as Calc I.

The main targets of calcitonin are peripheral organs, where it is involved primar-
ily in the regulation of Ca** homeostasis. However, receptors which bind calcitonin
in a specific manner have also been discovered in the central nervous system.
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Fig. 4.12 The gene Calc | is composed of six exons. The
primary transcripts of this gene give rise to two different
RNAs. One of these transcripts codes for the precursor

of calcitonin; and the other transcript codes for the precursor
of the CGRP.

CRGP is a peptide which consists of 37 amino acids. Its distribution and bio-
logical activity are broadly consistent with the notion that CGRP represents a
neuromodulator per se.

4.6.2
Localization Within the Central Nervous System

In higher vertebrates, calcitonin and related proteins are produced by peripheral
endocrine glands. These hormones are, however, also found in the neural tis-
sues of lower vertebrates and invertebrates that lack these endocrine organs,
suggesting that neural tissue may be an ancestral site of this peptide synthesis.
Indeed, the demonstration of CNS receptors for calcitonin and related peptides
and their induction of neurological actions suggest that these hormones arose
as neuropeptides.

Peripheral calcitonin is produced, stored and secreted by C-cells of the thyroid
gland.

CGRP has a more widespread occurrence. It is expressed in the peripheral
nervous system as well as in several areas of the central nervous system, includ-
ing the limbic system and the hypothalamus. In addition, CGRP is found in
high concentrations in the spinal cord and in the trigeminal ganglia. Additional
peripheral sources are blood vessels, heart and the gastrointestinal tract. CGRP
occurs in small quantities in the blood circulation. In humans, the plasma con-

179



180

4 Neuromodulators

centration of CGRP shows a circadian rhythm, ranging from 0.4 pmol to
100 pmol, with the highest concentration at nighttime.

Colocalization of CGRP with other neuromodulators such as cholecystokinin
(CCK), substance P, somatostatin or NPY has frequently been described.

4.6.3
Biosynthesis and Degradation

The gene which encodes for calcitonin and CGRP is located on chromosome 11
in humans or on chromosome 6 in mice. The gene structure reveals six exons
separated by five introns. The differential expression of both biologically active
peptides occurs at the posttranscriptional level through alternative splicing.

Two different mRNAs, encoding for either calcitonin or CGRP, are spliced
from the primary transcript. A further gene has been identified and named Calc
II. This second gene encodes for a second form of CGRP, designated as CGRP-
S or CGRP II.

Human CGRP-f differs from CGRP at three positions but, in rats, at only
one position. The gene which encodes for CGRP-f is also located on human
chromosome 11. A disulfide bridge at position 2-7 and a phenylamide at the
carboxy-terminal region are two peculiar features of the primary structure of
CGRP.

The amino acid sequence of CGRP is strongly conserved among mammals.
Calcitonin-like CGRP is provided with a disulfide-bridge at position 1-7 and a
prolinamide at the carboxy-terminal region. These features seem to be essential
for the biological activity of the polypeptides. The amino acid sequence of calci-
tonin is less well conserved and this is true also for CGRP.

4.6.4
Receptors and Signal Transduction

The calcitonin receptor belongs to the class of heptaspan transmembrane pro-
teins, which are G protein-coupled. The calcitonin receptor exists in two iso-
forms: the C1, and C1;, form. The exact mechanism involved in signal transduc-
tion of either receptor is largely unknown. Some evidence indicates that the ac-
tivation of calcitonin receptors induces an increase in the cCAMP concentration.

The highest receptor concentrations have been reported in the peripheral tar-
get tissues: bones, lymphocytes as well as some tumor cells.

Central localization includes the pituitary gland, the nucleus accumbens, the
preoptic area, the paraventricular nucleus of the hypothalamus and the arcuate
nucleus.

CGRP receptors are more abundant than calcitonin receptors in the central
nervous system, with maximal concentrations in the cerebellum and the spinal
cord. Lower concentrations are present in the cortex, the hippocampus, the cau-
date-putamen, the substantia nigra, the hypothalamus, the pons, the mesence-
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phalon and the anterior pituitary (Fig. 4.13). Blood vessels in the leptomeninges
also express CGRP receptors.

The central CGRP receptor is not coupled to the adenylate cyclase pathway
and can be coactivated by calcitonin.

Additional types of CGRP receptor have been identified in cardiomyocytes, in
the pancreas and in blood vessels, including coronal, femoral and superior mes-
enteric arteries. The cardiac CGRP receptor cannot be co-activated by calcitonin;
and activation of this receptor impinges on the adenylate cyclase pathway. Re-
cent discoveries indicate that receptor diversity of the calcitonin peptide family
is created by heterodimeric complexes, involving a new class of proteins which
seem to be essential for the phenotyping of GPRCs in general. These receptor
activity-modifying proteins (RAMP) have first been identified by expression
cloning of the calcitonin gene-related peptide. Three of these proteins have been
identified: RAMP1, 2 and 3. RAMP1 interacts with the calcitonin receptor-like
receptor (CL-R) to yield a high-affinity CGRP receptor, whereas interaction with
RAMP2 or RAMP3 generates receptors that are preferentially selective for adre-
nomedullin, a peptide that is primarily involved in angiogenesis. In the central
nervous system, adrenomedullin acts to regulate blood pressure: RAMP2 mRNA
has been found in numerous brain areas, including autonomic nuclei such as
the paraventricular nucleus, supraoptic nucleus, arcuate nucleus and ventrome-
dial nucleus of the hippocampus, as well as the nucleus of the solitary tract,

area postrema and dorsal motor nucleus of the vagus. Interaction of calcitonin
receptor with RAMPs generates different amylin receptor phenotypes. Amylin is
a pancreatic hormone peptide involved in satiation and works through the acti-

Pituitary
Fig. 4.13 Localization of CGRP receptors in the central
nervous system. Abbreviations: BO=bulbus olfactorius;
Cer=cerebellum; CPu=caudate putamen; Hl=hippocampus;
HY =hypothalamus; Mes=mesencephalon; P=pons;
SC=spinal cord (dorsal horn); SN=substantia nigra.

181



182

4 Neuromodulators

vation of neurons in the area postrema. The intriguing finding of the hetero-
merisation of the calcitonin peptide receptor family with RAMPs is that the
functional phenotype of GPCRs depends largely on the interaction with acces-
sory proteins of the RAMP-type.

4.6.5
Biological Effects

The preferred peripheral substrate of calcitonin activity is the cellular compo-
nent of the skeleton. Calcitonin exerts an inhibitory effect on osteoclasts and re-
duces the synthesis of osteoporins, proteins which are synthesized by osteo-
clasts and are responsible for attaching osteoclasts to the bone matrix. Through
the inactivation of osteoclasts, the release of free calcium from the bone matrix
is suppressed, which makes calcitonin in the regulation of calcium homeostasis
the most potent endocrine antagonist to the parathyroid parathormone.

Calcitonin is sometimes employed therapeutically to relieve the symptoms of
osteoporosis, although details of its mechanism of action remain unclear and
clacitonin treatment has been replaced by bisphosphonate.

Furthermore, calcitonin plays a role in the processing of renal vitamin D3.

It has also been demonstrated that calcitonin induces analgesia, apparently a
centrally mediated effect.

Behavioral studies indicate that the administration of calcitonin suppresses
feeding behavior and exerts stress-reducing properties. Central administration
of CGRP induces tachycardia and hypertension while — paradoxically — systemic
peripheral administration induces hypotension. CGRP is a potent vasodilator
with long-lasting effects, causing prolonged hypotension. A CGRP concentration
of about 56 pmol 1! is sufficient to induce hypotony in humans. Thus, CGRP
can be considered to be one of the most potent endogenous vasodilators. The
vasodilatatory effect of CGRP is due to a direct effect on blood vessels and does
not require the release of neurotransmitters. CGRP-dependent vasodilatation oc-
curs in a number of blood vessels, including coronal arteries and cerebral ves-
sels. Subcutaneous injection elicits a direct local vasodilatatory response at the
site of injection.

The effect of CGRP on cerebral vessels is more pronounced than that induced
by substance P.

The presence of CGRP and its receptors in brain tissue argues strongly in fa-
vor of its having a neuromodulatory function.

It is assumed that CGRP is involved in the central regulation of visceral and lim-
bic functions. Furthermore, CGRP seems to be involved in the differentiation of
dopaminergic neurons in the midbrain, where it acts as a differentiation-promot-
ing factor during neurogenesis when dopaminergic neurons assemble in the ven-
tral mesencephalon and project their neurites towards the neostriatum.

The phenotypic expression of the calcitonin peptide family, as indicated above,
seems to depend largely on heterodimerization with the RAMP class of proteins.
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Several novel members of the CGRP family have been identified. In 2003, a
novel biologically active peptide, designated calcitonin receptor-stimulating pep-
tide (CRSP), has been isolated from the acid extract of pig brain by Katafuchi
and coworkers (2003). Today, three different members, CRSP-1, CRSP-2 and
CRSP-3 have been identified. These peptides are specific ligands for the calcito-
nin receptor. Interestingly, these three CRSPs are mainly expressed in the CNS
and within the thyroid. However, their physiological functions within the brain
are largely unknown.

4.6.6
Neurological Disorders and Neurodegenerative Diseases

It is generally thought that local vasodilatation of intracranial extracerebral blood
vessels and a consequent stimulation of surrounding trigeminal sensory ner-
vous pain pathways is a key mechanism underlying the generation of headache
pain associated with migraine. This activation of the “trigeminovascular system”
is thought to cause the release of vasoactive sensory neuropeptides, especially
CGRP, that increase the pain response. The activated trigeminal nerves convey
nociceptive information to central neurons in the brain stem trigeminal sensory
nuclei that in turn relay the pain signals to higher centers where headache pain
is perceived. Indeed, enriched localization of CGRP in trigeminal sensory gan-
glia has been detected as well as CGRP has been detected in increased amounts
in external jugular venous blood during migraine attacks and intravenous ad-
ministration of CGRP causes headache and migraine in migraineurs. In addi-
tion, studies in patients have revealed a clear association between headache and
the release of CGRP. These findings suggest that the increase in CGRP ob-
served during spontaneous migraine attacks may play a causative role and, thus,
CGRP antagonists may represent a novel therapeutic approach to the treatment
of migraine.
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4.7
Cholecystokinin

4.7.1
General Aspects and History

In 1928, cholecystokinin (CCK) was first described by Ivy and Oldberg as a sub-
stance that causes gallbladder contractions. In the 1940s, Harper and Raper rec-
ognized that intestinal extracts also stimulated secretion of pancreatic enzymes
and coined the term pancreozymin. Sequence analysis of the peptide indicated
that CCK and pancreozymin were identical with a length of 33 amino acids;
and the term cholecystokinin for both peptides is now generally accepted. In
1975, van der Haagen and coworkers discovered cholecystokinin as one of the
first gastrointestinal peptides in mammalian brain.

CCK carries different biologically active fragments, which constitute the CCK
family. The best known are: caerulein (CCK-10), octapeptide (CCK-8), pentagas-
trin (CCK-5) and tetrapeptide (CCK-4). In brain tissue, CCK-8 seems to be the
most dominant member of the cholecystokinin family.

CCK possesses an amidated carboxy-terminal pentapeptide (Gly-Trp-Asp-Met-
Phe-NH,) which is identical with gastrin. The carboxyl terminus of CCK is the
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biologically active portion of the hormone. Because of strong sequence homol-
ogy at the carboxyl terminus between CCK and gastrin, each peptide is able to
interact with the corresponding receptor of the other.

4.7.2
Localization Within the Central Nervous System

Cholecystokinin shows a heterogeneous distribution in both the peripheral and
central nervous systems, with specific binding sites and clearly defined projec-
tions.

CCK-8 [Asp-Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH,] is widely distributed
throughout the central nervous system of mammals. This neuropeptide has
been detected in cortical areas and in limbic structures such as the hippocam-
pus and the amygdala. Furthermore, CCK-8 has been found in neurons of the
olfactory tubercle, the substantia nigra, the ventromedial thalamus, the septum,
the nucleus accumbens, the ventral tegmental area, the interpeduncular nu-
cleus, the hypothalamus, the posterior lobe of the pituitary and the spinal cord.

Some of these CCK-containing neurons give rise to widespread projections.
The main projections arising from different CCK-containing neurons are sum-
marized in Fig. 4.14.

fron Cx

acCx

Fig. 4.14 Schematic overview of the main HY =hypothalamus; NFS=nucleus of the
projections (arrows) of CCK-containing fasciculus solitarius; OT =olfactory tubercle;
neurons in the rat brain. The areas of CCK- PAG =periaqueductal gray; PB=parabrachial
containing neurons are symbolized by gray nucleus; Pir=piriform cortex; PP=posterior
circles. Abbreviations: Acb=nucleus accum- pituitary; S=subiculum; SN =substantia nigra;
bens; AcCx=anterior cingular cortex; Th=thalamus; V=vagal nerve; VMH=ventro-
Am=amygdala; BST=bed nucleus of the medial nucleus of the hypothalamus;

stria terminalis; CPu=caudate-putamen; fron VP=ventral pallidum; VTA=ventral
Cx=frontal cortex; GD=gyrus dentatus; tegmental area.

GP=globus pallidus; Hl=hippocampus;
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CCK-8 is often colocalized with neurotransmitters or with other neuromodula-
tors. In the cerebral cortex and the hippocampus, CCK-8 colocalizes with
GABA. In the substantia nigra or the ventral tegmental area, colocalization of
CCK with dopamine has been detected, while in the periaqueductal gray matter
colocalization of CCK with substance P or enkephalins has been encountered.

In addition, it is known that CCK colocalizes with norepinephrine, serotonin
and vasopressin.

4.7.3
Biosynthesis and Degradation

The gene which encodes cholecystokinin, is located on human chromosome 3.
It has a length of seven kilobases with three exons, the second and third of
which encode the prepropeptide. Regulation of CCK gene expression depends
on food intake. This elicites promotor activation during fasting; conversely, so-
matostatin supresses transcription.

The mRNA (with a length of 345 nucleotides) encodes for a precursor (procho-
lecystokinin or proCCK) with a length of 115 amino acids. This precursor consists
of a putative 20-amino-acid signal peptide, a 25-amino-acid spacer peptide, the bio-

NH, | Prepro-CCK | cooH
1 20 45 64 70 95 103 115
v S?:,H
CCK-58 ‘
v SO3H
CCK-39
v SO;H

'

SO;H

CCK-8

v
[

CCK-5/

CCK-4
Fig. 415 Scheme of the maturation of some forms of
cholecystokinin from its precursor molecule
procholecystokinin.
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logically active CCK-58 (the major processed form in most tissues), and a 12-ami-
no-acid extension at the carboxyl terminus. Cholecystokinin has been isolated in
different isoforms which vary in length but reveal identical carboxy-terminal re-
gions. CCK is stored in synaptic vesicles in neuronal somata and terminals, from
which it is released upon depolarization in a calcium-dependent manner.

Posttranslational modifications, including proteolytic cleavage, sulfation of
thyrosins and aminidation of phenylalanine, result in the formation of different
fragments of cholecystokinin. Among these fragments are CCK-58, CCK-39,
CCK-33, CCK-25, CCK-8, CCK-5 and CCK-4.

Besides CCK-8, a second peptide CCK-4 displays a physiological role in the
brain. In peripheral organs, some active forms with higher molecular masses
have been encountered. Different enzymes, in particular aminopeptidases, like
neutral endopeptidases, thiol- and serine proteases are involved in the degrada-
tion of CCK-8.

The latter peptidases also catalyze the generation of CCK-5 and CCK-4
(Fig. 4.15). Cholecystokinin shares a common carboxy-terminal fragment of five
peptides with gastrin and both peptides are acknowledged as phylogenetically
“old” peptides.

4.7.4
Receptors and Signal Transduction

CCK is one of the most common neuropeptides in the mammalian brain. An
important functional distinction must be made between the CCK tetrapeptide
and octapeptide. CCK-4 and CCK-8 possess different affinities towards CCK re-
ceptors, vary in their distribution in the periphery and in the brain and differ in
their effects on behavior. CCK receptors are widely distributed in the central
nervous system. High concentrations of CCK receptors are found in the cerebral
cortex, limbic system, nucleus accumbens, olfactory tubercle and basal ganglia.
Lower concentrations have been reported in the hippocampus, the hypothala-
mus, the lower medullary regions and the spinal cord.

Two subtypes of CCK receptors have been identified by means of in vitro
pharmacology, autoradiography and electrophysiological experiments: CCK-A
and CCK-B receptors. The two receptors can be distinguished by their different
affinity to sulfated and non-sulfated forms of cholecystokinin and by their affini-
ty to long and short forms of cholecystokinin.

The sulfated form of CCK8 shows high affinity for the CCK-A receptor while
the non-sulfated form of CCK8 and CCK4, gastrin and pentagastrin reveal a
10000-fold lower affinity to this receptor. The CCK-B receptor exhibits high af-
finity and selectivity for CCK4, gastrin, pentagastrin (CCKS5) and the non-sul-
fated form of CCK8. Sulfated CCKS has a slightly lower affinity to this receptor.

CCK-B receptors have been encountered mainly in the brain (“b” stands for
brain), whereas CCK-A receptors are constitutively expressed in tissues of the
alimentary tract (“a” stands for alimentary) and are closely involved in the endo-
crine regulation of digestion and feeding behavior.
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CCK-A receptors are not restricted to peripheral organs, but are also found in
some regions of the central nervous system which enclose the area postrema,
the nucleus of the tractus solitarius, the substantia nigra, the hypothalamus and
the medulla oblongata.

CCK-A receptors that occur in the dorsal horn of the spinal cord of primates,
particularly in the substantia gelatinosa, have been associated with nociception.

The CCK-B receptor is more prevalent in the brain than CCK-A receptors and
is present to only a minor extent in the periphery, where it has been described
in the stomach and pancreas.

In the central nervous system, the CCK-B receptor is predominantly ex-
pressed in those limbic regions which are associated with the generation of
emotions, namely the amygdala and the hippocampus. Furthermore, CCK-B re-
ceptors have been localized in the cortex, the olfactory bulb, the nucleus accum-
bens, the ventromedial hypothalamus and the area postrema, as well as in the
nucleus of the tractus solitarius and the dorsal nucleus of the vagus.

An interesting morphological and functional relationship exists between the two
types of CCK receptor. They are found not only in the same brain regions, albeit
with different densities, but also at identical postsynaptic sites. It has been shown
that CCK-B receptors are preferentially excitatory with a prolonged excitatory ac-
tion whereas activation of CCK-A receptors elicits an inhibitory postsynaptic re-
sponse. However, the effects of CCK agonists on CCK-A receptors are quite vari-
able, ranging from short-term excitation, prolonged excitation to inhibition.

The behavioral effects of different agonists vary to a large extent and it is sug-
gested that the responses depend on the differential somato-dendritic and presy-
naptic distribution of both types of receptors.

Both receptors have been cloned. They exhibit the heptaspan motif of metabo-
tropic G protein-coupled receptors and utilize the phospholipase C/DAG path-
way for signal transmission. CCK-A and CCK-B receptors showed a homology
of about 48%. It is suggested that both receptors occur in different subtypes.

The CCK-B receptors are not only recognized by CCK but also by gastrin.
Moreover, a CCK-type C receptor has recently been described, which recognizes
gastrin. The CCK-C is not a purely new receptor subtype, since CCK-C repre-
sents a splice variant of the CCK-B receptor. Nevertheless, the term CCK-C or
“cancer” receptor has been proposed to signify the relationship of this receptor
to neoplasia. Interestingly, CCK-C receptors are not only found in peripheral
cancers, but have also been identified in human glioma and rat gliosarcoma.

4.7.5
Biological Effects

CCK shows different effects in the mesocorticolimbic and nigrostriatal path-
ways. It either excites neurons or potentiates the inhibitory effects of dopamine
when dopamine and CCK are co-applied. It is thought that the first excitatory
effect is mediated by CCK-A receptors, while the second effect is believed to de-
pend on CCK-B receptors.
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Within the central nervous system, cholecystokinin is involved in different
biological processes, including:

o Satiety: It has been suggested that cholecystokinin is the neurotransmitter re-
sponsible for the satiety signals to the brain. Cholecystokinin reduces food in-
take. It seems likely that the CCK release could indirectly involve the activa-
tion of hypothalamic areas, but a direct central effect can not be excluded.

e Nociception: Several studies indicate that CCK could induce analgesic effects.
In the physiological control of nociception, there is also an involvement of
opioids. Several endogenous neuropeptides are able to reduce the effects of
opioids. These peptides are therefore also known as “anti-opioids”. Both CCK
and the neuropeptide FF (NPFF) have been identified as members of this
group. Thus, by increasing CCK levels, a decrease in opioid-derived anti-noci-
ception can be induced. In addition, systemic or intrathecal administered
morphine increases extracellular level of CCK in the spinal cord dorsal horn
of rats (de Araujo et al. 1998).

e Fear: Anxiogenic properties of CCK have also been suggested, since it was ob-
served that microinjection of CCK-8 into the nucleus accumbens facilitated
the extinction of active avoidance behavior and attenuated the retention of
passive avoidance behavior. However, microinjection of these peptides into
the central amygdaloid nucleus caused opposite effects in these behavioral
tests (Fekete et al. 1984).

Some years later, it was shown that intravenous injections of the CCK-4 in
humans could induce a short-lasting (1-4 min) panic-like attack at doses be-
tween 20 pg and 80 pg, while doses of 80-100 pg induced severe anxiety, but
no panic-like attack (De Montigny 1989).

CCK-8, applied by microiontophoresis to hippocampal pyramidal neurons,
has a powerful excitatory effect, whereas the non-sulfated CCK octapeptide
has no such effect. Low doses of benzodiazepines depress the spontaneous ac-
tivity of hippocampal pyramidal neurons. Furthermore, benzodiazepines at
very low doses antagonize selectively the CCK-8-induced activation of rat hip-
pocampal pyramidal neurons. This antagonistic action might be involved in
the anxiolytic effect of these drugs (Bradwejn and de Montigny 1984).

An important issue concerning the implications of CCK peptides in the ac-
tivation of panic attacks is the question whether antagonists of CCK receptors
show anxiolytic effects in CCK-induced and in naturally occurring panic at-
tacks. Several non-peptide CCK receptor antagonists with reliable specificity
and the ability to penetrate the blood-brain barrier have been synthesized in
the past few years. Accumulating data from studies exploiting these antago-
nists suggest that CCK-B receptors are in fact involved in the anxiety-inducing
properties of CCK-4.

e Regulation of body temperature: The administration of cholecystokinin into the
hypothalamus reduces body temperature. Microiontophoretically injected CCK
into the preoptic area of the hypothalamus enhances the firing rate of heat-
sensitive neurons and reduces the firing rate of neurons which have been
shown to be sensitive to cold. It is therefore believed that cholecystokinin



190

4 Neuromodulators

counteracts neuronal mechanisms involved in the up-regulation of body tem-
perature.

Central microinjection of CCK in rats induces a thermogenic response that
can be attenuated by CCK-B receptor antagonists, but some authors also ob-
serve hypothermia. By contrast to its central fever-inducing effect, in rodents
exposed to cold, CCK-8 elicits a dose-dependent hypothermia on peripheral
injection, probably acting on CCK-A receptors. It is suggested that neuronal
CCK may have a specific role in the development of hyperthermia and endog-
enous CCKergic mechanisms could contribute to the mediation of fever.

o Learning and memory: Experimental data suggest that cholecystokinin partici-
pates in processes related to memorizing and learning. Thus, it has been
shown that CCK-8S facilitates L'TP in the hippocampus through CCK-B recep-
tor activation. Moreover, in behavioral tests, it has been shown that adminis-
tration of CCK-B agonists improve learning tasks, whereas CCK-B antagonists
injected into the hippocampus abolish the improving effect of CCK-B ago-
nists. Moreover, CCK-B receptor-deficient mice have an impairment of perfor-
mance in the spatial memory task, indicating that the CCK-ergic system
through its action upon CCK-B receptors can improve the performance in
specific learning tasks.

4.7.6
Neurological Disorders and Neurodegenerative Diseases

A strong reduction of cholecystokinin-containing neurons in the striatum has
been observed in Huntington's chorea disease. It has also been suggested that
CCK-containing dopaminergic neurons, in particular in the mesolimbic path-
way, are implicated in disorders such as schizophrenia and Parkinson’s disease.

Schizophrenia also leads to a reduction in levels of cholecystokinin in the ce-
rebrospinal fluid and in certain brain areas, such as the cortical and subcortical
regions of the temporal lobe. A reduction in the density of CCK receptors in
the frontal cortex and in the hippocampus has also been demonstrated in these
patients. There are several reports showing associations of polymorphisms of
the human cholecystokinin receptor A and B genes with schizophrenia; and
there is evidence that an association between polymorphisms of the cholecysto-
kinin gene with schizophrenia may exist.

Dopamine is colocalized with CCK in the ventro-tegmental area and in the
substantia nigra, where CCK increases the firing rate of the dopaminergic neu-
rons. When simultaneously administered, CCK and dopamine facilitate the in-
hibitory effects of dopamine on nigro- and ventrotegmental neurons. Patients
with Parkinson’s disease show a reduction in CCK levels of about 40% in the ce-
rebrospinal fluid and within the substantia nigra. Interestingly, an association
between polymorphism of the cholecystokinin gene and idiopathic Parkinsomn’s
disease has been reported.
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4.8
Corticotropin-releasing Factor

4.8.1
General Aspects and History

In 1955, Guillemin and Schally were able to prove the existence of a hypothala-
mic factor which was able to stimulate the secretion of adrenocorticotropic hor-
mone (ACTH). Since then, several hypothalamic substrates prone to stimulating
the secretion of ACTH have been discovered. The identity of the primary secre-
tagogue of ACTH, however, remained a matter of controversy for a long time.
First, arginine-vasopressin (AVP) was considered to represent the prime activa-
tor of corticotropes. Several years after the initial description by Guillemin and
Schally, Vale and coworkers (1981) succeeded to isolate a peptide of 41 amino
acids, which became known as corticotropin-releasing factor [CRF; synonyms
are: corticotropin-releasing hormone (CRH) or corticoliberin]. This peptide stim-
ulates the secretion of ACTH in a highly specific manner and is considered to
represent the original regulator of ACTH release.

Analysis of the sequence of CRF revealed that it belongs to a family of struc-
turally and functionally closely related proteins, like glucagon, vasoactive intest-
inal polypeptide (VIP), growth hormone-releasing hormone (GHRH) and pitui-
tary adenylate cyclase-activating peptide (PACAP).

4.8.2
Localization Within the Central Nervous System

By means of immunohistochemical and radioimmunoassay techniques, CRF
was found to be heterogeneously distributed throughout the central nervous sys-
tem. Corticotropin-releasing factor is predominantly synthesized in the medial
parvicellular neurons of the hypothalamic paraventricular nucleus (PVN), from
which the majority of cells project to the median eminence. This CRF pathway
comprises the hypothalamic portion of the endocrine stress axis. CRF is trans-
ported via the hypothalamo-pituitary circulation into the anterior pituitary where
it acts upon corticotrope cells in the pituitary.



4.8 Corticotropin-releasing Factor

CRF-containing neurons have also been demonstrated in significant amounts
in the following hypothalamic nuclei: the periventricular nucleus, the preoptic
nucleus and the suprachiasmatic nucleus. Besides the hypothalamus, CRF-con-
taining neurons occur in some additional regions of the central nervous system
(Fig. 4.16). These areas belong preferentially to limbic structures and structures
which are involved in autonomic functions and in the processing of sensory in-
formation.

CRF-containing interneurons are widely distributed in the neocortex and are
believed to be important in several behavioral influences of CRF, including ef-
fects on cognitive processing. CRF perikarya in the central nucleus of the amyg-
dala project terminals to the parabrachial nucleus of the brain stem as well as
to the bed nucleus of the stria terminalis and the medial preoptic area.

The presence of CRF immunoreactivity in the raphe nuclei and locus coeru-
leus, the origin of the major serotonergic and noradrenergic pathways in brain,
points to a role for CRF in modulating these monoaminergic systems, which
have long been implicated in the pathophysiology of depression and anxiety dis-
orders.

There is a considerable overlap in the occurrence of corticotropin-releasing
factor and the distribution of the CRF receptors. To date, not all of the projec-
tions of CRF-containing neurons have been fully investigated. CRF-containing
neurons of the PVN project to different nuclei of the brain stem. Further projec-
tions of CRF-containing neurons of the amygdala to the parabrachial nucleus
and from the inferior olive to the cerebellum are known. Projections of CRF-

Fig. 4.16 Schematic representation of the
distribution of CRF-expressing cells in the
central nervous system. Abbreviations:
BO=bulbus olfactorius; Ce=central nucleus of
the amygdala; Cer=cerebellum; Cx=cortex;
Hl=hippocampus; HY =hypothalamus;

LC=locus coeruleus; NTS=nucleus of the
tractus solitarius; iO =olive; PAG = peri-
aqueductal gray; PB=parabrachial nucleus;
RA=raphe nuclei; SNpc=substantia nigra
(pars compacta); ST=stria terminalis;

VM =ventro-medial nucleus of the thalamus.
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containing neurons of the hypothalamus into the lateral septum have also been
demonstrated.

Extrahypothalamic CRF does not contribute to the regulation of ACTH secre-
tion. It seems more likely that this fraction is involved in the regulation of vege-
tative and behavioral functions.

Corticotropin-releasing factor is known to colocalize with other neuropeptides.
Colocalizations of CRF with angiotensin II, CCK and enkephalin have been de-
scribed, as well as colocalizations with neurotensin and VIP.

4823
Biosynthesis and Degradation

The primary protein structure of CRH is highly conserved among vertebrates,
with the peptide being identical in humans, rats and mice, and differing for
sheep in only seven amino acids. The gene sequence of the human CRF gene
and the CRF gene of rats share a homology of about 94%. The human CRF
gene is located on chromosome 8.

The human CRF gene encodes a precursor (prepro-CRF) of 196 amino acids.
The carboxy-terminal region of the precursor encodes the sequence of CRF.
This sequence is flanked by a pair of basic amino acids at the 5 end of the CRF
sequence and by the amino acids Gly-Lys at the 3’ end. The prepro-CRF gives
rise to pro-CRF. The precursor has been suggested to convey some biological ac-
tivity itself; and it is able to induce the secretion of ACTH (Morrison et al.
1995).

The pro-CRF is processed to several subtypes of CRF, which are listed in a
descending series, according to their biological activity (Fig. 4.17).

Since the PVN is innervated by serotonergic, cholinergic and catecholaminer-
gic fibers, it seems likely that the synthesis or the secretion of CRF from the
PVN is controlled by intricate neuronal mechanisms.

Little is known about the specific degradation of corticotropic-releasing factor.
Peripherally, CRF binds rapidly to specific binding proteins which inactivate
CRF function. These binding proteins regulate the concentration of the active
fraction of peripheral CRF; however it is uncertain whether binding proteins
also exist in the central nervous system and serve a similar function.

In addition to CRF, three CRF-related proteins have been identified in mam-
mals, named urocortin, urocortin II (also known as stresscopin-related peptide)
and urocortin III (stresscopin).

Urocortin II ¢cDNA encodes a predicted 38-amino-acid peptide. Urocortin II
binds selectively to the type 2 CRF receptor, with no appreciable activity on CRF
receptor type 1. Transcripts encoding urocortin II are expressed in discrete re-

CRF-(1-39), CRF~(1-41), CRF-(4-41) and CRF-(9-41)

Fig. 4.17 The subtypes of CRF, listed according to their biological activity.
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gions of the rodent central nervous system, including stress-related cell groups
in the lateral septum, the hypothalamus (paraventricular and arcuate nuclei),
the raphe nuclei, the locus coeruleus and the nucleus of the tractus solitarius.

Urocortin IIT binds with high affinity to the CRF type 2 receptor, but not to
the type 1 receptor. Urocortin IIl-positive neurons are found predominately
within the hypothalamus (median preoptic nucleus, rostral perifornical area,
paravenricular nucleus), the medial amygdala and the bed nucleus of the stria
terminalis.

484
Receptors and Signal Transduction

CRF interacts with the corticotropes of the anterior pituitary by binding to spe-
cific high-affinity membranous receptors. The CRF receptors are all members of
the GPCR family, with the common heptaspan motif.

Two different CRF receptor types have been described: CRF1 and CRF2,
which are both positively coupled to adenylate cyclase. The CRF2 receptor is
currently known to exist in two different isoforms in both rat and humans
(CRH2, and CRH2;). The three receptors CRF1, CRF2, and CRF2;,, which en-
code 411-, 415- and 431-amino-acid proteins, transduce their signals via the
stimulation of intracellular cAMP production. Thus, binding of CRF to its re-
ceptor leads to an activation of adenylate cyclase, which initiates the activation
of PKA. This is accompanied by an influx of calcium into the cell, suggesting
that PKA activation leads to phosphorylation of a calcium channel or associated
peptides.

CRF receptors have been found in high densities in the cortex, the ventral
tegmental area, the cerebellum, the inferior olive, the medial vestibular nucleus
and the nucleus accumbens. Moderate densities are described in the hippocam-
pus, the neostriatum, the stria terminalis, some thalamic nuclei, the paraventri-
cular nucleus of the hypothalamus, the lateral hypothalamus, the inferior colli-
culus, the locus coeruleus and the nucleus of the tractus solitarius.

Besides these receptors, a 37-kDa CRF-binding protein (CRF-BP) binds CRF
peptides with high affinity. CRF receptors and CRF-BP do not share a common
amino acid sequence representing the ligand binding site. In view of the unusu-
ally slow offrate of CRE-BP, it is proposed that CRF-BP provides an efficient up-
take of free extracellular CRF. Thus, the time of exposure of CRF to the CRF re-
ceptors can be limited.

An additional CRF-like peptide, urocortin, was recently identified through
molecular cloning (Vaughan et al. 1995). Urocortin is a 40-amino-acid peptide
with approximately 45% homology of its putative amino acid sequence to CRF.
The peptide binds with equal affinity to both CRF receptor subtypes, but pos-
sesses much higher affinity for CRF2 receptors than CRF and is found in brain
regions distinct from CRF. Although urocortin represents a potent agonist at
the classic CRF1 receptor, the physiological role of urocortin and its involve-
ment in the pathophysiology of psychiatric disorders remains disputable.
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Urocortin has many of the effects of CRF but also is significantly more potent
than CRF in decreasing feeding in both meal-deprived and free-feeding rats.

4.8.5
Biological Effects

Most of the endocrine, neurochemical, electrophysiological and behavioral ef-
fects which occur after intracerebral injection of CRF are comparable to those
accompanying stress responses. These effects can be diminished or abolished
by the administration of CRF antagonists. CRF is therefore considered to play a
predominant role in the brain—pituitary—adrenal axis.

Besides a stimulatory effect of CRF on the secretion of ACTH, it also en-
hances the synthesis of proopiomelanocortin (the precursor of ACTH and sev-
eral other opioidergic peptides). Furthermore, CRF is able to potentiate the ef-
fects of AVP and oxytocin upon the secretion of ACTH. CRF is also known to
suppress the secretion of growth hormone (GH). This mechanism, however,
seems to be indirect in nature since suppression of GH requires somatostatin.

Inhibitory effects of CRF on the secretion of the luteinizing hormone (LH) and
gonadotropin-releasing hormone (GnRH) are further prominent functions of CRF.

The existence of direct synaptical connectivities between CRF-containing axons
and dendrites of GnRH-containing neurons in the preoptic area of the rat led to
the assumption that CRF influences directly the secretion or synthesis of GnRH.

A positive influence on the secretion of f-endorphin and dynorphin has also
been elucidated, as is the case for tyrosine hydroxylase (the enzyme which is
necessary for the biosynthesis of norepinephrine) within the locus coeruleus.

In contrast to the stimulatory effect on catecholamines, CRF seems to have
no effect upon the metabolism of GABA or serotonin.

CRF was also shown to produce a long-lasting potentiation of synaptic effi-
cacy in neurons of the rat dentate gyrus in vivo; and it has been shown that
CRF mRNA level in the dentate gyrus were significantly increased after LTP in
vitro. These data suggest that CRF is capable of modulating hippocampal-depen-
dent learning processes. By behavioral studies in which CRF was directly admi-
nistered into the dentate gyrus of Sprague-Dawley rats, a memory-enhancing
effect of CRF in the hippocampus has been documented.

4.8.6
Neurological Disorders and Neurodegenerative Diseases

The most important function of the corticotropin-releasing factors is their in-
volvement in stress. The release of ACTH from the corticotrophs is controlled
principally by vasopressin and CRF. CRF is the most potent ACTH secretago-
gue in both rat and man. Its ability to stimulate ACTH secretion is potentiated
several-fold by agonists such as angiotensin II, norepinephrine and epineph-
rine. Moreover, in the rat, CRF is the only hypothalamic neuropeptide known to
increase POMC biosynthesis. After CRF-activation of corticotrophes, released
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ACTH travels through the circulation and binds to its receptor on the surface of
cells of the adrenal cortex. In response to receptor activation, cortical cells
synthesize glucocorticoids.

Other targets are more related to peripheral effects of the stress response system.
CRF causes an increase in the plasma concentrations of epinephrine and norepi-
nephrine, which in turn enhances glycemia, increases the plasma concentration of
glucagon and leads to higher oxygen consumption as well as an increase in blood
pressure. These different effects on the autonomic nervous system seem to be con-
secutively induced by stimulation of the sympatic and parasympatic systems.

CREF plays a role in mediating not only the neuroendocrine, but also the auto-
nomic and behavioral responses to stress. It has been demonstrated, for exam-
ple, that administration of CRF produces physiological and behavioral changes
which are almost identical to those observed in response to stress, including in-
creased heart rate and mean arterial pressure, suppression of exploratory behav-
ior in a new environment and increased conflict behavior. Moreover, centrally
administered CRF has been shown to enhance behavioral responses to stres-
sors, as evidenced by a reduction in exploratory behavior in a novel, presumably
stressful environment and enhancement of stress-induced freezing behavior.

The behavioral effects of centrally administered CRF can be reversed by CRF-
receptor antagonists; and a CRF-receptor antagonist can attenuate many of the
behavioral consequences of stress, underscoring the role of endogenous CRF in
mediating stress-induced behaviors.

A current hypothesis is that CRF plays a role in depression through hyper-se-
cretion from hypothalamic as well as from extrahypothalamic neurons, resulting
in hyperactivity of the brain—pituitary—adrenal axis and an elevation of its level
in cerebrospinal fluid. This increase in activity of CRF neurons is believed to
mediate some of the behavioral symptoms of depression involving sleep or ap-
petite disturbances, reduced libido and psychomotor changes.

The administration of CRF in high doses leads to analgesic effects, which are
thought to be coupled to a stimulation of the secretion of endogenous opiates
(especially f-endorphin). Local application of CRF (e.g. by iontophoresis) stimu-
lates neuronal activity of cortical and hippocampal neurons. Intraventricular ap-
plication of high doses of CRF can also induce epileptiform activity.

Since central injection of CRF also induces anxiogenic reactions, which can
be blocked by benzodiazepines, it seems likely that CRF is involved in behavior
related to fear. Along this line, it has been shown that central administration of
the CRF produces anxiogenic behavior. In addition, intracerebroventricular ad-
ministration of urocortin-II induces anxiogenic-like behaviors in mice in a dose-
dependent manner. This effect suggests a role for CRF and CRF-related proteins
as mediators of some aspect of stress or anxiety.

Behavioral studies have shown that using an agonist (cortagine) of corticotro-
pin-releasing factor receptor subtype 1 produces anxiogenic and anti-depressive
effects in mice. Thus, both CRF (acting via CRF-1 receptors) and urocortin II
(acting via CRF-2 receptors) may be involved in anxiogenic effects by acting via
two different signaling pathways.
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Since glucocorticoids convey a profound influence on the immune system, by
suppressing the proliferation of lymphocytes, CRF is also an indirect immuno-
modulator. In addition, CRF itself seems to be able to exert a glucocorticoid-in-
dependent suppression of the immune system.
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4.9
Dynorphin

4.9.1
General Aspects and History

Opioids are schematically divided into three different classes of neuroactive pep-
tides, namely dynorphins, endorphins and enkephalins. The term dynorphin
was coined by Goldstein et al. (1979), who discovered this group of neuropep-
tides. The acronym combines the prefix “dyn-”, emphasizing the “extraordinary
potency”, with “-orphin”, indicating the functional relationship to morphine. Dy-

Table 4.2 The amino acid sequences of metabolites of the
precursor peptide prodynorphin. An obvious feature of the
biologically active substances is that they all have the
sequence of Leu-enkephalin (marked in bold letters) in
common. Basic doublets, which represent potential cleavage
sites for degradation, are indicated in italic letters.

Metabolite Amino acid sequence
a-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys
p-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro

Dynorphin (1-32)®  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln-
Lys-Arg-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr

Dynorphin A (1-17)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln

Dynorphin A (1-13)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys

Dynorphin A (1-8)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle

Dynorphin B (1-29)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr-Arg-Ser-Gln-Glu-
Asp-Pro-Asn-Ala-Tyr-Ser-Gly-Glu-Leu-Phe-Asp-Ala

Dynorphin B (1-13)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr

Leu-Enkephalin b Tyr-Gly-Gly-Phe-Leu

a) Dynorphin (1-32) is a product of prodynorphin, which can
be cleaved into dynorphin-A and dynorphin-B.

b) The amino acid sequence of Leu-enkephalin is found in all
cleaved products of pro-dynorphin.
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norphins possess a high affinity to specific receptors and exert physiological ac-
tions in the nanomolar range.

Goldstein’s initial discovery led to the identification and purification of further
peptides, which belong to the dynorphin family. These neuropeptides are dynor-
phin A-(1-17) and dynorphin A-(1-8). A third neuropeptide, dynorphin B-(1-
13), has been isolated. Dynorphin B-(1-13) is composed of 13 amino acids and
was purified from the pituitary. To date, seven members of the dynorphin fami-
ly have been described, all of which are metabolized from a common precursor.
This precursor, a 256-amino-acid peptide, is known as prodynorphin (or pro-en-
kephalin B; see Table 4.2).

4.9.2
Localization Within the Central Nervous System

Neuronal somata, which express prodynorphin, have been found in different
areas of the central nervous system. In detail, prodynorphin-containing cells
have been detected in the neocortex, the hypothalamus (paraventricular nucleus,
supraoptic nucleus, arcuate nucleus, ventro-medial and dorso-medial nucleus of
the hypothalamus) and in some nuclei of the amygdala, the caudate-putamen
and the dentate gyrus.

Prodynorphin-containing neurons have also been detected in the periaqueduc-
tal gray matter and in several areas of the brain stem, as well as in the pituitary
and the dorsal horn of the spinal cord (Fig. 4.18). Dynorphin immunoreactivity
in the spinal cord is contained in both interneurons and projection neurons.

AP

Fig. 4.18 Schematic overview of the pallidus; Hl=hippocampus; HY =hypothala-
distribution of dynorphin-containing neurons mus; NFS=nucleus of the fasciculus solitarius;
in the central nervous system. Abbreviations: PP=posterior pituitary; SC=spinal cord
Acb=nucleus accumbens, AP=anterior (dorsal horn); VP=ventral pallidum.

pituitary; CPu=caudate putamen; GP=globus
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Areas with prominent dynorphinergic projections include the hippocampus,
the globus pallidus, the substantia nigra, the ventral pallidum, the nucleus ac-
cumbens and the posterior pituitary. Outside the central nervous system, prody-
norphin has been described in the autonomic nervous system and in several re-
productive organs.

4.9.3
Biosynthesis and Degradation

The dynorphins are synthesized from a common precursor (pro-dynorphin or
pro-enkephalin B; the term pro-enkephalin B was chosen because the precursor
displays a striking homology with the amino acid sequence of pro-enkephalin).
Prodynorphin harbors three segments containing copies of leucine—enkephalin
(Leu-enkephalin; Fig. 4.19). Each of these copies is flanked by a pair of basic
amino acids (Arg-Arg or Arg-Lys).

Pro-dynorphin can be found in high concentrations in the hypothalamus and
the substantia nigra; and moderate concentrations have been found in the hip-
pocampus and globus pallidus.

Interestingly, pro-dynorphin mRNA decreases significantly with age in the
amygdala; while in contrast, pro-dynorphin mRNA increases significantly with
age in the hippocampus, indicating an age-dependent modulation in dynorphin
synthesis in brain region associated with learning and memory.

Hydrolysis of the Lys—Arg pair produces dynorphin A-(1-17), dynorphin B-(1-
29) and a-neoendorphin. Cleavage at the Arg site leads to the formation of dy-
norphin A-(1-8) and dynorphin B-(1-13) (also known as rimorphin) and cleav-
age at the Lys residue allows the formation of f-neoendorphin from a-neoendor-
phin, as well as the formation of dynorphin A-(1-13) from dynorphin A-(1-17).

The levels of central dynorphins in descending concentrations are as follows:
a-neoendorphin > f-neoendorphin > dynorphin B-(1-13) > dynorphin A-(1-17)
> dynorphin A-(1-8).

Since there are consistently higher levels of neoendorphins than of dynorphin
A-(1-17) and dynorphin B-(1-13) in the brain, it is speculated that the latter
peptides are metabolized to shorter fragments, in particular to Leu-enkephalins.

The degradation steps of dynorphins processed from the precursor prodynor-
phin are not yet fully elucidated. Diverse aminopeptidases are involved in the de-
gradation of dynorphin A-(1-13), dynorphin A-(1-8) and dynorphin A-(1-17). In
vitro experiments have demonstrated that pro-dynorphin-derived peptides are de-
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Fig. 4.19 Structure of the precursor prodynorphin.
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graded by soluble and membrane-bound forms of the metalloendopeptidase (EC
3.4.24.15) and by enkephalinase (EC 3.4.24.11). The metalloendopeptidase EC
3.4.25.15, which constitutes a membranous peptidase in synaptosomal fractions,
converts dynorphin A-(1-8) as well as a- and f-neoendorphin to Leu-enkephalin.

49.4
Receptors and Signal Transduction

At least three different families of opioid receptors have been discovered [mu
(1), delta (0), and kappa (k) receptors — these are discussed in detail in Section
4.11]. Dynorphin possess a high affinity for x receptors and a low affinity to re-
ceptors of the x and ¢ type.

The « receptor is highly sensitive to the derivatives of pro-dynorphine. How-
ever, some effects of the short fragments of pro-dynorphin, like dynorphin A-(1-
8) can be attributed to interactions with additional types of opioid receptor.

Internalization and down-regulation are important mechanisms in the modu-
lation of receptor efficacy. Recently, Jordan and coworkers (2000) showed that
bound dynorphin peptides promote the internalization of x receptors.

The use of highly selective ligands for the x receptor has enabled its distribu-
tion in the brain to be studied. The data obtained to date indicate that some re-
gions of the brain exhibit colocalization of terminals of dynorphin-containing
neurons and x receptors, particularly in some nuclei of the hypothalamus, the
amygdala, the striatum and the dorsal horn of the spinal cord.

In other brain areas, a differential distribution of ligands and receptors has
been found, e. g. in the dentate gyrus abundant terminals of dynorphin-contain-
ing neurons are present with low numbers of kappa receptors, while in the pre-
optic hypothalamic area this relationship is reversed.

At first glance, the lack of a corresponding relationship between receptor and
dynorphin quantities seems paradoxical. A reasonable explanation derives from
the high affinity of dynorphins to their receptors. Dynorphins can potentially
diffuse over a long distance to reach their site of action (about 50-100 pum). This
feature is not exclusive to dynorphins, because some other neuropeptides also
interact with distant targets. The ability to act on distant targets is called “neuro-
humoral transmission” or volume transmission, to distinguish this mechanism
from the “short-range” action of neuropeptides which exert their effect intersy-
naptically (so-called wiring transmission).

Interestingly, dynorphins are not only released from axon terminals but also
from neuronal dendrites.

The binding of dynorphins to their receptors leads to an activation of G pro-
teins. The downstream consequences of G protein activation are manifold:

e inhibition of adenylate cyclase (reducing the production of cAMP);

e inhibition of N-type calcium channels (decreasing the propagation of action
potentials and reduction of transmitter release);

e activation of inward rectifying or delayed rectifying potassium channels (thus
hyperpolarizing the cell and reducing neurotransmitter release).
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4.9.5
Biological Effects

Morphines are alkaloids derived from plants and bind to opioidergic receptors.
Dynorphins are peptidergic opiates which are synthesized by neurons and act
as neuromodulators. Dynorphins seem not to bind to all receptors which are
capable of binding morphines, but bind predominantly to x receptors (see
above). In addition to dynorphins, neurons also synthesize some additional en-
dogenous opioids, like enkephalins and endorphins. All these endogenous
opioidergic peptides are differently processed and possess particular features
which allow them to bind to their specific opioidergic receptor complement.

In several studies, it has been demonstrated that dynorphins play a role in
the control of a number of biological functions. Dynorphins are involved in the
control of respiration, the control of the cardiovascular system and the control
of gastrointestinal functions. Furthermore, dynorphins modulate motor func-
tions and feeding behavior; and they are involved in regulating the secretion of
hormones from the pituitary.

In addition, dynorphins may have a role in learning mechanisms. Dynorphin
inhibits the induction of long-term potentiation (a model of synaptic plasticity)
in the hippocampus and dynorphins could impair animal performance in be-
havioral tasks requiring spatial learning (a form of learning which is related to
the hippocampus). Thus, rats trained in the Morris water task after microinjec-
tion with dynorphin B showed impaired spatial learning. Co-application of dy-
norphin B and x receptor antagonists fully blocked the acquisition impairment
caused by dynorphin B, indicating that dynorphin B acting through x receptors
impairs hippocampal-dependent spatial learning (Sandin et al. 1998).

4.9.6
Neurological Disorders and Neurodegenerative Diseases

The induction of a neuropathic state in rats by nerve ligation or constriction is as-
sociated with an up-regulation of dynorphin synthesis, reflected by enhanced ex-
pression of prepro-dynorphin protein and mRNA, increased dynorphin immunor-
eactivity and a greater percentage of spinal neurons receiving dynorphin-immuno-
reactive contacts. The presence of dynorphin receptors and dynorphins (and its in-
creased synthesis in neuropathic states) in spinal pathways suggests a role for these
peptides in nociception. This assumption is strengthened by the fact that agonists
of i receptors posses anti-nociceptive properties. Data on the effects of x receptor
agonists in the spinal cord are controversial. While agonists exert no effect on neu-
rons of the dorsal horn, which are electrically stimulated, it has been shown that
agonists inhibit depolarization induced by thermal or mechanical nociceptive stim-
uli. It has also been shown that the intraventricular application of x receptor ago-
nists or their direct application to the periaqueductal gray induces only subtle anti-
nociceptive effects, whereas stimulation of supraspinal x receptors is more effective
in inhibiting thermal or mechanical nociceptive stimuli. Taken together, the data on
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x receptors and their possible interaction with dynorphins indicate a considerable
degree of functional diversification in nociceptive mechanisms.

It has been demonstrated that relatively low doses of dynorphin produce an-
algesia, whereas higher doses produce hyperalgesia that persists for greater then
60 days after a single intrathecal injection. This protracted effect appears to be
independent of activation of opioid receptors. In addition it has been shown
that, under pathological conditions resulting from injury to peripheral nerves,
the up-regulation of spinal dynorphin is accompanied by the development of
chronic pain states. Thus, the development of chronic pain states can be
blocked by anti-dynorphin antiserum (Lai et al. 2001). Thus, dynorphin can
have both nociceptive and antinociceptive properties. It is thought that low lev-
els of dynorphin, acting via x receptors, induce analgesia. Higher doses of dy-
norphin allows dynorphin to interact with multiple sites on the NMDA receptor
complex and, thereby, to produce excitatory responses resulting in nociceptive
and even toxic effects (Laughlin et al. 2001).

Dynorphins may also play a role in stress, since stress increases dynorphin
immunoreactivity in different limbic brain regions and since dynorphin antag-
onism produces antidepressant-like effects in rats exposed to learned helpless-
ness (an animal model of depression).

It was found that dynorphin modulates neuronal activity in in vitro brain slices
of the hippocampus and that dynorphins are released in the hippocampus during
complex partial seizures. Since dynorphin potentiates endogenous anti-ictal pro-
cesses, it was suggested that dynorphin plays a role as an endogenous anticonvul-
sant. Thus, there seemed to exist also a role of dynorphins in epilepsy.

Further Reading

Dubner, R., Ruda, M. A. (1992): Activity-dependent neuronal plasticity following tissue injury
and inflammation. Trends Neurosci. 15: 96-103.

Elde, R., Arvidsson, U., Riedl, M., Vulchanova, L., Lee, J.H., Dado, R., Nakano, A., Chakra-
barti, S., Zhang, X., Loh, H.H. (1995): Distribution of neuropeptide receptors. New views
of peptidergic neurotransmission made possible by antibodies to opioid receptors. Ann.N.Y.
Acad. Sci. 757: 390-404.

Fallon, J.H., Leslie, F.M. (1986): Distribution of dynorphin and enkephalin peptides in the
rat brain. J. Comp. Neurol. 249: 293-336.

Goldstein, A., Tachibana, S., Lowney, L.1., Hunkapiller, M., Hood, L. (1979): Dynorphin-(1—
13), an extraordinarily potent opioid peptide. Proc. Natl Acad. Sci. USA 76: 6666—6670.

Jordan, B.A., Cvejic, S., Devi, L.A. (2000): Kappa opioid receptor endocytosis by dynorphin
peptides. DNA. Cell Biol. 19: 19-27.

Kotz, C.M., Weldon, D., Billington, C.]J., Levine, A.S. (2004): Age-related changes in brain
prodynorphin gene expression in the rat. Neurobiol. Aging 25: 1343-1247.

Lai, J., Ossipov, M. H., Vanderah, T.W., Malan, T.P. Jr, Porreca, F. (2001): Neuropathic pain:
the paradox of dynorphin. Mol. Interv. 1: 160-167.

Laughlin, T.M., Larson, A.A., Wilcox, G.L. (2001): Mechanisms of induction of persistent no-
ciception by dynorphin. J. Pharmacol. Exp. Ther. 299: 6-11.

Millan, M.J. (1990): x-Opioid receptors and analgesia. Trends Biochem. 11: 70-76.

Morris, B.]J., Johnston, H.M. (1995): A role for hippocampal opioids in long term functional
plasticity. Trends Neurosci. 18: 350-354.



4.10 Eicosanoids and Arachidonic Acid

Nahin, R.L., Hylden, J.L., Humphrey, E. (1992): Demonstration of dynorphin A 1-8 immu-
noreactive axons contacting spinal cord projection neurons in a rat model of peripheral in-
flammation and hyperalgesia. Pain 51:135-143.

Narita, M., Tseng, L.F. (1998): Evidence for the existence of the beta-endorphin-sensitive “ep-
silon-opioid receptor” in the brain: the mechanisms of epsilon-mediated antinociception.
Jpn J. Pharmacol. 76: 233-253.

Sandin, J., Nylander, I., Georgieva, J., Schott, P.A., Ogren, S.O., Terenius, L. (1998): Hippo-
campal dynorphin B injections impair spatial learning in rats: a kappa-opioid receptor-
mediated effect. Neuroscience 85: 375-382.

Shikla, V.K., Lemaire, S. (1994): Non-opioid effects of dynorphins: possible role of the
NMDA receptor. Trends Pharmacol. Sci. 15: 420-424.

Shirayama, Y., Ishida, H., Iwata, M., Hazama, G.I., Kawahara, R., Duman, R.S. (2004):
Stress increases dynorphin immunoreactivity in limbic brain regions and dynorphin antag-
onism produces antidepressant-like effects. J. Neurochem. 90: 1258-1268.

Smith, A.P., Lee, N.M. (1988): Pharmacology of dynorphin. Ann. Rev. Pharmacol. Toxicol. 28:
123-140.

Solbrig, M. V., Koob, G.F. (2004): Epilepsy, CNS viral injury and dynorphin. Trends Pharma-
col. Sci. 25:98-104.

Steiner, H., Gerfen, C.R. (1998): Role of dynorphin and enkephalin in the regulation of stria-
tal output pathways and behavior. Exp. Brain Res. 123: 60-76.

Qu, Z.-X.,, Isaac, L. (1993): Dynorphin A (1-13) potentiates dynorphin A (1-17) on loss of
the tail-flick reflex after intrathecal injection in the rat. Brain Res. 610: 340-343.

4.10
Eicosanoids and Arachidonic Acid

4.10.1
General and History Aspects

Eicosanoids (from the greek eikosi=twenty) comprise a family of biologically ac-
tive molecules which derive from fatty acids with 20 carbon atoms that contain
three to five double bonds. Eicosanoids are strikingly potent and are able to eli-
cit profound physiological effects at very low concentrations.

Their major precursor is arachidonic acid, which is also known as eicosate-
traenoic acid 20:4. Arachidonic acid is an essential fatty acid and is produced in
literally all mammalian cells except erythrocytes.

Eicosanoids consist of different groups of biologically active unsaturated fatty
acids: prostaglandins (PGs), prostacyclin, thromboxanes (TXs) and leukotrienes
(LTs). Prostaglandins, prostacyclin and thromboxanes are also collectively labeled
as prostanoids.

A particular member of eicosanoids is anandamide. Anandamide binds to
specific receptors in brain tissue; and the effects of anandamide are comparable
to those of the cannabinoids. Since anadamide is a potent neuromodulator, a
separate section is dedicated to this eicosanoid (Section 4.2).
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4.10.2
Biosynthesis and Degradation

Cell membranes in the central nervous system contain abundant phospholipids,
one of which is provided Dby esterified arachidonic acid. Under normal condi-
tions, the level of arachidonic acid within the cytoplasm is low, since acetyltrans-
ferases rapidly esterify arachidonic acid.

The rate-determining step in the generation of eicosanoids in the central ner-
vous system is the release of arachidonic acid through the action of cytosolic
phospholipase A2 (cPLA2). The activation of cPLA2 is under the control of
phospholipase A2-activating protein (PLAP). For example, in the hippocampus,
cPLA2 can be activated by receptor activation of the NMDA or 5-HT2 receptor-
type.

Arachidonic acid release is locally restricted, as is its transformation into dif-
ferent metabolites. Since inactivation of the eicosanoids is fast, their effects are
restricted to sites close to the formation site. Thus, eicosanoids represent proto-
types of autocrine or paracrine factors.

Three different enzymatic pathways are known to metabolize arachidonic acid
(Fig. 4.20) starting from cyclooxygenase (prostaglandin G/H synthase), which
catalyzes the formation of prostaglandins [prostaglandin G2 (PGG2) and prosta-
glandin H2 (PGH2)] and thromboxanes.

Enzymatic isomerization of PGH2 gives rise to the prostaglandins PGD2,
PGE2 and PGF2a. PGH2 can also be metabolized to the thromboxane A2
(TXA2) and prostacyclin (PGI2). Both metabolites possess very short lifetimes
and they are metabolized rapidly to thromboxane B2 (TXB2) and 6-keto-prosta-
glandine Fla. Two different forms of cyclooxigenases have been identified, a
constitutive and an inducible form, which are encoded by two different genes
(Cox1, alternatively PGHS-1; and Cox2, alternatively PGHS-2). COX-2 is the in-
ducible isoform, rapidly expressed in several cell types in response to growth
factors, cytokines and pro-inflammatory molecules. COX-2 expression in brain
has been associated with pro-inflammatory activities, thought to be instrumental
in neurodegenerative processes of several acute and chronic diseases. Growth
factors and cytokines induce COX-2 synthesis, while the transcription of the
COX-2 gene is inhibited by glucocorticoids.

Starting from lipoxygenases, which catalyzes the synthesis of leukotrienes, li-
poxines and other specific hydroperoxy- and hydroxyeicosanoides, three different
lipoxygenases are present in central nervous tissue: the 5-lipoxygenase, the 12-li-
poxygenase and the 15-lipoxygenase. The 5-lipoxygenase is a cytosolic dioxygen-
ase that catalyzes the formation of di-5(S)-hydroperoxy-eicosatetraenoic acid (5-
HPETE) from arachidonic acid. This substrate is further metabolized to the leu-
kotrienes LTA,, L'TB,, LTC, and LTD,. 5-Lipoxygenase has been identified within
the cerebellum and the hippocampus. 12-Lipoxygenase has been found in neu-
rons, but is also expressed in glia and in endothelial cells. It converts arachido-
nic acid to 12(S)-hydroperoxy-eicosatetraenoic acid (12-HPETE), which is further
metabolized to 12(S)-hydroxy-eicosatetraenoic acid (12-HETE). 12-HETE is the
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Fig. 4.20 Metabolism of arachidonic acid by the activity of
cyclooxygenases, lipoxygenases and epoxygenases which gives
rise to different derivatives.

most prominent arachidonic acid derivative identified in central nervous tissues.
15-Lipoxygenase metabolizes arachidonic acid to 15(S)-hydroxy-eicosatetraenoic
acid (15-HETE).

Starting from epoxygenase (cytochrome Pgs0), which is involved in the genera-
tion of epoxyeicosanoide and dihydroxyeicosanoide, arachidonic acid is metabo-
lized by the epoxygenase to epoxyeicosatrienoic acid. This in turn is further pro-
cessed by epoxide hydrolases to dihydrodiols.

A further metabolic pathway gives rise to anandamide from its precursor N-ara-
chidonyl-phosphatidyl-ethanolamine (NAPE), which is catalyzed by the enzyme
phospholipase D (see Section 4.2). Furthermore, arachidonic acid can be peroxi-
dized by free radicals to yield isoprostane. Isoprostane also possesses some biolog-
ical activity and, unlike prostaglandins, is esterified to a phospholipid.

4.10.3
Receptors and Signal Transduction

Free arachidonic acid exerts a potent action on protein kinase C (PKC), as well
as on Ca®" and K* channels. It is thought that arachidonic acid itself serves as a
retrograde messenger during long-term potentiation. Alternatively, arachidonic
acid gives rise to biologically active eicosanoids.
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Receptors for prostaglandine PGD2 and PGE2 (both are cyklooxygenase prod-
ucts) have been identified in the peripheral and in the central nervous system.

Prostaglandins exert their effects by activating rhodopsin-like seven trans-
membrane-spanning G protein-coupled receptors (GPCRs). The prostanoid re-
ceptor subfamily is comprised of nine members (DP, EP1-4, FP, IP, CRTH2
and TP). The EP1, EP2, EP3 and EP4 receptors are coupled to G proteins and
they activate or inhibit adenylate cyclase. The entire receptor complement is ex-
pressed in the spinal cord, the medulla, the pons, the diencephalon, the hippo-
campus, the cerebral cortex, the cerebellum and the pituitary. Concentrations of
EP3 receptors have been identified in the dorsal motor nucleus of the vagus,
the spinal intermediolateral nucleus and the sacral parasympathetic nucleus, as
well as in the median preoptic nucleus, the medial preoptic area, the dorsome-
dial hypothalamic nucleus and the premammillary nucleus.

12-HPETE (a product of the 12-lipoxygenase activity) opens K* channels in
Aplysia. 1t is thought that 12-HPETE directly interacts with this receptor. In ad-
dition, 12-lipoxygenase products are able to inhibit the activity of calcium/cal-
modulin-dependent protein kinase II.

4.10.4
Biological Effects

Eicosanoids are involved in a wide range of biological processes, such as inflam-
matory responses, the duration and intensity of pain and fever, reproduction
and blood pressure.

Eicosanoids are capable of modifying the activity of ligand-gated ion channels,
activating protein kinase C and inhibiting Ca**/calmodulin-dependent protein
kinase 2.

Arachidonic acid is able by itself to inhibit the activity of the Na*/K* ATPase
and to inhibit well neurotransmitters re-uptake systems.

The release of arachidonic acid can be stimulated by NMDA receptor activa-
tion, but not by kainate receptor activation. The non-selective NMDA antagonist
MK-801 inhibits the release of arachidonic acid as well as the induction of LTP
within the hippocampus. These data lend support to the idea that arachidonic
acid may play a role as a retrograde messenger — as is thought in the case of ni-
tric oxide (NO) — in mechanisms associated with learning and memory.

4.10.5
Neurological Disorders and Neurodegenerative Diseases

With respect to the cyclooxygenase products, it is of interest that some non-ste-
roid anti-inflammatory drugs (such as acetylsalicylic acid) inhibit cyclooxygenase
activity and thus reduce the formation of prostaglandins.

Prostaglandin receptors have been identified within diverse brain areas; and it
has been supposed that prostaglandins are involved in regulation of circadian
rhythm and body temperature. These ideas are corroborated by the fact that
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PGE2 induces hyperthermia in response to administration of cytokines like in-
terleukinl (IL-1).

PGE2 in the ventromedial hypothalamus has also been shown to be involved
in the regulation of pain, since PGE2 has an anti-nociceptive effect through its
actions on specific EP1 receptors. Within the hypothalamus, PGD2 suppresses
the release of luteinizing hormone. Oligodendrocytes synthesize and release
prostaglandins of the E- and F-types. The production and release of oligodendro-
glial prostaglandins indicate that oligodendrocytes themselves can modulate in-
flammatory processes in the white matter of the central nervous system.

Neuroinflammation is thought to play a key role in some neurodegenerative
disease, including amyotrophic lateral sclerosis (ALS). In this context, it is un-
clear whether ALS is propagated through inflammation, or whether the accom-
panying inflammation reflects an attempt to protect against further cellular in-
jury. Inflammatory pathways involving COX enzymes and subsequent genera-
tion of prostaglandins are potential target sites for treatments to halt the pro-
gression of ALS. In the central nervous system, COX enzymes are localized to
neurons, astrocytes and microglia and can be induced under various conditions.
In addition, there appears to be a dual role for the prostaglandin products of
COX enzymes in the nervous system. Thus, the inducible isoform of cyclooxy-
genase, COX-2, promotes motor neuron loss in rodent models of ALS, whereas
PGE2 paradoxically protects motor neurons at physiological concentrations in
this model.

The role of thromboxanes in the central nervous system is not well under-
stood, however it has been shown that intraventricular application of thrombox-
ane A2 promotes cardiovascular and hormonal responses.

The leukotrienes (LTB,, LTC,, LTD, and LTE4) are synthesized in small
amounts in the brain. It is suspected that the leukotrienes play a role in patho-
logical processes, as in inflammation, brain injury or vasogenic edema. In the
pituitary, gonadotropin-releasing hormone (GRH) stimulates the formation of
the leukotriene I'TB, and the leukotriene LTC,.
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4.11
Endorphin

4.11.1
General Aspects and History

The high pharmacological potency and specificity of morphine suggested that it
binds to specific receptors in the nervous system to induce its biological effects.
In the early 1970s, several groups identified opioid receptors in brain and pe-
ripheral tissues, which prompted extensive search for an intrinsic ligand respon-
sible for the opiate effects. In the middle of the 1970s, several groups identified
a number of candidates. Among these was beta-endorphin, which was discov-
ered by Bradbury and coworkers in 1975.

Beta-endorphin (a peptide composed of 31 amino acids, also known as endo-
morphin) belongs to the group of proteolytic substrates derived from the precur-
sor proopiomelanocortin (POMC). A detailed description of the processing of
proopiomelanocortin is provided separately (Section 4.28).

Beta-endorphin, like other opiodergic substances, activates y, 0 and x-opioid
receptors.

The neuropeptide beta-endorphin elicits effects comparable to those of mor-
phine: analgesia, catatonia, hypotension and respiratory depression.

Furthermore, f-endorphin also induces certain neuroendocrine reactions. For
instance, f-endorphin is capable of stimulating the secretion of several pituitary
gland hormones, as is the case for prolactin. It is also known that f-endorphin
inhibits the release of dopamine.

4.11.2
Localization Within the Central Nervous System

Beta-endorphin occurs in various areas of the central nervous system and is di-
vergently transported by neurons to different target areas. The localization of
proopiomelanocortin, the precursor of beta-endorphin, is described in Section
4.28.

4113
Biosynthesis and Degradation

Proopiomelanocortin is the collective precursor of endorphins, but is also the
precursor of some additional neuromodulators. One of the endproducts of the
proteolytic processing of proopiomelanocortin is f-endorphin (also known as f-
lipotropin 61-91; Fig. 4.21).

The neuromodulator f-endorphin is cleaved at its carboxy-terminal site (at a
Lys—Lys cleavage site) which gives rise to f-endorphin-(1-27) and f-endorphin-
(1-26).
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Fig. 421 Amino acid sequence
H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser- of f-endorphin

GIn-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-
Ala-lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH

Beta-endorphin can be further processed to form y-endorphin-(1-17) and a-
endorphin-(1-16).

Receptors and signal transduction
Three main classes of opioid receptors have been indentified (x4, 0 and ), each
class consisting of different subtypes. These receptors were found to be local-
ized both within the central nervous system and in peripheral tissues. The
opioid receptor family has some features in common with the somatostatin
receptor family. All of the cloned opioid receptor types belong to the Gi/G,
coupled superfamily of receptors and exhibit the seven transmembrane domain
motif. None of the receptors forms a ligand-gated ion channel. Endorphins are
equipotent at # and o receptors, but they have a lower affinity for x receptors.
In addition to these receptors, a further sensitive site for beta-endorphins has
been postulated to account for the unique characteristics of an opioid receptor,
defined as a putative receptor.

The u receptors

The alkaloid morphine has played a crucial role in the investigation of endoge-
nously occurring opioids. The u receptors bind morphine with high affinity.
These receptors are involved in pain relief, in the induction of respiratory de-
pression and in the inhibition of motility of the gastrointestinal tract.

The MOR-1 gene, which encodes one form of the u receptor, shows approxi-
mately 50-70% homology to the genes encoding the other opioid receptors. Two
splice variants of the MOR-1 gene have been found, differing in eight amino
acids of the carboxy-terminal region (u1/u2). Both splice variants exhibit differ-
ences in their rate of onset and recovery from agonist-induced internalization,
but their pharmacology does not appear to differ in ligand-binding assays.

The u receptors, like other opioid receptors, inhibit the activity of the adeny-
late cyclase. The distribution of u receptors in the central nervous system has
been determined by autoradiography. They are found in brain areas known to
be involved in the control of nociception. Furthermore, i receptors are found in
the basal ganglia, thalamus, mesencephalon and metencephalon. High densities
of u receptors have been found in the neocortex, caudate-putamen, nucleus ac-
cumbens, hippocampus and amygdala, as well as in the nucleus of the tractus
solitarius and in the colliculi.

Two subtypes, ¢1 and 42, can be distinguished in binding assays because the
isoforms bind different opioidergic peptides with different affinities. Both
forms, however, reveal nearly identical affinities to morphine.

Many of the morphine-mediated effects depend on the activation of the u1 re-
ceptor. One prominent example is the central analgesic effect of morphine, in
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contrast to the effects of the u2 receptor, which mediates analgesic effects pri-
marily in the spinal chord in addition to the morphine-dependent inhibition of
respiration and motility of the gastrointestinal tract.

The 0 receptors
Shortly after the discovery of the enkephalins, a receptor type was described
which selectively binds opioid peptides. This receptor was named the ¢ receptor.

The only 0 receptor gene which has been cloned to date is the DOR-1 gene.
However, the receptor is commonly subdivided into 01 and 02 forms. This sub-
division was originally proposed on the basis of pharmacological studies and it
is believed that d2-receptors initiate analgesia in the spinal cord, whereas J1-re-
ceptors mediate analgesia in the brain. The J-receptors are also members of the
G protein-coupled receptor superfamily.

Within the brain, J receptors are most common in olfactory regions, in the
neocortex, the caudate-putamen, the amygdala and in the interpeduncular nu-
cleus. In addition, their presence has been demonstrated in the CA3 area of the
hippocampus, the bed nucleus of the stria terminalis, the preoptic area, the nu-
cleus accumbens, the medial thalamus and in the spinal cord.

The functional properties of J receptors in these brain regions are not well
understood, but in all likelihood they are involved in cognition, olfaction and
motor processing, as well as in some forms of analgesia and in the modulation
of autonomic and endocrine functions.

The x receptors

In 1993, the cDNA sequence of the x receptor was identified by molecular clon-
ing. The cDNA encodes for a protein which consists of 380 amino acids. The
corresponding gene was labeled KOR-1. Like the other f-endorphine receptors,
different subtypes of x receptors seem to exist. These have been named x1, x2
and x3; and the x1 and x2 groups can be further subdivided into different iso-
forms: x1A, x1B, xk2A and x2B. However, because of the absence of subtype-
specific antagonists, definitive functional pharmacological support in favor of
the k1 and 2 receptor group is lacking. The x receptors have been found with-
in the neocortex, the hippocampus, the amygdala, the hypothalamus, the preop-
tic area, the eminentia mediana, the locus coeruleus, the parabrachial nucleus,
the paraventricular nucleus of the thalamus, the nucleus of the tractus solitarius
and in the pituitary gland.

The existence of x1 and 3 receptors has been evidenced by pharmacological
studies and binding assays. Receptors of the type x2 have been identified in
binding assays, but the specific pharmacology of the receptor is largely un-
known.

The x1 and 3 receptors participate in analgesia, since specific antagonists
are available; and their effects can be distinguished from the effects of other
opioid receptors. The pharmacological characterization of the x receptor family
has been facilitated through the development of effective ligands.

Two types of x receptor agonist have been developed:
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e non-peptidergic agonists, like PD117302, U69593 or U50488H;
e derivates of dynorphin A, like DALKI or D-Pro'*-dynorphin (1-11).

The selective antagonist Nor-binaltorphimine and the selective agonist
U50488H bind exclusively to x1 receptors and do not interact with the other re-
ceptor subtypes of this family.

The question as to whether f-endorphin can bind to an additional receptor
type is controversial. This putative binding site has been named e-receptor, but
it has not been characterized at the molecular level.

4.11.4
Biological Effects

Endorphins are involved in a variety of biological functions, since they interact
with the peripheral hormonal system as well as with numerous central neurore-
gulatory functions via a variety of different neuromodulators and neurotransmit-
ters. For instance, f-endorphin stimulates the secretion of several pituitary hor-
mones, like prolactin.

The endorphins have many effects which are comparable to those of mor-
phine. As mentioned above, their predominant effects center on analgesia, cata-
tonia, hypotension and respiratory depression. In addition, the endorphins are
involved in stress response and seem to play a role in alcoholism.

In 1980, Schulz and coworkers showed that, following long-term alcohol in-
gestion in rodents, the synthesis of brain endorphins and enkephalins is sup-
pressed. Withdrawal of ethanol resulted in a complete recovery of endorphin
levels in brain and pituitary within two weeks.

Results obtained in genetic mouse models with a high preference for alcohol
support strengthen the view that alcohol intake depends on the activity of the
endogenous opioid reward system and that alcohol consumption may serve to
compensate for inherent deficits in this system. These experimental data accord
well with those obtained from clinical studies in which opioid antagonists have
been used to prevent relapse in alcoholics.

In the circulating blood, beta-endorphin shows anti-nocicepitive properties;
and an increase in the level of f-endorphin correlates well with an increase in
pain tolerance. Beta-endorphin is not only interactive with several neuroactive
substances, but shows direct vasoactive effects on cerebral arterioles.

In the periphery, the activation of x receptors by f-endorphin induces an inhi-
bition of the release of acetylcholine in parasympathetic terminals.

Some evidence speaks in favor of a functional relationship between the im-
mune system and the neuroendocrine system, in which f-endorphin plays a sig-
nificant role. In this context, it seems noteworthy that an increase in cytokines
influences the production of f-endorphins in the pituitary and in lymphocytes,
consecutively, the increase in the level of f-endorphin apparently enhancing the
production of antibodies.
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Neurological Disorders and Neurodegenerative Diseases

Under pathophysiological conditions, i.e. autoimmune diseases, the enhanced
production of cytokines can further the production of endorphins and so ulti-
mately enhance the production of antibodies, including autoantibodies, with the
consequence of aggravating the disease.
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4.12
Enkephalin

4.12.1
General Aspects and History

Preparations of the opium poppy Papaver somniferum have been used for hun-
dreds of years to relieve pain. In 1803, Sertiirner isolated a crystalline sample of
the main constituent, the alkaloid morphine, which was later shown to be al-
most entirely responsible for the analgesic effect of crude opium. The rigid
structural and stereochemical pattern of this substance is essential for the an-
algesic action of morphine and its related opioids. The high-affinity binding of
the opioids led to the idea that they produce their effects by interacting with
specific endogenous receptors. The effects of morphine in reducing pain and in-
hibiting intestinal motility and secretion continued to be exploited clinically, but
the presence of undesirable side-effects — depression of respiration, develop-
ment of tolerance and dependence — stimulated the search for analogues with
effects restricted to analgesia. For example, a semi-synthetic diacetylated analo-
gue of morphine was introduced in the 19th century in the mistaken belief that
this compound (heroin) possessed the specific analgesic effect without the defi-
cits of the side-effects. Although heroin proved to be significantly more effective
than morphine in terms of analgesia, it was soon discovered that this drug was
disqualified by a major disadvantage, namely its highly addictive properties.

The idea that there is more than one type of opioid receptor arose initially to
explain the dual actions of the synthetic opioid nalorphine, which antagonizes
the analgesic effect of morphine in man but also acts as an analgesic drug by it-
self. Experimental evidence for the existence of multiple opioid receptors was
obtained by the demonstration that the agonists morphine, ketazocine and N-al-
lylnormetazocine show different pharmacological profiles. The identification of
endogenous binding sites was facilitated by the development of specific opioid
derivates.

Ultimately, in 1973, the presence of high-affinity binding sites in the central
nervous system was definitely proven. The group of Hughes and colleagues
(1975) managed to identify two pentapeptides, Leu-enkephalin (amino acid se-
quence: Tyr-Gly-Gly-Phe-Leu) and Met-enkephalin (amino acid sequence: Tyr-
Gly-Gly-Phe-Met), which displayed opiate-agonistic properties. The primary
structures of these peptidergic substances are very different from the structure
of morphine. However, their tertiary conformation allows them to bind to the
opioid receptors.

The discovery of the endogenous enkephalins led to the idea that neuropep-
tides themselves might represent a means of developing a new class of opioid
agonist without the addictive properties of morphine. Although much knowl-
edge has been gathered as to the functional characteristics of enkephalins over
the years, no direct benefit in the form of a pharmacologically applicable drug
has been achieved.
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4.12.2
Localization Within the Central Nervous System

Enkephalin is heterogeneously distributed in the central nervous system. It has
been shown to occur in the cortex, the hippocampus, the globus pallidus, the
caudate-putamen, the amygdala, the hypothalamus, the periaqueductal gray, the
interpeduncular nucleus, the parabrachial nucleus, the nucleus of the fasciculus
solitarius, the area postrema and the substantia nigra. In addition, cells contain-
ing an enkephalin-like agent have been demonstrated in various other brain
areas and in the spinal cord, as indicated in Fig. 4.22.

Fibers and terminals of the enkephalin-containing neurons have been identi-
fied in the same brain regions as the enkephalin-containing neuronal somata.
This pattern indicates that enkephalinergic neurons belong to the class of short
projecting nerve cells. However, two exceptions do exist. The first one is found
in the striato-pallidal complex, where long projections from the caudate-puta-

® .
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Fig. 4.22 Schematic representation of a nucleus of the hypothalamus; DTN =dorsal
sagittal section through the rat brain. The tegmental nucleus; DR=dorsal raphe;
distribution of cells which express the Ent=entorhinal cortex; Hl=hippocampus;
precursor of enkephalin (proenkephalin) is IPN =interpeduncular nucleus; LC=locus
outlined schematically. Abbreviations: coeruleus; nBDB=nucleus of the diagonal
AO=anterior olfactory nucleus; APO=pre- band of Broca; NR=nucleus reticularis;
optic area; ARC=arcuate nucleus; BL=baso- NTS=nucleus of the tractus solitarius;
lateral nucleus of the amygdala; BM=baso- OT=olfactory tubercle; PAG =periaqueductal
medial nucleus of the amygdala; BST=bed gray; PB=parabrachial nucleus; Pir=piriform
nucleus of the stria terminalis; Cc=cingular cortex; PVA=periventricular nucleus of the
cortex; Ce=central nucleus of the amygdala; thalamus; PVN=paraventricular nucleus of
Cf=frontal cortex; CGL=lateral corpus the hypothalamus; RA=raphe nuclei;
geniculatum; Ci=inferior colliculus; RE=nucleus reuniens; RMe=medial raphe;
CMM =medial mammillary complex; SC=spinal cord (dorsal horn); SON=supra-
Co=occipital cortex; CoA=cortical nucleus optic nucleus; VMH =ventromedial nucleus

of the amygdala; Cs=superior colliculus; of the hypothalamus.
CPu=caudate-putamen; DMH=dorsomedial
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men to the globus pallidus are consistently found. The second is in the hy-
pothalamus, where enkephalin-containing neurons of the supraoptic nucleus
and the paraventricular nucleus project to the pituitary gland.

4123
Biosynthesis and Degradation

Enkephalins are processed by the proteolysis of a high molecular precursor, pro-
enkephalin. Pro-enkephalin is also known as pro-enkephalin A, whereas pro-en-
kephalin B is not a direct precursor of enkephalins, but the precursor of dynor-
phins. The precursor protein was first discovered in 1980, in the adrenal gland
by Lewis and coworkers, who unraveled its role in the biosynthesis of enkepha-
lins.

The gene which encodes for the precursor consists of four exons separated by
three introns. The four exons give rise to a 1.2-kb mRNA from which the prod-
uct is generated by several posttranslational processes, including enzymatic
cleavage. The final pro-enkephalin is a protein with a predicted molecular mass
of 31 kDa (Fig. 4.23).

Proenkephalin is not only found in mammals, but also in a variety other spe-
cies, e.g. annelids, mollusks and amphibians.

The precursor possesses several cysteine residues at its amino-terminal site: it
contains four copies of Met-enkephalin, one copy of Leu-enkephalin, one copy
of the heptapeptide Met-Enkephalin-Arg®-Phe” and a final copy of the octapep-
tide Met-Enkephalin-Arg®-Gly’-Leu®.

exon 1 exon 2 exon 3 exon4
(71bp) (56bp) (141bp) (980bp)
intron 1 intron 2 intron 3

mRNA

Prepro-enkephalin -

|

Signal peptide . l

Pro-enkephalin

Fig. 4.23 Maturation of proenkephalin and biosynthesis of
enkephalins. Abbreviations: bp=base pairs; H=heptapeptide
(Met-ENK-Arg-Phe); L=Leu-enkephalin; M =Met-enkephalin
(Met-ENK); O=octapeptide (Met-ENK-Arg-Gly-Leu);
S=synenkephalin.
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The individual sequences of these peptides are separated by dibasic peptides,
which contain targets for proteolytic cleavage. The final cleavage products are
generated by proteolysis in the endoplasmatic reticulum.

Several areas of the central nervous system exhibit intraneuronal localization
of the neuroactive endproducts of pro-enkephalin (Met-enkephalin, Leu-enke-
phalin, heptapeptide, octapeptid and synenkephalin). In some brain areas, like
the substantia nigra, Leu-enkephalin seems to be formed at an extracellular site.
It is considered that the synthesis of the latter form depends on the hydrolysis
of dynorphins.

Released enkephalins can be degraded by two main pathways. One of these
pathways involves enzymatic cleavage by aminopeptidase M (EC 3.4.24.2),
which hydrolyses enkephalins at the tyrosine—glycine site.

The second mechanism involves degradation through the activity of the enke-
phalinase (EC 3.4.24.11). This enzyme hydrolyzes enkephalins at the glycine—
phenylalanine site.

4.12.4
Receptors and Signal Transduction

The enkephalins have a high affinity to ¢ receptors, a moderate affinity to u re-
ceptors and a very low affinity to x receptors. These receptors are discussed in
more detail in Section 4.11 (Endorphin).

4125
Biological Effects

Inhibition of the hydrolysis of enkephalins produces an analgesic effect, which
is 30-40% weaker than the analgesic effect induced by morphine. On the su-
praspinal level, the analgesic effects of enkephalin seem to be coupled to the ac-
tivation of u receptors, whereas at spinal level they seem to depend on the acti-
vation of J receptors.

Enkephalins are involved in pain regulation at supraspinal and spinal levels.
For example, Met-enkephalin is released from the adrenal medulla in response
to stress. This release modulates the anti-nociception that accompanies stress.

Met-enkephalin and Leu-enkephalin were initially proposed and are still con-
sidered as the endogenous ligands of the J-opioid receptor; and evidence for o-
opioid receptor-mediated antinociception was provided by the introduction of
pharmacological antagonists with relative selectivity for d-opioid receptors. In ad-
dition, pretreatment of animals with antisense oligodeoxynucleotides to the J-
opioid receptor resulted in reduced antinociceptive response to J- but not x- or
p-selective receptor agonists.

Enkephalins, like morphine, appear capable of reducing norepinephrine turn-
over while increasing the speed of dopamine renewal. These effects are directly
mediated through the activation of enkephalin-binding receptors located on the
catecholaminergic neurons. Colocalization of dopaminergic receptors and enke-
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phalin expression is common in striatal neurons. Stimulation of these neurons
by dopamine enhances the synthesis and release of enkephalin.

4.12.6
Neurological Disorders and Neurodegenerative Diseases

Inhibition of the degradation of enkephalins in the striatum (which is strongly
innervated by the dopaminergic system arising from the substantia nigra) can
induce severe forms of hyperlocomotion. The latter is blocked by the adminis-
tration of antagonists towards the dopamine receptor D2, indicative of an inter-
action between the dopaminergic and the enkephalinergic system. Disturbance
of this interaction may be causally related to locomotor dysfunctions, as seen in
Parkinsonism, schizophrenia and depression.
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Fibroblast Growth Factors

4.13.1
General Aspects and History

In 1986, the first member of the fibroblast growth factor (FGF) family, FGF-2,
was isolated and cloned. Since that time, the FGF family has increased in num-
ber and complexity. A total of 23 family members are known to date. Not all
FGF subtypes are present in all species, including humans and mice. For exam-
ple, FGE-15 has not been identified in the human genome; and FGF-19 could
not be detected in mice, resulting in a total of only 22 FGF family members in
each of these species.

Concerning their evolutionary development, FGFs are comparably old mole-
cules that evolved in invertebrates. With regard to Drosophila and Caenorhabditis
elegans, only one FGF-like sequence (branchless) has been found in Drosophila
and two (egl-17 and let-756) in C. elegans. Across species, FGF proteins are
highly conserved and share greater than 90% amino acid sequence homology.
To date, four FGFs have been identified in zebrafish (FGF-3, -8, -17, and -18),
six in the clawed toad Xenopus (FGF-3, Fgfi, Fgfii, FGF-8, -9, and -20), and seven
in chicken (FGF-2, -4, -8, -12, -14, -18, and -19).

With regard to functions of FGFs in the CNS, important roles for FGFs have
been discovered in neurogenesis, differentiation, axonal branching and neuron
survival. Moreover, FGFs are important in repair processes following different
types of brain and peripheral nerve lesions and degenerative disorders; and, in
addition, FGFs are involved in cognitive processes, including learning and
memory.

4.13.2
Localization Within the Central Nervous System

Different members of the FGF family are highly expressed during embryonic
development. The expression decreases during postnatal stages. FGF-2 and
FGF-15 are generally expressed throughout the developing CNS, whereas FGF-8
and FGF-17 are tightly localized to specific regions of the developing brain and
are only expressed in the embryo during the early phases of proliferation and
neurogenesis. Moreover, FGF-3, FGF-6 and FGF-7 are more highly expressed in
late embryonic stages than in postnatal stages, suggesting that these members
are involved in the late stages of brain development. In contrast, expression of
FGF-1 and FGF-5 increases postnatally.

In the adult CNS, FGF-1 is found in neurons of the cerebral cortex, the hip-
pocampus, the striatum, the nucleus basalis of Meynert, the magnocellular pre-
optic area, the diagonal bands of Broca, the medial septum, the thalamus, the
hypothalamus, the substantia nigra, the ventral tegmental area, the reticular for-
mation, the locus coeruleus, the lateral geniculate nucleus, the cerebellum, the
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pons, the oculomotor nucleus, in motoneurons and in sensory ganglia of the
brainstem.

FGF-2 mRNA is distributed widely throughout the adult CNS and has been
detected in the olfactory bulb, the cerebral cortex, the hippocampus, the thala-
mus, the substantia nigra, the striatum, the colliculi and the pons. Furthermore,
FGF-2 has been found to be present in motor and sensory nuclei as well as in
the neural and anterior lobes of the pituitary. FGF-2 has been found in glial
cells and it is assumed that FGF-2 is predominantly synthesized by astrocytes.

FGF-5 mRNA reveals a broad distribution in the adult rodent CNS. The olfac-
tory bulb, the hippocampus, the cerebral cortex and the spinal cord display
higher levels of FGF-5 mRNA than the basal ganglia, the cerebellum, the mid-
brain and the hindbrain. In addition, FGF-5 mRNA occurs in several hypothala-
mic nuclei (e.g. the paraventricular nucleus, supraoptic nucleus, arcuate nu-
cleus, median eminence and ventromedial hypothalamic nucleus).

Expression of FGF-8 has been shown by immunohistochemistry in the follow-
ing areas of the adult human and rodent brain: the cortex, the hippocampus,
the thalamus, the substantia nigra, cranial nerve nuclei and Purkinje’s cells of
the cerebellum.

Within the adult brain, FGF-9 mRNA is moderately or weakly expressed in
widespread regions, including the olfactory bulb, the caudate putamen, the cere-
bral cortex, the hippocampus, the thalamus, the hypothalamus, the midbrain,
the brainstem and the cerebellum and in motor neurons of the spinal chord.
FGF-9 mRNA is strongly expressed in different nuclei, including the red nu-
cleus and oculomotor nucleus in the midbrain, the vestibular nucleus and facial
nucleus in the brainstem and in the medial cerebellar nucleus, interposed cere-
bellar nucleus and lateral cerebellar nucleus of the cerebellum. FGF-9 mRNA
was found to be expressed preferentially in neurons but, like FGF-2, FGF-9 has
also been detected in glial cells. For example, FGF-9 has been detected in
GFAP-positive astrocytes in the white matter tracts of the spinal cord and in the
brainstem of adult rats. In addition, FGF-9 has been be detected in CNPase-pos-
itive oligodendrocytes in rat cerebellum and corpus callosum.

FGF-10 mRNA is although expressed in the brain. However, in contrast to the
lung, only low levels of FGF-10 mRNA expression have been found. FGF-10
mRNA showed spatially restricted low expression in some regions of the brain,
including the hippocampus, thalamus, midbrain and brainstem. A somewhat
higher expression level can be found in the motor nuclei, including the oculomotor
nucleus, dorsal motor nucleus of vagus, motor trigeminal nucleus, facial nucleus
and hypoglossal nucleus. The cellular localization of FGF-10 mRNA shows that the
mRNA in the brain is preferentially expressed in neurons but not in glial cells.

FGF-12 and FGF-13 are expressed in the embryonic nervous system, but they
seem also to occur in the adult brain. By Northern hybridization analysis, a pro-
minent expression of FGF-13 in the adult human brain, particularly in the cere-
bellum and cortex, has been demonstrated. However, as in case for many other
members of the FGF-family, data from detailed analyses of the distribution pat-
tern of mRNAs or proteins are not available.
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To mention a few further examples: FGF-18 is transiently expressed at early
postnatal stages in various regions of the rat brain, including the cerebral cortex
and hippocampus, with a preferential expression in neurons. With regard to
FGEF-20, it has been claimed that FGF-20 is expressed in the normal brain, par-
ticularly in the cerebellum and in the substantia nigra pars compacta. Concern-
ing the last member of the FGF-family, FGF-23 mRNA has been examined by
in situ hybridization and found preferentially in the ventrolateral thalamic nu-
cleus.

4133
Biosynthesis and Degradation

With the exception of FGF-16, the chromosomal localization for all human FGF
genes is known. Several human FGF genes are clustered on distinct chromo-
somal regions. For example, genes encoding FGF-3, FGF-4 and FGF-19 are lo-
cated on chromosome 11q13, being separated by only 40 kb and 10 kb, respec-
tively. Furthermore, the FGF-6 and FGF-23 genes are located in a small, 55-kb
fragment of chromosome 12p13. The FGF-17 gene and FGF-20 gene also reside
together on chromosome 8p21-8p22.

For the mouse, localization of 16 FGF genes has been determined, revealing
some similarities to their arrangement on human chromosomes. For example,
the genes encoding FGF-3, FGF-4 and FGF-19 are linked on an 80-kb stretch of
chromosome 7F; and FGF-6 and FGF-23 are on chromosome 6F3-G1.

All known FGF genes consist of three coding exons with exon 1 containing
the start codon. However, some FGF genes, such as FGF-2 and FGF-3, contain
additional 5 untranscribed regions initiating from upstream CUG codons. In
certain FGF subfamilies, exon 1 is subdivided into two or four alternatively
spliced sub-exons (1A-1D for FGF-8), with a single initiation codon residing in
exon 1A. Other family members (e.g. FGF-11 to FGF-14) have alternatively
spliced amino-terminal regions resulting from the usage of alternate 5’ exons.

The different FGFs display a 13-71% amino acid identity. The defining fea-
tures of the family are a high affinity for heparin and heparin-like glycosamino-
glycans (HLGAGs) and a central core that is highly homologous between the
family members.

The majority of FGFs (FGF-3 to FGF-8, FGF-10, FGF-15, FGF-17 to FGF-19
and FGF-21 to FGF-23) possess amino-terminal signal peptides and, therefore,
can be assumed to be readily secreted from cells. However, FGF-1, FGF-2, FGF-
9, FGF-16 and FGF-20 lack conventional signal peptides but, nevertheless, are
secreted into the extracellular space.

An important feature of FGF biology involves the interaction between FGF
and heparin or heparan sulfate proteoglycan. These interactions stabilize FGFs
to thermal denaturation and proteolysis and may severely limit their diffusion
and release into interstitial spaces. FGFs must saturate nearby heparan sulfate-
binding sites before becoming effective for remote tissues, or alternatively must
become mobilized by heparin/heparan sulfate-degrading enzymes. The interac-
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tion between FGFs and heparan sulfate results in the formation of dimers and
higher-order oligomers. Although the biologically active form of FGF is poorly
defined, it has been established that heparin is required for FGFs to effectively
activate the FGF receptors.

4.13.4
Receptors and Signal Transduction

To date, four different subtypes of FGF receptors (FGFR) have been identified.
The affinity of the FGF receptors for their ligands is highly diverse, with differ-
ent affinities for each member of the FGF-family (Table 4.3).

The diversity of FGF receptors beyond the four receptor subtypes is achieved
by the generation of alternative splice variants of the FGF receptor genes. The
protein region with the highest impact on FGF receptor-binding specificity is a
portion of the IgIIl domain for which three different splice variants have been
identified so far, termed Igllla, IgIIIb and Iglllc. While for FGFR1 and for
FGFR2 all three splice variants could be detected, FGFR3 occurs only as the
IGIIIb and IGIIIc variants, and FGFR4 exclusively as the IglIlc variant.

FGFRs contain an extracellular ligand-binding domain, a single transmem-
brane domain and an intracellular tyrosine kinase domain. The ligand-binding
specificity of FGFRs depends on the third extracellular Ig-like domain. Ligand
binding to FGF receptors leads to the formation of a receptor complex consist-
ing of two FGF molecules bound to a receptor, linked by a heparan sulfate pro-
teoglycan molecule, e.g. heparin.

Table 4.3 Receptor binding of FGF family members to the
four FGF receptor subtypes (modified from Ornitz et al.
1996). Code: +=receptor binding, —=no receptor binding,
?=not investigated.

FGFR-1 FGFR-2 FGFR-3 FGFR-4
FGF-1 + + + +
FGEF-2 + + + +
FGF-3 + + - -
FGF-4 + + + +
FGF-5 + + - -
FGF-6 + + - +
FGE-7 - + - -
FGF-8 + + + +
FGF-9 - + + +
FGF-10 - + - -
FGF-11 to FGF-16 ? ? ? >
FGF-17 - + + +
FGF-18 - + + +
FGF-19 to FGF-23 ? > ? ?
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Activation of FGFRs triggers several intracellular signaling cascades. These
cascades include the phosphorylation of src and PLCy, leading finally to activa-
tion of PKC, as well as activation of Crk and Shc.

SNT/FRS2 serves as an alternative link of FGFRs to the activation of PKC
and, in addition, activates the Ras signaling cascade. Ras directly interacts with
and activates Raf, which in turn phosphorylates and activates MEK, which then
phosphorylates and activates the MAP kinases, including ERK1 and ERK2.

In the adult CNS, the different subtypes of FGF receptors have been de-
scribed: FGFR-1, FGFR-2 and FGFR-3 are found to be highly expressed in the
diencephalon and telencephalon and moderately expressed in the mesencepha-
lon and metencephalon, while expression of these FGFRs is relatively low in
the myelencephalon. FGFR-1 is expressed in widespread but specific neuronal
populations in the adult CNS. It is not confined to neurons and has been de-
tected in astrocytes of white matter tracts. In contrast to FGFR-1, which is pre-
dominantly expressed on neurons, FGFR-2 occurs primarily in glial cells, as is
the case for FGFR-3.

The fourth member of the FGF receptors (FGFR-4) is not detectable in adult
CNS.

4135
Biological Effects

FGFs are vital intercellular signaling molecules which regulate numerous pro-
cesses during embryogenesis and organogenesis. FGF signaling is required for
cell proliferation/survival at the time of mouse embryonic implantation. FGFs
regulate the development of the brain, teeth, limbs, lungs, kidneys and many
other organs at the later stages of embryogenesis. FGFs exert diverse effects on
the development and maintenance of neurons, including effects on fate deter-
mination, migration and differentiation, as well as on cell survival. Starting at
the earliest stages of brain development, both FGF-1 and FGF-2 have been
shown to be expressed in distinct expression patterns, with their expression per-
sisting even in the adult CNS.

Proliferation and differentiation

The effects of the FGF family members on neuron differentiation greatly de-
pend on the developmental time-point at which a factor is applied. For example,
it has been shown in vitro that, at an early developmental time-point, FGF-2 is
able to expand the period of dopamine precursor division in conjunction with a
delay in differentiation. The proliferation-stimulating effects of FGF-2 are appar-
ently not restricted to dopaminergic neurons, but have been described for GA-
BAergic neurons as well.

FGF-2 is an important regulator of prenatal, postnatal and adult neurogenesis
which induces proliferation of neural progenitor cells in the hippocampus and
in the subventricular zone. Subcutaneous injection of FGF-2 at P1 increases
[*H]thymidine incorporation by 70% in hippocampal and subventricular zones
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and elicits a two-fold increase in mitotic nuclei in the dentate gyrus and the dor-
solateral subventricular zone, suggesting that FGF-2 penetrates the blood-brain
barrier to regulate adult neurogenesis. Moreover, cultured hippocampal cells
from adult rats are able to proliferate and to generate neurons in defined medi-
um containing FGF-2. These cells have been shown to express various neuronal
and glial markers, like O4, NSE, MAP2, NF150, GAD and calretinin. Two
months after transplantation to the adult rat hippocampus, descendents of these
cells can be found in the dentate gyrus, where they reveal transdifferentiation
into neurons exclusively in the granule cell layer.

Morphogenesis
Besides their effects on proliferation and differentiation of neural precursor
cells, FGFs have been found to affect neuronal morphogenesis. Many growth
factors, like the neurotrophins BDNF and NT-4, have been shown to influence
axon branching. However, one of the most effective regulators of this process is
FGF-2. Within the hippocampus, FGF-2 promotes selectively bifurcation and
growth of axonal branches without affecting the elongation rate of primary ax-
ons, resulting in increased complexity of axonal trees. This accelerated axonal
branch formation in the presence of FGF-2 can be restored to the basal rate fol-
lowing removal of FGF-2, indicating that the action of FGF-2 is reversible and
continuous presence of the factor is required for prolonged effectiveness.
Within the hippocampus, multiple factors enhance branching of axons, but
not dendrites of the same neurons. The most effective factor in axonal branch-
ing has been found to be FGF-2, whereby other factors have been shown to be
less effective.

Learning and memory

A number of studies suggest that FGFs play a role in certain brain functions,
even in the adult brain, especially in processes attributed to learning and mem-
ory.

FGF-1 has been shown to enhance of the magnitude of short-term potentia-
tion and facilitates the generation of long-term potentiation (LTP). Since LIP is
thought to be linked to memory formation and learning, it is speculated that
FGF-1 might play a role in mechanisms underlying learning and memory. Evi-
dence supporting this view came from a study using intracysternal binjections
of FGF-1. L'TP can be induced using subthreshold stimulations in combination
with administration of FGF-1; however, LIP can not be induced using the sub-
threshold stimulations alone.

In addition to FGF-1, FGF-2 seems to be involved in neuronal signaling. In
the dentate gyrus, subthreshold stimulation (20 pulses at 60 Hz) normally fails
to induce LTP; however, after administration of FGF-2, LTP can be induced
using the same protocol.
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Neuroprotection and lesion repair

Considerable evidence suggests that FGFs are potent trophic factors for many
different neuronal populations in vitro and following brain lesions. For example,
it has been shown that FGF-2 decreases glutamate-induced neuronal cell death
in the hypocampus by regulating glutamate receptor subunits, leading to sup-
pression of the 71-kDa NMDA receptor protein (NMDARP-71) but not of the
AMPA /kainate receptor GluR1. Furthermore, FGF-2 potentiates quisqualate-in-
duced inositol phosphate formation in hippocampal cultures from day 1 up to
10 days. This effect can be blocked by addition of the AMPA/kainate receptor
antagonist 6,7-dinitro-quinoline-2,3-dione (DNQX), suggesting an involvement
of an AMPA/kainate receptor subtype distinct from GluR1. FGF-2 can also pro-
mote the survival of septal cholinergic and non-cholinergic neurons following
fimbria-fornix transection. However, effects of FGF-2 on cholinergic neuron sur-
vival seem to be indirect, involving stimulation and expansion of glial cells as a
source for “secondary” survival factors. Another neuron population for which
FGF-2 can act as a trophic factor is represented by the mesencephalic dopamin-
ergic neurons. Survival of dopaminergic neurons in cultures from embryonic
midbrain exposed either to the neurotoxic substance 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or to its active form, the methyl pyridinium ion
(MPP"), was significantly augmented by treatment with FGF-2.

A prominent feature of FGF is the mediation of neuroprotective effects. As in-
dicated above for cholinergic neurons of the hippocampus and for dopaminergic
nigrostriatal neurons, FGF-2 is also able to prevent neuronal death after fiber
transection or chemical injury. In accordance with these findings, endogenous
FGF has been found to be greatly upregulated after lesioning, e.g. following cor-
tical lesions. Interestingly, it has been shown that FGF-2-mediated repair pro-
cesses can also improve behavioral scores of mice after lesioning, indicating a
prominent role of FGF-2 in brain repair.

Ischemic insult results in the destruction of distinct brain regions, depending
on the type of vascular occlusion applied. Ischemia has been shown to cause
rapid neuronal cell death, which can be overcome by neuroprotective growth
factors, including FGF-1, FGF-2 and FGF-7. Thus, systemic administration of
FGF-2 can ameliorate acute focal ischemic injury in the cerebral cortex without
increasing blood flow following occlusion of the middle cerebral artery (MCAO).
Moreover, FGF-2 knockout mice have an enlarged infarct size after MCAO.

The mechanisms underlying the neuroprotective capacity of the FGFs are still
enigmatic. It has been speculated that the neuroprotective effects of FGF-2 re-
sults, in part, from a prevention of attenuation of oxidative damage, possibly by
suppressing oxidative impairment of synaptic transporter functions.

4.13.6
Neurological Disorders and Neurodegenerative Diseases

Whether FGF-2 has anticonvulsant or proconvulsant properties is still a matter of
debate. FGF-2 does not induce major anticonvulsive effects when administered
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prior to or after kainic acid induced seizures. However, FGF-2 has been found to
induce seizures on its own after unilateral injection into the dentate gyrus.

In contrast, exogenous application of FGF-1 decreases convulsions in the kai-
nate model, indicating that FGF-1 may have anticonvulsant properties. In addi-
tion, it prevents cell loss in the hippocampus, indicating that FGF-1 has a sub-
stantial neuroprotective effect in the kainate model.

Further Reading

Abraham, J.A., Mergia, A., Whang, J.L., Tumolo, A., Friedman, J., Hjerrild, K. A., Gospodar-
owicz, D., Fiddes, J.C. (1986): Nucleotide sequence of a bovine clone encoding the angio-
genic protein, basic fibroblast growth factor. Science 233: 545-548.

Asai, T., Wanaka, A., Kato, H., Masana, Y., Seo, M., Tohyama, M. (1993): Differential expres-
sion of two members of FGF receptor gene family, FGFR-1 and FGFR-2 mRNA, in the
adult rat central nervous system. Brain Res. Mol. Brain Res. 17: 174-178.

Bean, A.]., Elde, R., Cao, Y.H., Oellig, C., Tamminga, C., Goldstein, M., Pettersson, R.F.,
Hokfelt, T. (1991): Expression of acidic and basic fibroblast growth factors in the substantia
nigra of rat, monkey, and human. Proc. Natl Acad. Sci. USA 88: 10237-10241.

Ernfors, P., Lonnerberg, P., Ayer-LeLievre, C., Persson, H. (1990): Developmental and region-
al expression of basic fibroblast growth factor mRNA in the rat central nervous system.
J. Neurosci. Res. 27: 10-15.

Gomez-Pinilla, F., Cotman, C.W. (1993): Distribution of fibroblast growth factor 5 mRNA in
the rat brain: an in situ hybridization study. Brain Res. 606: 79-86.

Grothe, C., Janet, T. (1995): Expression of FGF-2 and FGF receptor type 1 in the adult rat
brainstem: effect of colchicine. J. Comp. Neurol. 353: 18-24.

Ishihara, A., Saito, H., Nishiyama, N. (1992): Basic fibroblast growth factor ameliorates learn-
ing deficits in basal forebrain-lesioned mice. Jpn J. Pharmacol. 59: 7-13.

Johnson, D.E., Lee, P.L., Lu, J., Williams, L.T. (1990): Diverse forms of a receptor for acidic
and basic fibroblast growth factors. Mol. Cell Biol. 10: 4728-4736.

Johnson, D.E., Williams, L.T. (1993): Structural and functional diversity in the FGF receptor
multigene family. Adv. Cancer Res. 60: 1-41.

Kiprianova, I., Schindowski, K., von Bohlen und Halbach, O., Krause, S., Dono, R., Schwa-
ninger, M., Unsicker, K. (2004): Enlarged infract volume and loss of BDNF mRNA induc-
tion following brain ischemia in mice lacking FGF-2. Exp. Neurology 189: 252-260

Lee, P.L., Johnson, D.E., Cousens, L.S., Fried, V.A., Williams, L.T. (1989): Purification and
complementary DNA cloning of a receptor for basic fibroblast growth factor. Science 245:
57-60.

Miyakawa, K., Hatsuzawa, K., Kurokawa, T., Asada, M., Kuroiwa, T., Imamura, T. (1999): A
hydrophobic region locating at the center of fibroblast growth factor-9 is crucial for its se-
cretion. J. Biol. Chem. 274: 29352-29357.

Nakamura, S., Todo, T., Motoi, Y., Haga, S., Aizawa, T., Ueki, A., Ikeda, K. (1999): Glial ex-
pression of fibroblast growth factor-9 in rat central nervous system. Glia 28: 53-65.

Nishimura, T., Nakatake, Y., Konishi, M., Itoh, N. (2000): Identification of a novel FGF, FGF-
21, preferentially expressed in the liver. Biochim. Biophys. Acta 1492: 203-206.

Ornitz, D.M., Xu, J., Colvin, J.S., McEwen, D.G., MacArthur, C.A., Coulier, F., Gao, G.,
Goldfarb, M. (1996): Receptor specificity of the fibroblast growth factor family. J. Biol.
Chem. 271: 15292-15297.

Ornitz, D.M., Itoh, N. (2001): Fibroblast growth factors. Genome Biol. 2: 3005.1-3005.12.

Powers, C.J., McLeskey, S.W., Wellstein, A. (2000): Fibroblast growth factors, their receptors
and signaling. Endocr. Rel. Cancer 7: 165-197.

Raffioni, S., Thomas, D., Foehr, E.D., Thompson, L.M., Bradshaw, R.A. (1999): Comparison
of the intracellular signaling responses by three chimeric fibroblast growth factor receptors
in PC12 cells. Proc. Natl Acad. Sci. USA 96: 7178-7183.



4.14 Galanin

Reuss, B., von Bohlen und Halbach, O. (2003): Fibroblast growth factors and their receptors
in the central nervous system. Cell Tissue Res. 313: 139-157.

Riva, M.A., Gale, K., Mocchetti, I. (1992): Basic fibroblast growth factor mRNA increases in
specific brain regions following convulsive seizures. Brain Res. Mol. Brain Res. 15: 311-318.

Vainikka, S., Partanen, J., Bellosta, P., Coulier, F., Birnbaum, D., Basilico, C., Jaye, M., Alita-
lo, K. (1992): Fibroblast growth factor receptor-4 shows novel features in genomic structure,
ligand binding and signal transduction. EMBO J. 11: 4273-4280.

Wilcox, B.J., Unnerstall, J.R. (1991): Expression of acidic fibroblast growth factor mRNA in
the developing and adult rat brain. Neuron 6: 397-409.

414
Galanin

4.14.1
General Aspects and History

In 1983, Mutt and coworkers discovered the neuropeptide galanin. Galanin and
galanin message-associated peptide (GMAP) are the two established biologically
active fragments of the galanin precursor molecule.

In most mammals, the galanin sequence consists of 29 amino acids and is
amidated at the carboxyl terminus. In humans, galanin consists of 30 amino
acids and is not amidated at the carboxyl terminus.

Galanin is a phylogenetically old peptide which is also found in invertebrates.
The amino-terminal sequence of galanin (1-13) is highly homologous among
all species, while the carboxyl terminus varies considerably, indicating the exis-
tence of species-specific isoforms of galanin.

4.14.2
Localization Within the Central Nervous System

Galanin-containing cells have been found in the gut as well as in the central
nervous system. A high density of galanin-containing neurons is present in
some brain areas. For example, galanin-containing neurons are found in signifi-
cant numbers in the septum and the hypothalamus and have also been detected
in the amygdala, the prefrontal cortex and in some thalamic nuclei. Within the
brain stem, galanin-containing neurons are found in the nucleus of the tractus
solitarius, the locus coeruleus and in some raphe nuclei (Fig. 4.24).

4143
Biosynthesis and Degradation

A single gene consisting of six exons encodes the galanin precursor preprogala-
nin, which has a length of 123-124 amino acids (Fig. 4.25).

Different species-specific forms of galanin have been described; and differen-
tial cleavage gives rise to different short forms: galanin 1-19 when cleaved from

229



230| 4 Neuromodulators

L]
Fig. 4.24 Schematic drawing of the nucleus of the hypothalamus; NTS=nucleus
distribution of galanin-containing neurons in of the tractus solitarius; PAG = periaqueductal
the brain of rats. Abbreviations: AD=antero- gray; PVA=paraventricular nucleus of the
dorsal nucleus of the thalamus; thalamus; PVN=paraventricular nucleus of
ARC=arcuate nucleus; BDB=diagonal band the hypothalamus; DR=dorsal raphe;
of Broca; BM =basomedial nucleus of the RV=ventral raphe; SM=medial septum;
amygdala; Ce=central nucleus of the SC=spinal cord (dorsal horn);
amygdala; Cx=cortex; DMH=dorso-medial SN =substantia nigra; SR=substantia
nucleus of the hypothalamus; GD=gyrus reticularis; TMN =tuberomammillary nucleus;
dentatus; GP=globus pallidus; Hl=hippocam- TO=tractus opticus; VMH =ventromedial
pus; LC=locus coeruleus; SON =supraoptic nucleus of the hypothalamus.

Signal
peptide

1 33 61 123

Fig. 4.25 Preprogalanin. Galanin is synthesized from the
precursor preprogalanin. In addition, the galanin message-
associated peptide (GMAP) and the pregalanin message-
associated peptide PGMP are processed from this precursor.

the carboxy-terminal region and galanin 5-29 following cleavage at a more ami-
no-terminal portion.

The enzymatic steps necessary for the biosynthesis and degradation of gala-
nin are largely unknown. However, by using galanin as a substrate, a mem-
brane-bound galanin-inactivating metallo-peptidase from bovine spinal cord
could be purified (Jureus and coworkers 1998). This enzyme constitutes a novel
70-kDa, Zn**-dependent metallo-peptidase.

Galanin seems to exhibit sexual dimorphism, since females express galanin
at higher concentrations, suggesting that steroids modulate the synthesis of ga-
lanin. This idea is supported by the finding that administration of estrogen spe-
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cifically elevates the galanin concentrations in some cells of the anterior pitui-
tary and in neurons of the median eminence.

4.14.4
Receptors and Signal Transduction

Specific galanin-binding receptors seem to belong to the superfamily of G pro-
tein-coupled receptors: thus, they can activate or inhibit adenylate cyclase or
phospholipase C.

The galanin receptors in the central nervous system display high affinities for
the amino-terminal sequence of galanin. The fragments Gal (1-19) or Gal (1-
16) are also capable of reproducing some of the effects induced by the complete
galanin molecule. Among these effects, the stimulation of the secretion of
growth hormones, inhibition of acetylcholine release in the hippocampus and
the stimulation of food intake are the most prominent features. These findings
have permitted the development of several galanin-specific antagonists, which
include chimeric peptides with an amino-terminal sequence of galanin (1-13)
and variable carboxy-terminal fragments. For example, the chimeric compound
M15 [Galanin (1-13)-substance P (5-11)] is an antagonist which inhibits gala-
nin-induced central or peripheral effects.

Moreover, an endogenous galanin-like peptide (GALP, a 60-amino-acid pep-
tide) which shares sequence homology with galanin and competes with galanin
at GAL2 receptor sites, was isolated from the hypothalamus. The biosynthesis
of this neuroactive substance is largely unknown, but it seems to be regulated
by leptins.

A total of three G protein-coupled receptor (GPCR) subtypes for galanin have
been identified and cloned from rat, mouse and human.

A stretch of about 83 amino acids is conserved in all three rat galanin recep-
tor subtypes, yielding a shared amino acid homology of 23%. The galanin recep-
tor proteins show a striking degree of similarity (30-38%) with the somatostatin
sst 4 and sst 5 receptor subtypes and with the ORL1 (nociceptin) receptor.

Galanin-like immunoreactivity, binding assays and autoradiography for the re-
ceptor subtypes GAL1, GAL2 and GAL3, as well as in situ hybridization, reveal
that the receptors are widely distributed in the central and peripheral nervous
systems of mammals.

In 2004, a novel G protein-coupled receptor with homology to galanin recep-
tors was cloned and characterized. This new receptor was named the galanin
receptor-like receptor (GalRL). The genes of GalRL are localized to chromosome
5932 in humans and to chromosome 18B3 in mice. GalRL is expressed in the
CNS, with a distinct localization in the habenular complex. The ligand of that
receptor is unknown; however, since a weak activation of GalRL by galanin has
been observed, it is suggested that the endogenous ligand shares structural fea-
tures with galanin.
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GALT1 receptors

The first galanin receptor GAL1 was isolated from human tissues. The human
GAL1 receptor contains 349 amino acids, with structural features of a G pro-
tein-coupled receptor. Amino acid similarities (conserved amino acid exchanges
are enclosed) are found with the human GAL2 receptor (42%) and with the hu-
man GAL3 receptor (38%). The rat GAL1 receptor has a putative length of 346
amino acids and a homology of about 92% with the human GAL1 receptor. The
human and rat GAL1 share the same consensus sites for N-linked glycosylation
and for intracellular phosphorylation, with the exception of two additional phos-
phorylation sites in the human GAL1 carboxy-terminal domain. The gene which
encodes for the human GAL-1 receptor is located on human chromosome 18q23.

The activation of GALI receptors reduces the concentration of cAMP, opens
G protein-coupled inwardly rectifying K channels and stimulates MAP kinase
activity in a manner that is sensitive to pertussis toxin. This is consistent with a
coupling to G,-type G proteins.

In the central nervous system, the distribution of GAL1 mRNA, as evidenced
by in situ hybridization, is in accord with galanin expression sites. GAL-1
mRNA has been found in the hippocampus, amygdala, thalamus, hypothala-
mus, brain stem (for example in the locus coeruleus and in the parabrachial
nucleus) and spinal cord (dorsal horn).

GAL2 receptors

The cloned human GAL2 receptor consists of 387 amino acids, having 15 ami-
no acids more than the rat GAL2 receptor. The gene which encodes the human
GAL2 receptor is located on chromosome 17.

Activation of GAL2 receptors elicits multiple intracellular reactions involving
phospholipase C, intracellular Ca®* mobilization and Ca**-dependent CI~ chan-
nel activation.

The GAL2 receptor belongs to the superfamily of G protein-coupled receptors,
but it is not clear whether the receptor is coupled to G proteins of the G4 type
or the G, type.

Unlike the mRNA of the GAL1 receptor, the mRNA encoding the rat GAL2
receptor is widely distributed throughout the body, including the brain (with the
highest levels found in the hypothalamus, hippocampus, amygdala and cortex).

GAL3 receptors
A third cloned galanin receptor subtype is the GAL3 receptor. The cDNA of the
rat GAL3 receptor encodes a protein of 370 residues, with an amino acid simi-
larity to rat GAL1 receptor of 36% and to rat GAL2 receptor of 55%. The hu-
man GAL3 has a putative length of 368 of about 90% to the amino acid
sequence of the rat GAL3 receptor. The gene which encodes the human GAL3
receptor is located on chromosome22. Activation of the GAL3 receptors stimu-
lates G proteins of the Gj, type.

The GAL3 receptor is found in different regions of the central nervous sys-
tem, including the olfactory bulb, the cerebral cortex, the caudate-putamen, the
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hypothalamus, the medulla oblongata, the cerebellum, the spinal cord and the
pituitary.

4.14.5
Biological Effects

The physiological and behavioral effects of galanin include release of pituitary
hormones, gastrointestinal and cardiovascular effects. Galanin is up-regulated
following neuronal injury and exhibits inhibitory effects on neuronal firing and
neurotransmitter release as well as on pain transmission and on learning and
memory.

The administration of galanin in vivo modifies endocrine functions, with ef-
fects on the secretion of pituitary modulators. Immuno-neutralization of endog-
enous central nervous galanin revealed that galanin tonically stimulates the se-
cretion of growth hormone and prolactin, exerts a tonic inhibition of ACTH and
thyreotropic hormone (TH) and stimulates the secretion of luteinising hormone
(LH).

In the hypothalamus, galanin is involved in the release of serotonin and the
secretion of growth hormone-releasing hormone (GHRH). It also inhibits the
release of the neurotransmitters norepinephrine, dopamine and histamine.

Galanin is co-expressed in a subset of gonadotropin-releasing hormone
(GnRH) and growth hormone-releasing hormone (GHRH) neurons in the brain
and has an important role in the neuroendocrine regulation of gonadotropin
and growth hormone secretion. Galanin may act as a regulator of gonadotropin-
releasing hormone (GnRH) neurons, since it may co-release with GnRH and
acts presynaptically on GnRH neurons, potentiating the GnRH-induced secre-
tion of LH. Thus, galanin may coordinate GnRH release in a pulsative fashion.
In the absence of galanin, GnRH is released in a continuous manner, which is
ineffective in evoking the LH surge.

Galanin-mediated effects on the release of acetylcholine can be demonstrated
in the cerebral cortex and in the ventral hippocampus where they include a de-
crease in basal acetylcholine release. Furthermore, galanin infusion into the
ventral hippocampus has been shown to impair the acquisition of spatial learn-
ing. This observation, coupled with the demonstration that galanin inhibits the
release of acetylcholine, has led to speculation that a pharmacologically applied
galanin receptor antagonist might enhance cognitive behavior. Along this line,
galanin transgenic mice (overexpressing endogenous galanin) show deficits in
hippocampus-dependent learning such as the Morris water maze task.

Galanin stimulates food intake in rats. This positive effect on appetite was
achieved after injection of galanin into the ventricles, the paraventricular nu-
cleus of the hypothalamus or the amygdala of rats.

Galanin also has nociceptive properties. In response to nociceptive stimuli, in-
trathecally applied galanin facilitates nociceptive reflexes at a low dose, but in-
hibits them at a high dose. The facilitatory action is blocked by galanin antago-
nists.
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4.14.6
Neurological Disorders and Neurodegenerative Diseases

Overexpression of galanin has been found to modulate seizures, anxiety-related
behavior, depression-related and sexual-related behavior, as well as feeding.

A study by Mazarati and coworkers (2000) indicates that hippocampal galanin
acts as an endogenous anticonvulsant, suggesting that genetically induced
changes in galanin expression modulate hippocampal excitability and predis-
pose to epileptic seizures. Moreover, it has been shown that galanin acts as an
endogenous neuroprotective factor in the hippocampus, implying that galanin
agonists might have therapeutic uses in some forms of brain injury.

Furthermore, galanin-expressing neurons are substrates of structural changes
in Alzheimer’s disease. In this condition, galanin-containing neuronal projec-
tions exhibit hyperinnervation of acetylcholine-containing neurons of the basal
forebrain. A selective increase in the concentration of galanin in the basal nu-
cleus of Meynert has also been demonstrated. This increase is due to an en-
hanced generation of galaninergic terminals in this brain area. It has been
found that galanin and GAL receptors are overexpressed in limbic brain regions
associated with cognition in Alzheimer’s disease. However, the functional conse-
quences of this overexpression are unclear. Since it has been shown that galanin
can act as a neuroprotective factor in the hippocampus, it might be possible that
increased galanin production might act as a neuroprotective peptide in Alzhei-
mer’s disease (Counts et al. 2003).
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4.15
Ghrelin

4.15.1
General Aspects and History

Ghrelin was initially identified in the stomach. The first recognized effect of
ghrelin, however, was its impact upon growth hormone release directly from
the pituitary as well as through a hypothalamic action. The strong GH-releasing
activity of ghrelin is mediated by the activation of the so-called GH secretagogue
(GHS) receptor type 1a (GHS-R 1a). Before the discovery of ghrelin, this orphan
receptor had been shown to be specific for a family of peptidyl, nonpeptidyl and
synthetic GHS. These GHS receptors are concentrated in the hypothalamus—pi-
tuitary axis, but can also be found in some other central and peripheral tissues.
Aside from mammals, ghrelin has been detected in a variety of species, includ-
ing birds, amphibians and fishes.
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4.15.2
Localization Within the Central Nervous System

Ghrelin-expressing cells are found within the CNS. Some ghrelin-positive cells
have been detected in the nucleus arcuatus of the hypothalamus and in a dis-
tinct group of neurons located close to the third ventricle.

However, the location of these few ghrelin-positive neurons identified by im-
munohistochemistry was not confirmed by real-time polymerase chain reaction
(RT-PCR). By RT-PCR, no detectable levels of ghrelin were found in the cerebral
cortex or hypothalamus of rhesus monkey (Katakami et al. 2004). Therefore, it
cannot be ruled out that ghrelin found in the hypothalamus may possibly derive
from the periphery. This assumption is based on the fact that acylated ghrelin
crosses the blood-brain barrier in both directions using a saturable transport
system that requires the presence of the unique octanoyl residue of the ghrelin
molecule. In contrast, desacyl-ghrelin crosses the blood-brain barrier by nonsa-
turable passive mechanisms and — once within the central nervous system — it
is retained within the brain (Banks et al. 2002).

4.15.3
Biosynthesis and Degradation

Ghrelin is a motilin-related, growth hormone-releasing and orexigenic peptide
that was originally isolated from the stomach by Kojima and colleagues (1999).
The ghrelin peptide is a 28-amino-acid protein with a fatty-chain modification
on the amino-terminal third amino acid, which seems to be important for some
but not all of its biological functions (Fig.4.26). Ghrelin (molecular weight:
3314) displays a high degree of homology in various mammals. Ghrelin is de-
rived from a 117-amino-acid precursor peptide, named preproghrelin.

The strong GH-releasing activity of ghrelin is mediated by the activation of
the growth hormone secretagogue (GHS) receptor type la (GHS-R1a). Interest-
ingly, ghrelin mainly circulates as des-octanoyl ghrelin (i.e. without an esterifica-
tion of Ser3), a form of the protein that is unable to stimulate GHS-R1a. This
non-acylated ghrelin, which is present in human serum in far greater quantities
than acylated ghrelin, seems to be devoid of any endocrine action, with the ex-
ception of some non-endocrine actions, including cardiovascular and antiproli-
ferative effects that are probably due to an interaction with different GHS-R
subtypes or receptor families (van der Lely et al. 2004).

Shortly after the identification of ghrelin, a further protein was isolated and
named des-GInl4-ghrelin. This protein is a 27-amino-acid protein with a se-
quence similar to that of ghrelin. The only difference is that it lacks Gln in po-
sition 14. Similar to ghrelin, this molecule also requires the n-octanoylation of
Ser3 for its biological activity. These two peptides, ghrelin and des-Gln14-ghre-
lin, are derived from a single gene which produces two alternative, distinct
mRNAs. des-Glnl4-ghrelin, like ghrelin, is an endogenous ligand for GHS-R 1a
and it seems to possess the same biological activities as ghrelin. However, des-
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n-octanoyl group (C 8:0)

Fig. 4.26 Structure of the human 28-amino-acid ghrelin, in
which Ser3 is modified by a fatty acid, primarily n-octanoic
acid. This modification is essential for the activity of ghrelin.

Gln14-ghrelin seems to be present only in low amounts in the stomach. In
2003, several other ghrelin-derived molecules were identified which can be clas-
sified into four different groups by the type of acylation observed at the serine-3
position: non-acylated, octanoylated (C8:0), decanoylated (C10:0) and possibly
decenoylated (C10:1). All peptides found were either 27 or 28 amino acids in
length. The 27-amino-acid isoforms lack the carboxy-terminal Arg28 and are de-
rived from the same ghrelin precursor through alternative processing.

Interestingly, the motilin-related peptides have been found to display the
same amino acid sequence as ghrelin. Based on structural and effect-related
similarities, motilin and ghrelin are considered to represent a novel peptide
superfamily that may have evolved from a common ancestral gene.

4.15.4
Receptors and Signal Transduction

Some, but not all biological effects of ghrelin, are mediated by activation of the
growth hormone secretagogue (GHS) receptor (GHS-R). GHS-R is expressed by
a single gene found on the human chromosome 3 (q26.2). Two types of GHS-R
cDNAs exist, which are presumably the result of an alternate processing of a
pre-mRNA. The two types have been designated as receptor la and 1b. In this
context it is important to note that, unlike GHS-R 1a, GHS-R 1b seems not to
be activated by ghrelin and its functional role is unknown.

The binding of ghrelin to GHS-R 1a activates the phospholipase C signaling
pathway, thereby leading to an increased inositol phosphate turnover and pro-
tein kinase C activation, followed by the release of Ca** from intracellular stores.
GHS-R activation also leads to an inhibition of K* channels, allowing the entry
of calcium through voltage-gated L-type channels.

Since several effects of ghrelin can not be explained by an interaction of ghre-
lin with GHS-R 1a, it is suggestive that a group of receptors exists which are
capable of binding ghrelin. In addition, the motilin receptor is also a member
of the GHS-R family. However, unlike ghrelin, acylation of motilin is not
needed for activation of its receptor. A further important feature is that prepro-
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motilin, which is also produced by the enteroendocrine cells of the stomach, is
almost identical with human preproghrelin, except for the serine-26 residue that
is not octanoylated in the prepromotilin-related peptides. In contrast to ghrelin
and its receptor, motilin and motilin receptors have been characterized in dogs
and humans, but rodents seem not to possess motilin receptors.

The expression of GHS-R 1la within the central nervous system is mainly re-
stricted to the hypothalamus (arcuate nucleus) and anterior pituitary gland.
GHS-R 1a mRNA was also demonstrated in various extrahypothalamic areas,
such as the hippocampus, including areas CA2-CA3 and the dentate gyrus.
Moreover, GHS-R 1a mRNA was detected in the substantia nigra pars compac-
ta, the ventral tegmental area, the dorsal and medial raphe nuclei, as well as in
the pons and the medulla oblongata. Aside from this, GHS receptors are also
expressed by neurons of the gut and stomach and in peripheral organs, includ-
ing the adrenal, thyroid, spleen, pancreas, myocard and ovary.

4.15.5
Biological Effects

It has been reported that ghrelin stimulates prolactin, arginine-vasopressin and,
to a lesser extent, corticotropin-releasing hormone release. Ghrelin possesses a
strong and dose-related GH-releasing activity whereby the most potent GH-re-
leasing activity was found in humans as compared to several other mammalian
species. There is also evidence that ghrelin can act as a functional somatostatin
antagonist in the pituitary and within the hypothalamus.

Aside from the known effect of ghrelin upon the release of growth hormone,
ghrelin was found to stimulate appetite via the secretion of the hypothalamic
hypocretinergic (oxigeneric) hormones, such as neuropeptide Y (NPY) and orex-
in and the inhibition of pro-opiomelanocortin/alpha-melanocyte-stimulating hor-
mone. However, the source of ghrelin in this context is largely enigmatic, since
it is still not clear whether circulating ghrelin reaches the hypothalamus or
whether it is produced by specific neurons in the hypothalamus. Nevertheless,
ghrelin is an important neuromodulator affecting food intake. Ghrelin adminis-
tration in rodents causes weight gain. The effects of ghrelin in this context are
surprisingly fast, since changes in body weight induced by ghrelin administra-
tion become significant in rodents after no more than 48 h. This effect is dose-
dependent and central administration is more effective than peripheral adminis-
tration, suggesting a central mechanism of action.

Besides regulating food intake, it has been shown that ghrelin also affects an-
xiety-like behavior in mice. Intracerebroventricular and intraperitoneal adminis-
tration of ghrelin induces anxiogenic activities, wherby administration of a CRH
receptor antagonist inhibits the ghrelin-induced anxiogenic effects.
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4.15.6
Neurological Disorders and Neurodegenerative Diseases

It has been shown that ghrelin increases ACTH-release. The stimulatory effect
of ghrelin in this context is augmented and higher than that of human CRH in
patients with pituitary ACTH-dependent Cushing’s disease, a fact which may re-
flect a direct action of ghrelin on pituitary ACTH-secreting tumor cells.
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4.16
Gonadotropin-releasing hormone

4.16.1
General Aspects and History

Gonadotropin-releasing hormone (GnRH) is also known as gonadoliberin or lu-
teinizing hormone-releasing hormone (LHRH). This substance was isolated and
characterized in 1971 by two groups (the group of Schally and the group of
Amos). This neuropeptide is composed of ten amino acids (sequence: pGlu-His-
Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,).

In mammals, only one form of GnRH is found, but different forms of GnRH
have been found in the brain of non-mammalian vertebrates (nine forms),
which vary in their composition by one or more amino acids.

GnRH is not only produced in neuronal tissues of the central nervous sys-
tem, but also in some peripheral tissues, including the gonads, the placenta,
the pancreas and some other tissues.

The best known function of GnRH is the stimulator effect on the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pi-
tuitary gland in a pulsative fashion.

The maturation of the GnRH precursor leads to the synthesis not only of
GnRH, but also of a 56-residue GnRH-associated peptide (GAP). This peptide is
also a neuroactive substance, since it has been shown, for example, to inhibit
prolactin secretion. The inhibition of prolactin secretion appears to be the pri-
mary action of GAP and, therefore, this peptide is also termed the prolactin se-
cretion-inhibiting factor.

4.16.2
Localization Within the Central Nervous System

The highest immunoreactivity for GnRH is found in the basomedial hypothala-
mus and in the arcuate nucleus of the hypothalamus.

In addition, GnRH-expressing cells have been found in other areas, such as
the diagonal band of Broca, the preoptic area, the periventricular nucleus of the
hypothalamus, the anterior hypothalamic area, the olfactory bulbus, the stria ter-
minalis, the cortical nucleus of the amygdala, the medial nucleus of the amyg-
dala and the hippocampus.

Most of the hypothalamic GnRH neurons project to the eminentia mediana.
In addition, GnRH neurons from the preoptic area are also known to innervate
the organum vasculosum of the lamina terminalis (OVLI). Furthermore,
GnRH-carrying terminals have been found in the stria terminalis, the amygdala
and in the ventral tegmental area.
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4.16.3
Biosynthesis and Degradation

The GnRH gene is composed of four exons. The first exon contains the 5" un-
translated region and the second codes for the signal peptide, the GnRH pep-
tide, an enzymatic amidation site and the precursor-processing site. In addition,
this exon codes for the amino-terminal amino acids of the 56-amino-acid
GnRH-associated peptide (GAP). The third exon codes for the next 32 amino
acids of the GAP peptide. The fourth exon codes the last 13 amino acid of
GAP, the termination codon and the 3’ untranslated region.

The precursor of GnRH has a molecular mass of 10 kDa. The human GnRH
precursor gene encodes a 92-residue polypeptide chain consisting of a signal
peptide, the gonadotropin-releasing hormone (GnRH) and the 56-residue
GnRH-associated peptide (GAP; Fig. 4.27). A dibasic recognition sequence for a
subtilisin-type protease separates GnRH and GAP in the precursor to facilitate
posttranslational cleavage.

GnRH and GAP are the main products of the maturation of the precursor.
Beside these two substances, different intermediate forms were generated, like
(Gln) or (pGlu)GnRH-(1-13) and (1-12), (pGlu)GnRH-(1-11), GAP(1-32),
GAP(34-56), GAP(1-36) and GAP(38-56). The GAP is present in GnRH-con-
taining neurons of the rat brain and it coexists with GnRH in secretory gran-
ules of nerve terminals in the median eminence.

GnRH is secreted from the neurons in a pulsative manner. This pulsative se-
cretion can then induce a pulsative release of LH. The pulsative release of

S—— T —

[ GAP (1-32) | | GAP (34-56) |

l | GAP(1-35) | | GAP(38:56)

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,

Fig. 4.27 The GnRH-precursor is not only the precursor
of GnRH, but also for of a couple of other peptides, which
belong to the gonadotropin-associated peptide family

(see text).
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GnRH can be influenced by steroids, neuropeptides and neurotransmitters.
Hormones play a crucial role in GnRH expression and secretion. Glucocorticoid
repression of GnRH transcription has been localized to the GnRH promoter.

There is physiological evidence that GnRH itself has a role in tonic inhibition
or modulation of GnRH function by short feedback mechanisms. Ultrastructur-
al studies, for example, have revealed GnRH synapses on GnRH neurons and
their processes.

The blockage of the carboxy-terminal and the amino-terminal region of
GnRH by pGlu and CONH, prevents degradation by exopeptidases. However,
GnRH can be degraded by endopeptidases. Among the peptidases which are
capable of degrading GnRH are pyroglutamate aminopeptidase and the post-
proline-cleavage enzyme (PPCE).

4.16.4
Receptors and Signal Transduction

A single receptor type, with a molecular mass of 60 kDa, has been identified in
the anterior pituitary, the amygdala and the hippocampus, as well as in lympho-
cytes.

In some other tissues, in addition to the first receptor, a second type of
GnRH receptor has been identified, which has a molecular mass of 136 kDa. It
is assumed that this receptor exists as a multiunit complex.

In gonadotroph cells of the pituitary, binding of GnRH to its receptor initiates
the opening of the calcium channel and thus initiates Ca** influx. This calcium
than interacts with intracellular calmodulin.

The absence of calcium or the prevention of calcium entry into the cell pre-
vents the binding of GnRH to its receptor from inducing any biological effects.
Therefore, calcium is necessary as a second messenger in GnRH signaling.

The interactions of GnRH with its receptor are accompanied by the formation
of phosphoinositol and diacylglycerol (by the activity of phospholipase C). Phos-
phoinositol leads to the mobilization of intracellular calcium, whereas diacylgly-
cerol acts as an activator of proteinkinase C.

GnRH can regulate its own receptors, which are initially downregulated by
continuously administration of GnRH, followed by recovery and up-regulation.
This autoregulation seems to depend on calcium.

4.16.5
Biological Effects

Gonadotropin-releasing hormone exerts most of its biological functions by act-
ing within the anterior pituitary. GnRH is expressed in specific hypothalamic
neurons and secreted into the hypophyseal portal venous circulation in a pulsa-
tive manner. The secreted hormone travels to the anterior pituitary, where it
binds to GnRH receptors on the pituitary gonadotrope. Occupation of these re-
ceptors activates signal transduction cascades, finally causing the release of the
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gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone
(FSH). LH and FSH play a role in gonadal maturation, onset of puberty and
ovulation. Changes in GnRH pulse frequency and amplitude regulate gonado-
tropin release; and GnRH is regulated at the level of transcription, translation
and secretion to produce these physiological effects.

The release of LH and FSH is nearly completely dependent upon the pulsa-
tive release of GnRH. A continuous infusion of GnRH, for example, suppresses
the secretion of LH or FSH.

The innate pulsative secretory pattern of the GnRH pulse generator network
in the hypothalamus is under the control of two hypothalamic neuropeptides,
NPY and galanin. Furthermore, GnRH can modulate its own release by an ul-
trashort loop feedback mechanism (autoregulation), but the pulsatory secretion
seems also to depend on further internal factors (e.g. emotions) as well as exter-
nal factors (e.g. light).

Since GnRH controls the release of LH from the pituitary, it has been hy-
pothesized that LH can also control GnRH production by a short feedback loop.

The additional neuroactive product of the precursor pre-GnRH, namely GAP,
seems to influence the secretion of gonadotropins by a mechanism, which is in-
dependent from the activation of GnRH receptors.

The presence of GnRH in neurons outside the hypothalamic-hypophysial sys-
tem indicates that GnRH plays a role as a neuromodulator. However, only a lit-
tle experimental evidence on this matter exists. In behavioral studies, it has
been demonstrated that GnRH induces mating behavior in different species.
Since gonadotropins alone are unable to induce this behavior, it is likely that
this GnRH-induced behavior is a direct effect.

4.16.6
Neurological Disorders and Neurodegenerative Diseases

Gonadotropins alone have no effect on mating behavior, but GnRH can induce
this behavior, even in hypophysectomized animals. GnRH seems to be able to
coordinate behavior involved in reproduction in both females and males. Thus,
GnRH agonists and antagonists can be used in a variety of clinical conditions
involving reproduction. A significant involvement in neurological disorders or
neurodegenerative diseases, however, has not yet been discovered.
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4.17
Growth Hormone-releasing Hormone

4.17.1
General Aspects and History

The existence of a hypothalamic factor which stimulates the secretion of growth
hormone was proposed in the 1950s. However, it was not until 1982 that the
growth hormone-releasing hormone (GHRH) was isolated [in two isoforms,
GHRH (1-40) and GHRH (81-44)-NH,)] by the group of Guillemin and Rivier.

GHRH, also known as somatoliberin, is a hypothalamic peptide which specif-
ically stimulates the secretion of growth hormone (GH, also known as somato-
tropin). Analysis of the sequence of GHRH revealed that it belongs to a family
of structurally and functionally closely related proteohormones. Further mem-
bers of this family are glucagon, secretin, corticotropin-releasing factor (CRF),
pituitary adenylate cyclase-activating peptide (PACAP) and intestinal vasoactive
polypeptide (VIP).

4.17.2
Localization Within the Central Nervous System

By using specific antibodies towards GHRH, the distribution of GHRH-contain-
ing cells in the central nervous system has been elaborated. Most GHRH-con-
taining neurons are found in the arcuate nucleus of the hypothalamus and in
the pituitary. The periventricular nucleus of the hypothalamus and some neu-
rons in the neighborhood of the ventromedial hypothalamic nucleus also pos-
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Fig. 4.28 Schematic representation of GHRH-
containing neurons in the rat central nervous
system. Abbreviations: ARC=arcuate nucleus;
PeV=periventricular nucleus of the hypothalamus;
VMH =ventromedial nucleus of the hypothalamus.
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sess GHRH-containing neurons (see Fig. 4.28). Neurons containing GHRH pro-
ject preferentially into the median eminence. In addition, extrahypothalamic
fibers containing GHRH extend through the cerebral cortex, the limbic system
and the hindbrain.

GHRH colocalizes with one or more neuromodulators or neurotransmitters,
including acetylcholine, dopamine, enkephalin, GABA, galanin, a-MSH, NPY,
somatostatin and substance P.

4173
Biosynthesis and Degradation

GHRH belongs to the secretin—glucagon family, which also includes VIP (see
above). VIP and GHRH share nine residues (positions 3, 4, 6, 7, 10, 16, 21, 23,
26) which cluster in the amino-terminal regions of the peptides.

The human gene which encodes for GHRH is located on chromosome 20
and was cloned by Mayo and coworkers in 1985. The 9-kb gene is composed of
five exons and four introns. The third exon codes for the biologically active form
of GHRH.

The precursor prepro-GHRH consists of 107 or 108 amino acids. The 108-
amino-acid isoform of prepro-GHRH shows an additional serine in the carboxy-
terminal region. Alternative splicing produces the two isoforms.

The prepro-GHGHs are processed by enzymatic cleavage of the signal se-
quence and by proteolysis of the amino- and carboxy-terminal regions.

Both forms are present in the hypothalamus in nearly equal amounts and
they both have similar potencies in regulating GH secretion.

Besides the human form of GHRH (GHRHy4np; is composed of 44 amino
acids) and the rat GHRH (GHRH,ooy is composed of 40 amino acids), a 29- or
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30-amino-acid peptide is cleaved from the precursors. However, its physiological
function remains unknown.

GHRH is under the control of somatostatin and growth hormone by feedback
loops. It is inactivated by peptidases, which upon proeteolytic cleavage produce
the biologically inactive form GHRH; 44nm2.

4.17.4
Receptors and Signal Transduction

The gene which encodes the human GHRH receptor, is located on chromosome
6 and is composed of 13 exons, with an alternative exon located between exons
10 and 11. The GHRH receptor is a member of the GPCR family. The receptor
shares some structural similarities with VIP receptors and with the receptors
for calcitonin and secretin.

The stimulation of GHRH receptors enhances the accumulation of intracellu-
lar cAMP, a process that involves a G protein-linked receptor/adenylate cyclase
pathway. Subsequently, the cCAMP increase activates protein kinase A.

The signal transduction pathway also impinges on the phosphatidylinositol
system and the Ca**/calmodulin system.

Furthermore, GHRH stimulates MAP kinase activity. This activation appears
to be independent of the Gy;/cAMP/PKA pathway and is more likely to be
mediated by the fy-subunits of the G protein which is linked with a Ras-depen-
dent pathway.

GHRH receptors are expressed in the adenohypophysis. Estrogen and gluco-
corticoids can modulate the expression of GHRH receptors in this area. Bolus
administration of any one of these substances causes a decrease in the amount
of mRNA coding for GHRH receptors, while continuous administration (rather
than pulsative administration, which occurs under in vivo conditions) reduces
the response of GHRH receptors to the binding of GHRH. This effect is either
mediated by an uncoupling of the G protein from the receptor or by down-regu-
lation of the receptor. Such desensibilization of GHRH receptors can be pre-
vented by the administration of somatostatin (although somatostatin inhibits
GHRH).

4.17.5
Biological Effects

The best known effect of GHRH is stimulation of the synthesis and secretion
of growth hormone (GH). Pituitary somatotropes are stimulated to proliferate
and secrete growth hormone by GHRH via its hypothalamic secretion. This is a
direct effect, since it is mediated through GHRH receptors in the pituitary. The
secretion of growth hormone from the pituitary is under the control loop of
GHRH (stimulation) and somatostatin (inhibition). GHRH not only stimulates
GH synthesis and release but also proliferation and differentiation of the pitui-
tary somatotrophs. Retarded growth due to a lack of GH is often caused by a
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hypothalamic deficiency of GHRH. Clinical studies have shown an acceleration
of growth in children when GHRH was given in a pulsatory manner, but after
one year of therapy, the growth slows down (Vance and Thorner 1988).

The action of both GHRH and somatostatin causes a pulsative release of
growth hormone. The stimulation of GH synthesis by GHRH is transcription-
ally controlled. This regulation of transcription involves elements in the promo-
ter region of the GH gene which are sensitive to cAMP. The action of GHRH is
necessary for normal development. In mammals, middle and late adulthood is
characterized by a decrease in spontaneous and stimulated GH secretion and it
is thought that the age-related decline of GH secretion is governed by a de-
crease in the responsiveness of somatotroph cells to GHRH.

The destruction of GHRH-containing neurons results in a delay of normal
growth in rats. Likewise, the administration of anti-GHRH antibodies can re-
duce the normal growth of young rats.

In contrast, pulsative administration of GHRH enhances growth. GHRH not
only stimulates growth of the whole body, it also stimulates the proliferation of
GH-synthesizing pituitary cells (somatotrope cells). This effect is mediated by
cAMP. In transgenic mice overexpressing GHRH, a good correlation has been
found between hyperplasia of the pituitary and increase in the plasma levels of
GH. Activation of c-fos by GHRH has been suggested to be responsible for this
effect.

GHRH also participates in the regulation of sleep and feeding behavior. Cen-
tral or peripheral administration of GHRH induces sleep. This effect seems to
be directly linked to GHRH, since coapplication of GHRH antagonists or im-
muno-neutralization of GHRH prevents sleep induction. The intracerebroventri-
cular administration of GHRH also stimulates food intake in rats. This effect
can be blocked by the administration of anti-GHRH antibodies.

4.17.6
Neurological Disorders and Neurodegenerative Diseases

GHRH regulates growth hormone release from the pituitary and, in addition to
this neuroendocrine actions, much evidence implies an additional role for
GHRH in carcinogenesis in non-pituitary tissues. Moreover, hypothalamic tu-
mors (as e.g. hamartomas, choristomas, gliomas and gangliocitomas) may pro-
duce excessive GHRH. This increased production may lead to subsequent GH
hypersecretion, resulting in acromegaly. Immunoreactivity for GHRH is present
in several tumors, including carcinoid tumors, pancreatic cell tumors, small-cell
lung cancers, adrenal adenomas and pheochromocitomas which have been re-
ported to secrete GHRH.

A potential therapeutic treatment to suppress the effects of GHRH-overex-
pression is the use of GHRH antagonists. Moreover, several GHRH antagonists
have antiproliferative effects in many tumor models. However, GHRH antago-
nists that should act within the hypothalamus must cross the blood-brain bar-
rier. Recently, one GHRH antagonist was found to cross the blood-brain barrier,
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indicating that GHRH antagonists may provide a potential treatment for malig-
nant glioblastomas.

However, to date, no major contribution of GHRH in neurological disorders
or neurodegenerative diseases has been documented.
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4.18
Hypocretin (Orexin)

4.18.1
General Aspects and History

In 1998, two independent research groups simultaneously discovered two new
neuropeptides, named orexin A (or hypocretin 1) and orexin B (or hypocretin
2). One group observed an appetite-stimulating effect of these peptides and
coined the term orexin (Sakuria et al. 1998), derived from the Greek word “or-
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exis” (appetite). The Sutcliff group, using the technique of substractive RNA hy-
bridization, identified a hypothamalus-specific mRNA (which they coined pre-
prohypocretin) that represented the precursor of two peptides which they
termed hypocretins (Hcrt) from their hypothalamic localization and their struc-
tural similarities to the gut hormone secretin (De Lecea et al. 1998). In the fol-
lowing, we prefer the term hypocretin since accruing evidence made it doubtful
that these peptides are cirtically important in appetite regulation. However,
there is little doubt that Hcrts are vitally important in behavioral regulations in
which the hypothalamus plays a key role.

Hcrts are produced by neurons localized in the hypothalamus. They show a
wide-spread projection into many areas of the brain, including systems that are
known to regulate sleep and wakefulness. Hcrts seem to play an essential role
in driving the arousal system; and the lack of hcrts-producing neurons seems to
be causually linked to the pathophysiology of narcolepsy—cataplexy.

4.18.2
Localization Within the Central Nervous System

In situ hybridization and immunohistochemistry showed hcrt mRNA and pro-
tein exclusively in a restricted area of the hypothalamus. These hcrt-expressing
neurons were mainly found in the perifornical nucleus and the dorsomedial hy-
pothalamic nucleus, and in the dorsal and lateral hypothalamic areas. Moreover,
a few cells were observed in the posterior hypothalamic area and at the junction
of the thalamus and hypothalamus. Hcrt neurons are variable in size and shape
(spherical, fusiform, multipolar). Within the rat brain, the total number of cells
has been estimated by different groups at about 1000 to 3500, indicating that
the number of neurons is low. Despite this local confinement, Hcrt neurons ex-
hibit a strong innervation of the hypothalamus and widespread projections
throughput the brain and spinal cord. Thus, Hcrt-immunoreactive fibers are
found throughout the entire hypothalamus. Their projecting tracts can be subdi-
vided into four different pathways: dorsal and ventral ascending pathways as
well as dorsal and ventral descending pathways (Peyron et al. 1998).

The dorsal ascending pathway consists of fibers emenating from neurons
which run through the zona incerta to the paraventricular nucleus of the thala-
mus, the central medial nucleus of the thalamus and the lateral habenula. Hert-
positive fibers are also found in the dorsal anterior nucleus of the olfactory
bulb, the medial and lateral septal nuclei, the bed nucleus of the stria terminalis
and the substantia innominata. In addition, fibers innervating the cortex and
the medial amygdaloid nuclei belong to the system of the dorsal ascending
pathway.

The ventral ascending pathway is composed of fibers which project to the
ventral pallidum, the vertical and horizontal limb of the diagonal band of Broca,
the accumbens nucleus and the olfactory bulb.

The dorsal descending pathway innervates the colliculi and the pontine cen-
tral gray, particularly the locus coeruleus, the dorsal raphe nucleus and the later-

249



250

4 Neuromodulators

Fig. 4.29 Schematic summary drawing of thalamus; dap=dorsal ascending pathway;
pathways taken by hypocretin (orexin) vap=ventral ascending pathway; ddp=dorsal
processes that widely innervate rat brain. descending pathway; vdp=ventral
Abbreviations: mvHY =medio-ventral hypo- descending pathway.

odorsal tegmental nucleus. Hcrt-positive fibers which run through the dorsal
tegmental area to the pedunculopontine nucleus, the parabrachial nucleus and
the subcoeruleus area also belong to the dorsal descending pathway.

The ventral descending pathway comprises fibers which ramify to the interpe-
duncular nucleus, the ventral tegmental area and the substantia nigra pars com-
pacta. Fibers in the reticular formation of the pons, the ventral medulla oblon-
gata and the raphe nuclei also belong to the ventral descending pathway
(Fig. 4.29).

Hcrt peptides and their receptors are also found outside the central nervous
system, e.g. the gastrointestinal tract, the pancreas and the adrenal gland.

4.18.3
Biosynthesis and Degradation

The mammalian preprohypocretin is composed of 130-131 amino acids. The
human preprohypocretin gene is located on chromosome 17. It is composed of
two exons, the latter of which includes the entire coding region of the final pep-
tides. The cleavage of one molecule of the precursor and further modification
leads to the production of Hctr-1 (orexin A) and Hctr-2 (orexin B).

The Hctr-1 peptides in humans, rats and mice are identical, whereas Hctr-2
in rats and mice differ by two amino acids from the human peptide. Mamma-
lian Hert1 is a 33-amino-acid protein that contains two intrachain disulfide
bridges, whereas Hctr-2 is a linear peptide composed of 28 amino acids.

Hctr-1 seems to exhibit much higher stability than Hctr-2 under physiological
conditions, which may explain why Hctr-1 is more readily detectable in cerebro-
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spinal fluid than Hctr-2. Moreover, Hctr-1 also displays higher lipid solubility
than the Hctr-2 form. This fact may explain why Hctr-1, in contrast to Hctr-2,
can cross the blood-brain barrier (Kastin and Akerstrom 1999).

Interestingly, Hctr-1 and preprohypocretin mRNA concentrations show circa-
dian variation in rats in a cycle of 12 h light/12 h dark. Preprohypocretin mRNA
and Hctr-1 concentrations in the hypothalamus reach a maximum around the
light onset and a minimum at the light offset.

4.18.4
Receptors and Signal Transduction

Two receptors have been cloned that are capable of binding Hctrs. These recep-
tors (Hctr receptor-1 and receptor-2, synonyms of OX1 and OX2 according to
the orexin terminology) belong to the GPCR family. Both receptors reveal a
64% sequence identity. The gene encoding Hctr receptor-1 (a protein of 425
amino acids) is located on chromosome 1. The gene encoding Hctr receptor-2
(a 444-amino-acid protein) is located on human chromosome 6.

Similarly to the distribution of Hctrs, the distribution of their receptors has
been investigated with molecular biological and immunocytochemical ap-
proaches. It has been shown that Hctr receptors are found at the projection
sites of Hctr neurons, but the distribution of mRNAs of both receptors are strik-
ingly different. Receptor-1 predominates in the following brain regions: the cin-
gulate cortex, the anterior olfactory nucleus, prefrontal and infralimbic cortex,
bed nucleus of stria terminalis, anterior hypothalamus and locus coeruleus. Re-
ceptor-2 is the predominant type in the medial septal nucleus, nucleus of the di-
agonal band of Broca, hippocampal CA3 field, arcuate nucleus of the hypothala-
mus, lateral hypothalmus and the tuberomamillary nucleus.

4.18.5
Biological Effects

The hypothalamic Hctr system directly and strongly innervates and excites the
monoaminergic system and cholinergic neurons. It also plays a major role in
modulating the release of glutamate and other amino acid transmitters. A close
look to the different projecting sites provides some clues for the general func-
tional implications of the Hctr system.

e There exists a strong innervation of the monoaminergic system including ser-
otonergic and noradrenergic regions, which reveal descending pathways to
centers for movement and muscle tone control.

e Ascending projections to forebrain regions involved in sensory intergration
are eminent.

e The histaminergic hypothalamic system (which is involved in forebrain alert-
ing) and the dopaminergic system are also strongly innervated by the Hctr
projections.
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e In addition, Hctr neurons project to the major cholinergic cells in the brain-
stem and basal forebrain. These regions are known to play a central role in
the cortical EEG activation that characterizes waking.

Taken together, the most evident function of the Hctr system is to act as a kind
of a servo-system that coordinates the activity of the above-mentioned arousal
system with motor activity.

Animal studies indicate that hypocretins are also involved in the regulation of
feeding behavior and in neuroendocrine and autonomic functions.

Indeed, it has been shown that intracerebroventricular injection of hypocre-
tins (orexins) induces feeding in rats. Intraperitoneal injection of an OX1 recep-
tor antagonist (SB-334867) inhibits baseline feeding, normal weight gain and
the feeding response to orexin injection in the hypothalamus. However, Hcrt
knockout animals are not emaciated. Although the food intake is somewhat re-
duced, their weight is normal. A current concept is that the reported effects of
the Hctr system on food intake is related to manipulations of the motor activity
of the animals.

4.18.6
Neurological Disorders and Neurodegenerative Diseases

Human narcolepsy is a chronic sleep disorder affecting about one in 2000 indi-
viduals. The disease is characterized by excessive daytime sleepiness, cataplexy
and other abnormal manifestations of REM sleep, such as sleep paralysis and
hypnagogic hallucinations.

Hctr deficiencies, as shown by low or absent concentrations in CSF, were
found in 90% of patients with sporadic narcolepsy—cataplexy and less commonly
in familial narcolepsy. For example, Hctr-1 is undetectable in the CSF of most
human narcoleptic patients and the number of Hctr neurons in autoptic narco-
leptic brains has been found to be reduced.

Hctr knockout mice and Hctr-receptor knockout mice as well as mice with a
toxic destruction of Hctr cells by hypothalamic injection of Hctr-2/saporin con-
jugates display a phenotype reminiscent of human narcolepsy with cataplexy
(e.g. fragmented behavioral states and episodes of sudden behavioral arrest).

In dogs, narcolepsy is mainly a familial disorder. In 1999, familial canine nar-
colepsy of Doberman pinschers and Labrador retrievers was shown to be caused
by mutations in the hypocretin-2 receptor gene. In humans, mutations in Hctr-
or Hctr-receptors genes are rarely associated with narcolepsy. Thus, there is only
one case report (Peyron and coworkers 2000) of a mutation in the case of early
onset narcolepsy. Some evidence speaks in favor of an autoimmune background
of human narcolepsy, since 85-95% of human narcoleptics share a particular
HLA antigen genotype.
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4.19
Interleukin

4.19.1
General Aspects

The interleukins belong to the family of pro-inflammatory peptides, which be-
come highly active under inflammatory conditions and are essential molecules
involved in the regulation of immune responses. The general group is known
as the cytokine family.

The cytokine family comprises the interleukins (e.g. IL-1a, IL-1f, IL2-IL8),
some growth factors, the tumor necrosis factors TNF-a and TNF-f and the in-
terferones (IFN). The interleukins IL-1, IL-2 and IL-6, as well as the tumor ne-
crosis factors, play a significant role in the induction of fever. The most potent
of these is IL-1. Peripheral or intraventricular administration of IL-1 results in
an increase in body temperature, but it also induces additional effects, such as
changes in behavior and modifications in circadian rhythms.

Ample evidence indicates that IL-1 acts directly in the central nervous system
and is able to modulate interactions between the brain and the immune sys-
tem.

In this context, it is of interest that interleukin-1 (as well as TNF-a) cross the
blood-brain barrier via specific and selective transporters.

An additional interleukin, interleukin-6 (IL-6), has recently received consider-
able attention because of its putatative involvement in developmental mecha-
nisms in the central nervous system and in some neurodegenerative diseases,
i.e. it shows direct effects upon neuronal survival, protection and neuronal dif-
ferentiation.
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4.19.2
Localization Within the Central Nervous System

Since interleukins are produced by glial cells, they influence nearly all parts of
the central nervous system which express interleukin-specific receptors. In addi-
tion to the well known synthesis of interleukins by glial cells, some neuronal
populations are also known to produce and release interleukins. For example, it
has been shown that some neurons of the dentate gyrus are able to synthesize
IL-1 (Fig. 4.30). Furthermore, IL-2-positive neurons have been demonstrated in
some hypothalamic areas. Although various cell types in the central nervous
system can produce IL-6, especially in the hypothalamus, astrocytes seem to be
the major source of this cytokine. Under normal conditions, the amount of
synthesized and released interleukins is low.

Additional interleukins have been detected in the brain. For example, interleu-
kin-16 (IL-16) expression by microglial cells has been demonstrated in the rat brain.
In contrast to the human brain, IL-16 is not expressed constitutively in the rat brain.

In addition, interleukin-18 (also called interferon-gamma-inducing factor,
IGIF) has been cloned from adult rat brain (Culhane et al. 1998). By RT-PCR,
Culhane’s group revealed evidence that IL-18 is expressed constitutively in the
cerebellum, the hippocampus, the hypothalamus, the cortex and the striatum.

4.19.3
Biosynthesis and Degradation

An increase in IL-1 mRNA can be induced by stimulation of the immune sys-
tem via peripheral application of bacterial lipopolysaccharides (LPS).

Fig. 430 Schematic representation of the distri-

bution of IL-1-synthesizing neurons in the central
nervous system. Abbreviations: Cx=cortex;
s GD=gyrus dentatus; Hl=hippocampus.
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LPS administration in the periphery also stimulates IL-1 production by hippo-
campal neurons. The main source of IL-1 derives from peripheral macrophages,
which apparently enhance the production of IL-1 in the central nervous system.
The mechanisms and pathways involved in the central response to a peripheral
stimulus are not known.

Two distinct, but distantly related DNAs encode interleukin-1. The primary
translation products of the genes have a length of 271 and 269 amino acids and
have been named IL-alpha and IL- beta. The final expression products are IL-1-
alpha, with a putative length of 159 amino acids (17 kDa), and IL-1-beta, which
consists of 153 amino acids (17 kDa).

Interleukin 6 (IL-6; also referred to as interferon beta 2) is a multiple glycosy-
lated, 22-27-kDa glycoprotein. The IL-6 gene consists of five exons and four in-
trons. The transcript is translated as a 212-amino-acid molecule, composed of a
signal sequence of 28 amino acids followed by further 184 amino acids.

Within the central nervous system, the predominant source of IL-6 seems to
be activated astrocytes.

Interleukin 18 is a potent inflammatory cytokine which is synthesized as an
inactive precursor (pro-IL-18) and which is further cleaved into its functionally
active form by caspase-1.

4.19.4
Receptors and Signal Transduction

IL-1 binds to a set of specific receptors in the central nervous system. The IL-1
receptors are expressed in the choroid plexus and in ependymocytes; and IL-1
receptors have been identified in some parenchymal regions, including the fron-
tal cortex, dentate gyrus, pituitary and, to a minor extent, in the hypothalamus.

The IL-1 receptors bind specifically IL-1a and IL-1f and are inhibited by the
physiologically endogenous antagonist IL-1ra. The interleukin IL-1ra constitutes
a peptide which is secreted by lymphocytes during an inflammatory process,
thereby antagonizing the actions of IL-1a and IL-1f.

The biological effects of IL-1 are mediated by two distinct receptors: the p80
type I IL-1 and p68 type II IL-1 receptor proteins (IL-1RI and IL-1RII, respec-
tively). Both isoforms are expressed in the central nervous system, particularly
in neuronal somata of the granular layer of the dentate gyrus and pyramidal
cells of the CA1-CA4 fields of the hippocampus, in epithelial cells of the chor-
ioid plexus, in the ependyma and in somata of Purkinje cells of the cerebellum.
The IL-1RII isoform, but not IL-1RI, is expressed in specific neuronal somata
and proximal cell processes of the paraventricular gray matter of the hypothala-
mus.

IL-6 belongs to a subfamily of factors which includes ciliary neurotrophic fac-
tor (CNTF), IL-11, and cardiotrophin-1 (CT-1). Characteristic features of this
family are pluripotency and the redundancy of biological responses elicited by
its members. This redundancy derives from the convergence on a common sig-
nal-transducing receptor, gp130. All IL-6 type cytokines act via receptor com-
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plexes that contain gp130. As already mentioned, IL-6, IL-11, CNTF and possibly
cardiotrophin-1 require a ligand-specific receptor. Interestingly, these receptors
function in both membrane-bound and soluble forms.

Unlike most soluble receptors that act antagonistically to their ligands, the
soluble receptors of the IL-6 family exhibit agonistic functions. For example, fi-
broblasts, osteoblasts, some neurons and astrocytes express gp130, but respond
weakly to IL-6 alone. However, addition of the soluble IL-6 receptor greatly en-
hances IL-6 mediated responses.

The soluble IL-6 receptor is produced by two mechanisms, which involve
either shedding or alternative splicing. Shedding results from limited proteoly-
sis of the membrane-bound form (80 kDa) and produces the 45-55 kDa soluble
form.

Analyses of the mRNA expression have shown that some cells transcribe two
distinct mRNAs for the IL-6 receptors, one encoding the membrane-bound IL-6
receptor form, and a second, smaller transcript, which generates a soluble form
of the IL-6 receptor.

Sequence analysis has revealed that the smaller, alternatively spliced IL-6 re-
ceptor mRNA lacks a complete region. This deletion causes a shift of the read-
ing frame, which results in a protein with ten unique amino acids at the carbox-
yl terminus.

To date, several non-neuronal cell types (among which are leukocytes) are
known to be capable of producing the soluble IL-6 receptor either by shedding,
by alternative mRNA splicing, or by both.

Some reports indicate that the soluble IL-6 receptors can modulate IL-6-indu-
cible responses in both astrocytes and neurons. However, a common source of
the soluble IL-6 receptor in the central nervous system has not yet been identi-
fied.

IL-6 acts on target cells through a receptor complex composed of IL-6, gp130,
and either membrane-bound IL-6 receptor or soluble IL-6 receptor. Receptor ac-
tivation is believed to require the formation of a hexameric complex composed
of two of the proteins mentioned above. IL-6 receptor formation leads to phos-
phorylation and activation of gp130-associated tyrosine kinases and JAK kinases
(Janus kinases). JAK activation further leads to tyrosine phosphorylation of
STATs (“signal transducer and activator of transcription”). The Jak-STAT pathway
is a very rapid cytosol-to-nuclear signaling pathway that underscores how fast
extracellular proinflammatory signals can be transmitted to the nucleus.

Concerning IL-18, it is known that it acts via a receptor complex that closely
resembles that of IL-1 receptor complexes. The IL-18Rbeta seems to exist in two
different splice variants and both have been found to be expressed in rat cortex,
striatum, hypothalamus and hippocampus. IL-18Rbeta is not only expressed by
neurons, but also by microglia and astrocytes.
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4.19.5
Biological Effects

Peripheral immune responses generated by IL-1 are known to drive a number
of acute systemic inflammatory processes. Within the central nervous system,
microglia-derived IL-1 is believed to orchestrate molecular and cellular cascades,
which are the equivalent of injury-induced inflammation and repair processes
in the periphery.

IL-1 has been shown to elicit a number of trophic and toxic actions on cells
of the central nervous system, including both autocrine and paracrine effects,
which may be important in neurodegeneration. Relevant autocrine effects in-
clude promotion of microglial proliferation and promotion of increased micro-
glial expression of IL-1 and IL-6.

Relevant paracrine effects of IL-1 include:

e induction of neuronal expression and processing of the f-amyloid precursor
protein (f-APP), an injury response molecule of central importance in the
pathophysiology of Alzheimer’s disease;

e effects on astrocytes, including promotion of astrocytic activation and up-regu-
lation of the glial-derived proteins apolipoprotein E (ApoE).

Under in vitro conditions, low levels of IL-1 enhance neuronal survival, while
higher levels are neurotoxic.

Cytokines, including the interleukins, seem to act as neuromodulators in the
central nervous system. Interactions of interleukins with the renin-angiotensin
system are known as well as interactions with other neuromodulators. The in-
traventricular application of IL-1, for example, stimulates the expression of corti-
cotropin-releasing hormone (CRH) in neurons of the paraventricular nucleus of
the hypothalamus, with the consequence of an increase in adrenocorticotropic
hormone (ACTH) and glucocorticoids. In addition, IL-1 can inhibit the release
of luteinizing hormone (LH).

Intraventriculally applied IL-1 also induces immuno-suppression, indicative of
a role for this cytokine in the modulation of the centrally regulated immune re-
sponses. A further indication that IL-1 is a major player in the neuro-immuno-
logical axis is the increase of IL-1 production in peripheral macrophages as well
as centrally in the hippocampus, which follows after stimulation of the immune
system by bacterial endotoxins, for example lipopolysaccharides (LPS).

Since IL-1 can not cross the blood-brain barrier, it seems unlikely that periph-
erally produced IL-1 acts directly on the central nervous system. The mecha-
nisms by which peripheral stimuli activate the central nervous interleukin sys-
tem are unknown.

It has been shown that IL-1 stimulates the proliferation of astrocytes and, for this
reason, it was suggested that IL-1 is also involved in astrogliosis. In addition, IL-1
stimulates the proliferation and differentiation of cerebral endothelial cells in vitro.
Further evidence indicates that, under the influence of IL-1, endothelial cells display
altered chemotactic effects on neutrophils, macrophages and lymphocytes. These
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effects lend support to the idea that IL-1 may also contribute to the infiltration of
lymphocytes into the central nervous system under sustained inflammatory con-
ditions, specifically in certain demyelinization diseases, such as multiple sclerosis.

IL-1 alone, or together with TNF-a, can induce potent cytotoxic effects, mak-
ing it likely that interleukins contribute to processes related to cell death.

The stimulation of glial cells by II-1 or TNF-a is accompanied by augmenta-
tion of interferon (IFNy) production. Moreover, it has been shown that interfer-
on y induces the expression of MHC antigens on glial cells and neurons.

Enhancement of interferon production has been suggested to be responsible
for the acquisition of antigen-presenting phenotypes in endogenous cells of
brain tissues. Under normal conditions, the capacity of antigen presentation
may be relevant for the survival of cells and tissues and, thus, this process may
provide the basis for autoimmune diseases under pathological conditions.

In the case of IL-6, numerous studies suggest that IL-6 is responsible for mul-
tiple effects in the central nervous system, including neuronal survival, protec-
tion and differentiation. For instance, IL-6 has been shown to induce neuronal
differentiation of PC12 cells, to increase survival of primary neurons in culture
and to protect primary neurons against glutamate induced excitotoxicity.

In glial cells, IL-6 promotes astrocytic proliferation, suggesting an involve-
ment in astrogliosis.

Recently, Depino and coworkers have shown that IL-lalpha influences behav-
ior and memory consolidation. Thus, hippocampal-dependent learning tasks in-
duce IL-lalpha mRNA induction in this brain area. IL-6 seemed also to play a
role in hippocampal-dependent memory. However, it does not facilitate LTP.
Blockade of endogenous IL-6 induces a remarkable prolongation of LTP after
stimulation. Furthermore, blockade of endogenous IL-6, 90 min after hippocam-
pus-dependent spatial alternation learning resulted in a significant improve-
ment of long-term memory (Balschun et al. 2004).

4.19.6
Neurological Disorders and Neurodegenerative Diseases

A body of evidence suggests a role for IL-1 as a key mediator of cell death in acute
neurodegenerative conditions, such as stroke and head injury. Along this line, mice
lacking both IL-1alpha and IL-1beta show dramatically reduced ischemic cell death.

Moreover, IL-1 has also been implicated in a number of chronic diseases, in-
cluding Parkinson's and Alzheimer’s disease, as well as epilepsy. Constitutive ex-
pression of IL-1 is very low in normal brain, but is up-regulated rapidly in re-
sponse to local or peripheral insults. The mechanisms regulating the expression
IL-1 are not well defined, but appear to involve multiple effects on neuronal,
glial and endothelial cell function. Most of the neurodegenerative effects of IL-1
are thought to happen through IL-1beta.

Like IL-1, IL-6 levels are constitutively low in the normal brain, but increase
under pathological conditions, such as injury, infection, stroke and inflamma-
tion. The significance of this increase is largely unknown.
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IL-18, which is also expressed in the brain, is involved in mediating neuroin-
flammation and neurodegeneration in the CNS under pathological conditions,
such as bacterial and viral infection, and in autoimmune demyelinating disease
(Felderhoff-Mueser et al. 2005).

Enhanced interleukin production in the central nervous system has been ob-
served following injuries or local infections and in neurodegenerative diseases,
such as Alzheimer's disease and in trisomy 21. Enhanced IL-1 synthesis is
thought to occur in early stages of Alzheimer’s disease, provoking the induction
of f-amyloid precursor synthesis and gliosis.

Some data indicate that interleukins are involved in epilepsy. Intracerebral ap-
plication of IL-1beta has been found to enhance epileptic activity in animal mod-
els, while its naturally occurring receptor antagonist (IL-1Ra) mediates anticonvul-
sant actions. Furthermore, transgenic mice overexpressing IL-1Ra are less suscep-
tible to seizures, indicating that endogenous IL-1 exhibits proconvulsant activity.
Interestingly, polymorphism in the IL-1beta gene promoter has been found in pa-
tients suffering from temporal lobe epilepsy with hippocampal sclerosis.
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4.20
Melanin-concentrating Hormone

4.20.1
General Aspects and History

Hogden and Slone in 1931 proposed the existence of two hormones believed to
exert opposite effects upon the pigmentation of lower vertebrates. In the 1950s,
a-melanocyte stimulating hormone (a-MSH) was identified and, in 1983, a func-
tional endogenous antagonist of a-MSH was discovered. This substance, charac-
terized by Kawauchi and coworkers (1983) in the salmon pituitary, was the mel-
anin-concentrating hormone (MCH).

In teleost fish, MCH serves as a color-regulating hormone by antagonizing
the melanin-dispersing action of a-MSH on skin melanophores. However, in
mammalian brains, MCH and a-MSH (see Section 4.21) also have important
functions as neuropeptides.

Mammalian MCH appears to have evolved as a major regulatory hormone,
with a role in several behavior-related effects. Unlike teleosts, mammals do not
express MCH in melanophores of normal skin.

MCH is a cyclic peptide composed of 17 amino acids in fish, and 19 amino
acids in mammals (Fig. 4.31). Cloning of the cDNA and the related gene, which
encodes for the precursor of MCH, has led to the discovery of other peptides de-
rived from pro-MCH.

MCH of rats NH,-Asp-Phe-Asp-Met-Leu-Arg-Cys-Met-Leu-Gly-Arg-Val-Tyr-Arg-Pro-Cys-Trp-Gln-Val-COOH

MCH of teleosts NH,-Asp-Thr-Met-Arg-Cys-Met-Val-Gly-Arg-Val-Tyr-Arg-Pro-Cys-Trp-Glu-Val-COOH

Fig. 4.31 Amino acid sequence of the rat and teleost MCH.
Identical amino acids are marked in italics.
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4.20.2
Localization Within the Central Nervous System

MCH-positive neurons are located mainly in the zona incerta and in the lateral
hypothalamus, from which they project to most brain regions, including intra-
hypothalamic sites.

In addition, two small population of MCH-expressing neurons have been
identified in the olfactory tubercle and in the reticular formation (Fig. 4.32).

In contrast to the restricted location of MCH perikarya, the MCH terminals
are widely distributed throughout the central nervous system and include the
cortex, the limbic system and the spinal chord.

4.20.3
Biosynthesis and Degradation

The MCH gene has been cloned in teleosts and mammals. In the former, two
genes, which lack an intron, encode for MCH. In rodents, a single gene has
been identified, composed of three exons and two introns.

This gene seems to be the ortholog of the human MCH gene. In addition to
this MHC gene, a second gene has been identified in humans, revealing consid-
erable homology with the original MCH gene and which is believed to encode a
variant of MCH.

The predicted sequence of the precursor pro-MCH contains a hydrophobic se-
quence at the amino-terminal region. The MCH sequence is located in the car-

Fig. 432 Schematic overview of the distribution of MCH-
expressing neurons in the central nervous system of the rat.
Abbreviations: BO=bulbus olfactorius; Cx=cortex; DLN =dorso-
lateral nucleus of the hypothalamus; OT=olfactory tubercle;
RtN =reticular nucleus; Th=thalamus; Zi=Zona incerta.
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boxy-terminal region and is flanked by a doublet of basic amino acids, repre-
senting the cleavage sites for MCH-processing.

Within the sequence of the mammalian pro-MCH, two additional pairs of ba-
sic amino acids have been identified. These pairs enclose two further active pep-
tides, namely neuropeptide glutamate-isoleucine (NEI) and neuropeptide gly-
cine-glutamate (NG).

The common precursor pro-MCH seems to be differentially cleaved by pro-
convertases (PC), with proconvertase PC2 necessary for the generation of NEI,
and other proconvertases for the biosynthesis of the additional neuroactive pep-
tides which derive from pro-MCH.

The mammalian MCH is highly sensitive to degradation by endopeptidase 24.11,
aminopeptidase M and carboxypeptidase A. In the presence of these peptidases,
additional proteolytic enzymes seem to play a role in the degradation of MCH.

4.20.4
Receptors and Signal Transduction

The neuropeptide MCH acts via a unique receptor, which has been recently
identified. The receptor is an orphan G protein-coupled receptor (SLC-1) which
binds MCH with nanomolar affinity. The receptor has the typical seven trans-
membrane domains of G protein-coupled receptors. The MCH receptor of rats
and humans shares significant homology and, in addition, reveals homology
with the somatostatin receptor.

The distribution of SLC-1 mRNA and its corresponding protein have been ex-
amined by in situ hybridization and immunocytochemistry.

SLC-1 mRNA and SLC-1 protein are widely expressed throughout the brain.
Strong immunoreactivity is observed in areas that overlap extensively with re-
gions mapping positive for mRNA. SLC-1 signals are observed in the cerebral
cortex, the olfactory tubercle, the hippocampal formation, the caudate-putamen,
the nucleus accumbens, the thalamus and the hypothalamus (ventromedial and
dorsomedial nuclei of the hypothalamus) as well as in various nuclei of the me-
sencephalon and rhombencephalon.

Interestingly, the MCH receptor has also been observed in areas associated
with the dopaminergic system, such as the substantia nigra and the ventral teg-
mental area.

The binding of MCH to its receptor induces calcium mobilization and can in-
hibit the forskolin-induced accumulation of cAMP.

4.20.5
Biological Effects

Central melanin-concentrating hormone is involved in various functions, includ-
ing feeding, reproduction, stress and behavior.

MCH works antagonistically to MSH in fish. The physiological properties of
MCH in mammals are somewhat unclear, but recent investigations have dem-
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onstrated that MCH and a-MSH show antagonistic effects in the brain, with
consequences for feeding behavior, aggression, anxiety, arousal and reproductive
function through the release of luteinizing hormone (LH).

MCH is also implicated in the control of general arousal and goal-orientated
behaviors in mammals and appears to be an essential messenger in the regula-
tion of food intake.

The neuropeptides MCH, NEI and NG are expressed at significantly high lev-
els in the early stages during development, and activation of the MCH gene has
been assessed during fetal and postnatal development.

The level of MCH mRNA reveals a circadian rhythm. This variation parallels
the rhythm of endogenous corticoid levels, suggesting that corticoids participate
in the regulation of the MCH system.

Furthermore, it has been demonstrated that an elevation in the level of MCH
mRNA correlates with locomotor activity and the characteristic feeding behavior
of rats during the night. Moreover, a role for MCH-producing neurons in the
central regulation of paradoxical sleep has been proposed, since MCH-contain-
ing neurons are strongly active during paradoxical sleep. Thus, intraventricular
(icv) administration of MCH induces a dose-dependent increase in paradoxical
sleep and slow-wave sleep quantities (Verret et al. 2003).

The behavioral and neurochemical effects of NEI, and its interaction with a-
MSH or MCH, have been investigated in the ventromedial nucleus and the me-
dial preoptic area in female rats (bilateral administration of 100 ng, in 0.5 ul per
side). Administration of NEI to the ventromedial nucleus, but not to the preop-
tic area, stimulates exploratory behavior, increases anxiety and reduces dopa-
mine and DOPAC release. The behavioral effects are antagonized by a-MSH.
NEI administration to the medial preoptic area stimulates female sexual recep-
tivity. Administration of NEI to the ventromedial nucleus has no effect on sex-
ual activity, but partially antagonizes the stimulatory effect of MCH.

Whole-cell recording from neurons from the lateral hypothalamic area re-
vealed that MCH decreases the amplitude of voltage-dependent calcium cur-
rents. This inhibition was found to desensitize rapidly and dose-dependently.
Further experiments showed that MCH exerts an inhibitory effect on calcium
currents via PTX-sensitive G protein pathways in LH neurons, with the main ef-
fect being related to N-type calcium currents (Gao and van den Pol 2002).

MCH peptide has been mapped to the hippocampus, a structure well known
for its participation in learning and memory processes. By electrophysiological
recordings from that region, it has been shown that MCH increases hippocam-
pal synaptic transmission. Thus, perfusing rat hippocampal brain slices with
MCH results in a long-lasting potentiation on the hippocampal-evoked re-
sponse. Along that line, mice with a deletion of the MCH receptor display defi-
cits in passive avoidance behavior.

These mice also show a further prominent alteration: the mice display an up-
regulation of mesolimbic dopamine receptors and norepinephrine transporter
(NET), indicating that the MCH receptor may negatively modulate monoamine
function.
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4.20.6
Neurological Disorders and Neurodegenerative Diseases

Thirst, induced by high salt concentrations or by reduced availability of water,
induces physiological stress which is coupled to changes in the osmolality of
the organism. Stress induced by thirst also induces a diminished production of
MCH mRNA. At the cellular level, changes in response to osmotic stimuli have
been measured in those hypothalamic areas which posses MCH containing
neurons, and to a lesser extent in the zona incerta.

Electroshocks given at irregular time-intervals can induce stress in animals,
which persists almost a week. During this time, a reduction of mRNA encoding
for MCH can be found. After the postictus interval, MCH mRNA recovers to
normal levels. Adrenalectomized animals also display a decreased MCH mRNA
level. This effect can be counteracted by application of synthetic glucocorticoids
(dexamethasone). A plausible explanation for these data is that the expression of
MCH mRNA is reduced during stress and then subsequently upregulated by
circulating glucocorticoids.
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4.21
Melanocyte-stimulating Hormone

4.21.1
General Aspects

The melanocortins form a family of proopiomelanocortin-derived peptides
which carry the melanocyte-stimulating hormone (MSH) core sequence, His-
Phe-Arg-Trp (Fig. 4.33). Three different forms of MSH have been isolated and
purified: a-, - and y-MSH.

The a-MSH of amphibians is identical to the mammalian neuropeptide,
whereas teleosts produce two isoforms of a-MSH, one of which is identical to
mammalian and amphibian a-MSH, except that it lacks acetylation at the ami-
no-terminal sequence. The second MSH is a 15-amino-acid peptide, 13 residues
of which are identical with mammalian ACTH (1-15).

Melanocortins have been described as exerting a variety of cardiovascular ef-
fects (hemorrhagic shock, hypotension and bradycardia), but they also affect be-
havior.

Different fragments and analogs of MSH have been exploited in behavioral
experiments in order to study their influence on learning and memory. The re-
sults indicate that the various peptides reveal different potencies, depending on
the site of application and the learning task.

Five melanocortin receptor subtypes have been cloned thus far, but only four
of them seem to be expressed in the central nervous system. One of the cloned

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,

Fig. 4.33 Sequence of melanocyte-stimulating hormone.
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receptors (the MC2 receptor) has been shown to be an ACTH receptor. Thus,
only three receptors exist in the central nervous system, which interact specifi-
cally with MSH.

4.21.2
Localization Within the Central Nervous System

The distribution of the a-MSH precursor proopiomelanocortin (POMC) has
been investigated in more detail than that of a-MSH.

POMC is not only the precursor of MSH, but is also the source of some other
neuroactive substances. Because of its importance in neuropeptide generation,
the action of POMC and its function as a neuropeptide precursor are considered
separately (Section 4.28). POMC is expressed in several tissues, including the
pituitary, brain, skin, pancreas and testis; and its posttranslational processing
varies in a tissue- and species-specific manner. a-MSH-containing neurons are
found in different areas of the hypothalamus, such as in the preoptic area, the
ventromedial nucleus of the hypothalamus and in the arcuate nucleus. In addi-
tion, MSH immunoreactivity occurs in the amygdala, the septum, the hippo-
campus, the caudate-putamen and the cortex.

The arcuate a-MSH immunoreactive axons project to the paraventricular nu-
cleus of the hypothalamus, the dorsomedial hypothalamic nucleus and the lat-
eral hypothalamic area. Interestingly, all these hypothalamic nuclei appear to be
important in appetite regulation and energy homeostasis.

Neurons in the lateral arcuate nucleus exhibit immunoreactivity for e-MSH
projections to pre-ganglionic sympathetic neurons in the spinal cord. Aside
from this, a-MSH occurs in within the anterior and intermediate lobe of the pi-
tuitary.

4213
Biosynthesis and Degradation

a-MSH is a peptide of 13 amino acids. Like ACTH and endorphins, a-MSH re-
sults from proteolytic cleavage of the larger proopiomelanocortin precursor
(POMC) molecule. The biosynthesis of different neuromodulators from the
common precursor is described separately (see Section 4.28). Alpha-MSH is
cleaved by endopeptidases at positions seven and eight (Phe-Arg) and then
further degraded by exopeptidases.

4.21.4
Receptors and Signal Transduction

The melanotrophic receptors belong to the family of G protein-coupled recep-
tors with seven transmembrane domains. They form a unique subfamily of G
protein-coupled receptors and are highly homologous to each other. One of the
features of the melanotropic receptors is their relatively small size (297-360
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amino acids). They appear to be more closely related to the cannabinoid recep-
tors than to other receptors.

In primary cultures of melanoma cells, binding of a-MSH to its receptor stim-
ulates the activation of adenylate cyclase and the phosphorylation of a 34-kDa
molecule. This step is blocked by phorbolesters, suggesting that protein kinase
C might be involved in the signal transduction of a-MSH.

In neurons, a-MSH stimulates the activation of adenylate cyclase and de-
creases the phosphorylation of a protein, called B-50, by inhibition of protein
kinase C. Activation of the melanocortin receptors depends on extracellular cal-
cium, indicating that these receptors belong to a unique class of calcium-requir-
ing receptors.

Between 1992 and 1994, five distinct melanocortin receptors (MC1-MC5)
were been identified, of which three (MC3-R, MC4-R and MC5-R) are expressed
in the brain and selectively bind a-MSH.

MC-1 receptor

The MC-1 receptor binds a-MSH with high selectivity and seems to be ex-
pressed in melanocytes, in melanoma cells and, to a limited extent, in the testis.
Thus, pigmentation through melanocytes is mediated by the melanocortin MC-
1 receptor.

MC-2 receptor

The melanocortin MC-2 receptor binds ACTH but none of the other melanocor-
tins. The human, murine and bovine melanocortin MC-2 receptors have been
cloned. MC-2 receptors are expressed in the adrenal cortex, especially in the
zona fasciculata (site of glucocorticoid expression) and zona glomerulosa, but
also to some extent in the zona reticularis.

MC-3 receptors

MC-3 receptors are said to be selective for e-MSH, p-MSH and ACTH, depend-
ing on the species. In the 1990s, the melanocortin MC-3 receptor was cloned
(Roselli-Rehfuss et al. 1993).

The MC-3 receptor is expressed in various parts of the central nervous sys-
tem. Melanocortin MC-3 receptor mRNA was found to be expressed in the cor-
tex, thalamus, septum, hippocampus, olfactory cortex, amygdala, periaqueductal
gray, ventral tegmental area, interfascicular nuclei, central linear raphe nucleus
and the hypothalamus.

In addition, MC-3 receptor mRNA is also expressed in the periventricular nu-
cleus and the posterior hypothalamic area, regions which have been implicated
in the neural control of cardiovascular and thermo-regulatory functions.

MC-3 receptors are detectable in various peripheral tissues, such as the stom-
ach, intestine, placenta and heart.
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MC-4 receptors
The MC-4 receptors selectively bind a-MSH, f-MSH and ACTH. The mRNA of
the melanocortin MC-4 receptor is ubiquitous throughout the central nervous
system. In particular, MC-4 receptor mRNA has been detected in the cortex, the
hippocampus, the amygdala, the septum, the striatum, the nucleus accumbens,
the hypothalamus, the nucleus of the tractus solitarius and the dorsal horn of
the spinal cord.

It is assumed that the MC-4 receptor plays a role in glucagon and insulin me-
tabolism, since knockout mice with a deletion of the MC-4 receptor gene display
a pronounced hyperglycemia.

MC-5 receptor
The MC-5 receptors preferentially bind a-MSH. The melanocortin MC-5 recep-
tor has been cloned from human, rat, mouse and sheep.

Expression sites of the receptor are the cortex, the hippocampus, the hypo-
thalamus, the substantia nigra, the cerebellum and the pituitary gland.

In addition, MC-5 receptors are located in various peripheral tissues, such as
skeletal muscle, adrenal gland, stomach and lacrimal gland.

4.21.5
Biological Effects

The general function of MSH is the regulation of epidermal pigmentation. Acti-
vation of MC-1 receptors preferentially found in melanocytes and melanoma
cells affects the distribution of melanin. The functional significance of this ac-
tion centers on protective color changes in lower vertebrates — amphibians, rep-
tiles and fishes. These species are able to change the number and size of the se-
cretory granula of their epidermal melanocytes to adapt their body color to the
background. MSH has also been identified in the skin of mammals (including
humans). However, the involvement of MSH in pigmentation of the skin in
higher vertebrates has not been demonstrated, although some evidence indi-
cates that MSH in higher vertebrates, including humans, may affect hair color
(rodents) and skin pigmentation. An example of a feasible relationship is given
by the inverse correlation between susceptibility to sunburn, photo-ageing and
skin cancer and the ability of an individual to tan after sun exposure. Healey
and coworkers (2000) provided evidence of an association between the degree of
tanning after repeated sun exposure and the number of variant MCIR alleles in
individuals from Ireland and the UK. They suggest that MCIR gene status de-
termines sun sensitivity.

In higher vertebrates, MSH is involved in a variety of additional functions. In-
traventricular administration of o-MSH causes a stereotypic behavior in rats.
MSH, ACTH and some of their derivates enhance aggression and influence
learning and memory.

Dopamine (DA) is one of the most important transmitters, regulating MSH se-
cretion from melanotrophs. Dopamine, acting via D2 receptors, has an inhibitory
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influence upon MSH secretion. Thus, lesions which destroy the DAergic fibers
running to the intermediate lobe cause a rise in circulating a-MSH. Conversely,
treatment with dopamine agonists can induce inhibition of a-MSH release.

Melanocortins participate in the regulation of multiple physiological func-
tions. They are involved in grooming behavior, food intake and thermoregula-
tion processes and can also modulate the response of the immune system in in-
flammatory states.

Animals have developed highly adaptive and redundant mechanisms to main-
tain energy balance by matching caloric intake to caloric expenditure. A role for
a-MSH in the regulation of energy homeostasis is suggested by several lines of
evidence. Regulation of signaling by melanocortin 3 and melanocortin 4 recep-
tors in the CNS are controlled via neuronal cell bodies in the arcuate nucleus
that produce a-MSH. Increased melanocortin signaling via pharmacological or
genetic means in the CNS causes potent reductions in food intake and weight
loss, whereas decreased melanocortin signaling results in increased food intake
and weight gain. Injection of ¢-MSH into the lateral ventricle of rodents leads
to suppression of food intake in a dose-dependent manner. In contrast, intra-
ventricular (icv) administration of the melanocortin agonist MTII inhibits food
intake in fasted mice. Moreover, the icv injection of a pharmacological antago-
nist of a-MSH (SHU9119) at sites containing MC-4 receptors results in in-
creased feeding, supporting a role for endogenous melanocortins in appetite
regulation. Alpha-MSH does not antagonize the appetite-stimulating effect of
NPY after i.c.v. injection, although the melanocortin agonist MTII appears to
suppress NPY-induced feeding. The idea that the melanocortin receptor system
may be particularly important in modulating food intake is strengthened by the
fact that transgenic mice, which lack MC-4 receptors, are massively overweight.
Null mutations of the MC-4 receptor are associated with hyperphagia, obesity,
hyperinsulinemia and hyperglycemia (Huszar et al. 1997).

In contrast to MC4-R knockout mice, MC3-R knockouts exhibit an exclusively
metabolic syndrome. Homozygous MCR3-R —/— mice are not significantly over-
weight, but they exhibit an approximately 50-60% increase in fat mass and also
exhibit an unusual increase in respiratory quotient when transferred onto high-
fat diet, suggesting a reduced ratio of fat/carbohydrate oxidation. Furthermore,
these knockout mice also exhibit an approximately 50% reduction in locomotor
behavior, indicating reduced energy expenditure. Additionally, MSH seems to
play an important role during early neurogenesis and exhibits a peak around
parturition. The latter has been interpreted to mean that MSH plays a signaling
role in the initiation of parturition.

4.21.6
Neurological Disorders and Neurodegenerative Diseases

The limited data currently available are consistent with the view that melanocor-
tins act as regulative factors in controlling food intake in humans. Autosomal
recessive mutations that interfere with POMC expression have been reported to
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result in early onset of obesity, together with red hair color (suggesting a role
for melanocortins in hair pigmentation in humans), and in deficiency of adre-
nal corticoid synthesis as a result of defective ACTH biosynthesis. A decrease in
the activity of prohormone convertase 1 (PC 1; an important enzyme in POMC
processing) has been reported in a woman with childhood obesity and a muta-
tion of the PC1 gene. This patient exhibited several endocrine abnormalities,
including adrenal insufficiency, hypogonadotrophic hypogonadism, impaired
glucose tolerance and reactive hypoglycemia, presumably due to impaired pro-
cessing of POMC and proinsulin.

In addition, systemic application of MSH produces anti-inflammatory and
antipyretic effects. Among the melanocortins, a-MSH is one of the most potent
endogenous antipyretic agents inhibiting IL-1-induced fever. Centrally adminis-
tered alpha-MSH can induce antipyretic effects.

It has been shown that MSH exerts strong anti-inflammatory activity via di-
rect action on peripheral host cells:

e inhibition of descending neurogenic anti-inflammatory pathways arising from
central nervous melanocortin receptors sites;
e local actions on receptors that control inflammation within the brain.

Since glia can secrete alpha-MSH and express melanocortin receptors, the ef-
fects of alpha-MSH on both fever and inflammation in the brain might be asso-
ciated with the activation of glial cells.

To date, there are no clear indications for a role of MSH in neurodegenerative
diseases or in neurological disorders. However, there is pharmaceutical evidence
that MC-4 receptor antagonists could have a role in depression.
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4.22
Neuropeptide Y

4.22.1
General Aspects and History

It was not until 1981 that pancreatic polypeptide-like immunoreactivity in mam-
malian brain was definitely demonstrated. Tatemoto and coworkers (1981) suc-
cessfully isolated a 36-amino-acid peptide from porcine brain extracts. Sequenc-
ing of this peptide revealed the presence of a tyrosine amino acid residue at
both its amino- and carboxy-terminals. The peptide was therefore named neuro-
peptide Y (NPY, Y being the amino acid one-letter code for tyrosine).

Earlier, the same group had successfully isolated a very similar peptide from por-
cine intestine extracts (Tatemoto and Mutt 1980). This peptide was labeled peptide
YY (PYY). NPYand PYY have an identical length (36 amino acids), but vary slightly
in their amino acid composition. Both peptides are related to pancreatic polypep-
tide (PP). They are all encoded by different genes with high structural similarity.
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Each of these genes encodes a propeptide, comprising a signal peptide, the
neuroactive peptide itself and a carboxy-terminal flanking peptide.

PP is expressed exclusively in the pancreatic islets, PYY is found in the endo-
crine cells of the pancreas and in the duodenum, while NPY is widely distributed
in the entire neuronal system with a large amount in the enteric nervous system.

4.22.2
Localization Within the Central Nervous System

NPY is found in remarkably high concentrations within the central nervous tis-
sues of mammals. With the exception of the cerebellum, NPY is synthesized in
large amounts in the entire brain. The hypothalamus (paraventricular nucleus,
arcuate nucleus, suprachiasmatic nucleus) contains the highest concentrations
of NPY. In the striatum, the basal forebrain, the hippocampus and the amygda-
la, NPY is concentrated in interneurons and is often colocalized with GABA or
somatostatin. Colocalization of GABA and NPY has also been described in the
hypothalamus.

Fig. 4.34 Distribution of NPY-expressing thalamus; DTN =dorsal tegmental nucleus;
neurons in the brain. In addition to regions EM =eminentia mediana; Ent=entorhinal
already mentioned in the text, NPY- cortex; GD=gyrus dentatus; GP=globus
synthesizing cells are also present in some pallidus; Hi=hippocampus; LA=lateral nu-
additional areas of the rat brain. cleus of the amygdala; LC=locus coeruleus;
Abbreviations: AHA=anterior hypothalamic MCLH =nucleus magnocellularis of the lateral
area; BDB=diagonal band of Broca; hypothalamus; NRL=lateral nucleus
BL=basolateral nucleus of the amygdala; reticularis; OPT=olivary pretectal nucleus;
BST=bed nucleus of the stria terminalis; PVN=paraventricular nucleus of the hypo-
cg=cingulum; Ci=inferior colliculus; thalamus; VP=ventral pallidum; VTA=ventral
Cx=cortex; CPu=caudate putamen; tegmental area; X=nucleus of the nervus
DeN=dorsoendopiriform nucleus; vagus.

DMH =dorsomedial nucleus of the hypo-
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In addition, NPY can be detected in monoaminergic neurons of the ventro-lat-
eral regions of the olfactory bulb, within the nucleus of the tractus solitarius
and in the locus coeruleus. These neurons project to various cerebral areas, in-
cluding the cerebral cortex, the hypothalamus and the spinal cord. NPY-contain-
ing neurons seem to be involved in a variety of neuroendocrine, neurovegetative
and behavioral mechanisms.

The distribution of neurons expressing NPY is illustrated schematically in
Fig. 4.34.

PYY is mainly concentrated in the endocrine pancreas. However, PYY has
also been found in neurons of the myenteric plexus and in some areas of the
brain stem, in contrast to PP, which is not known to occur in nervous tissues.

4.22.3
Biosynthesis and Degradation

The NPY gene is composed of four exons and three introns and covers a length
of 7.2 kb. The human NPY gene is located on chromosome 7.

The large amount of NPY in pheochromocytoma cells has allowed the isola-
tion of the corresponding mRNA, which encodes for the precursor of NPY. This
precursor has a total length of 97 amino acids and consists of a 28-amino-acid
peptide, the 36-amino-acid long NPY, and a Gly-Lys-Arg sequence followed by a
30-amino-acid peptide, which is referred as the C-flanking peptide of neuropep-
tide Y (CPON). The steps involved in the generation of NPY are illustrated in
Fig. 4.35.

The enzymatic hydrolysis of NPY leads to the generation of peptidergic frag-
ments, which may also have biological activity. These fragments are inactive at

Signal
peptide RlEY

mRNA &

Gly-Lys-Gly
~N

Signal peptide Carboxy-terminal peptide

Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala
NPY: | -Pro-Ala-Glu-Asp-Met-Ala-Arg-Tyr-Tyr-Ser-Ala-Leu
-Arg-His-Tyr-lle-Asn-Leu-lle-Thr-Arg-Gln-Arg-Tyr

Fig. 4.35 Synthesis of NPY from its precursor.
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the NPY receptor Y1, but some of them interact with the second NPY receptor
type Y2.

4.22.4
Receptors and Signal Transduction

The various biological effects of NPY and its homolog are mediated by the acti-
vation of at least five classes of receptor, known as the Y1, Y2, Y4, Y5 and y6
subtypes. All of these receptors have been cloned and most are expressed in a
range of species. However, the y6 receptor subtype has only been shown to be
functionally expressed in mouse and rabbit but not in rat and primates. The
genuine existence of a Y3 receptor subtype remains to be established.

Y1 receptors
The cloning and functional expression of a human NPY receptor of the Y1 type
was achieved by Larhammar and coworkers in 1992.

Further studies revealed that this receptor is expressed not only in mammals,
but also in non-mammalian species and that it has been well conserved during
evolution.

The Y1 receptor is a receptor with seven transmembrane regions and is
coupled to G proteins. This receptor has a length of about 380 amino acids.

Y2 receptors

Screening of ¢cDNA libraries led to the isolation of a human cDNA receptor
clone, which upon transfection in COS cells possessed a pharmacological bind-
ing profile similar to that of the Y2 receptor. The Y2 receptor has been cloned
from different species and reveals high interspecies homology.

The Y2 receptor has a putative length of 381 amino acids and shares a homol-
ogy of about 31% with the Y1 receptor. The Y2 receptor recognizes the complete
NPY molecule as well as some short fragments of the carboxy-terminal se-
quence of NPY. In contrast, the Y1 receptor needs the complete NPY molecule
for its activation.

Y4 receptors
Sequence homology screening with an Y1 receptor probe led to the isolation of
a new human NPY receptor cDNA. This receptor was originally designated as
either PP1 or Y4, and is now recognized as the Y4 receptor.

The Y4 receptor displays a high affinity for PP-related peptides. This feature
allows Y4 to be distinguished from Y1 and Y2, since both have low affinities for
the pancreatic polypeptide.

Y5 receptors

The Y5 receptor has also been cloned from mouse and dog. Short carboxy-ter-
minal fragments of NPY are much less potent at the Y5 receptor than NPY,
PYY or long carboxy-terminal fragments such as NPY(2-36) and PYY(3-36).
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The Y5 receptor seems to exist as two subtypes. One subtype has been cloned
in rats, while the other has been cloned in mice.

The activation of NPY receptors induces several of intracellular events, such
as inhibition of adenylate cyclase and activation of phospholipase C.

It is assumed that NPY-activated G proteins act directly upon ion channels. In
some cell types (for example smooth muscle cells), NPY induces the intracellu-
lar accumulation of calcium by an inositol-trisphosphate-dependent mechanism.

In neurons NPY seems to suppress the influx of calcium ions through volt-
age-gated ion channels.

Since no selective NPY-antagonists are available, there is no definite data as to
action of NPY during signal transduction.

4.22.5
Biological Effects

NPY is one of the most abundant neuropeptides found in the central nervous sys-
tem and, since it is also one of the most conserved peptides in evolution, it is likely
to play an important role in the regulation of basic physiological functions.

NPY is a pleiotropic factor participating to the control of physiological pro-
cesses, such as reproductive and cardiovascular functions, neuroendocrine
mechanisms and eating behavior. NPY is also involved in the control of circa-
dian rhythms and in the release of reproductive hormones. In addition, NPY
seems to be involved in mechanisms associated with learning and memory; and
it appears to interfere with complex behavior, for example fear and anxiety.

Injection of NPY into the central nucleus of the amygdala or into the ventri-
cle results in an anxiolytic reaction. Furthermore, it has been demonstrated that
injection of NPY into the rostral hippocampus and the septal area enhances
memory retention, whereas NPY injection into the amygdala and the caudal
hippocampus induces amnesia. Further support for a physiological role for NPY
in cognitive behavior comes from passive immunization studies with NPY anti-
bodies which, when injected into the hippocampal regions, induced amnesia.

Additional evidence suggests that NPY, together with LHRH, is involved in
the regulation of gonadotropin secretion. In vitro experiments have shown that
NPY potentiates the effect of LHRH on the release of gonadotropins from go-
nadotropic cells of the pituitary.

When released from the paraventricular nucleus of the hypothalamus, NPY
enhances the release of corticotropin-releasing factor (CRF), which in turn leads
to an increase in ACTH levels.

Furthermore, it is known that NPY inhibits the release of vasopressin from
neurons of the paraventricular nucleus of the hypothalamus and seems to stim-
ulate the secretion of growth hormones.

NPY coexists with other neurotransmitters or neuromodulators, especially
with norepinephrine. Presynaptically, NPY inhibits the release of norepineph-
rine from sympathetic neurons as well as the release of acetylcholine from para-
sympathic neurons through activation of Y2 receptors.
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NPY and NPY receptors appear to be involved in the control of eating behav-
ior. The expression of both NPY and its receptors is modulated by changes of
food intake and energy balance. Food deprivation increases levels of NPY and
its corresponding mRNA in the paraventricular nucleus of the hypothalamus;
and food intake shows a reverse effect. These data are supported by antisense
oligonucleotide experiments, which showed a reduction of food intake when ap-
plied intracerebrally. Along this line, acute administration of NPY into the hy-
pothalamus or into the brain ventricles leads to increased food intake. In the
case of chronic administration, the hyperphagic effects of NPY are prolonged,
leading to the development of an obese state.

The highest NPY concentration in the paraventricular nucleus can be mea-
sured prior to the onset of natural feeding. NPY concentrations in the paraven-
tricular nucleus are found to be elevated before the intake of food and, there-
after, levels decrease significantly during the postprandial phase. Administration
of NPY into the hypothalamus triggers food intake, the paraventricular nucleus
being most sensitive in this respect. In essence, these data strongly indicate that
NPY plays an important role in feeding behavior.

Intravenously applied NPY induces an increase in blood pressure, resulting
from a Y1 receptor-mediated vasoconstriction. In addition, very low concentra-
tions of NPY potentiate the vasoconstricitive effects induced by histamine or
norepinephrine. In contrast to the fast- and short-lasting action of norepineph-
rine on vasoconstriction, the NPY-induced effects occur slowly and are more
prolonged.

4.22.6
Neurological Disorders and Neurodegenerative Diseases

Investigations to date have implicated NPY in the pathophysiology of several
diseases, including feeding disorders, seizures and depression. Moreover,
changes to NPY-containing neurons have been demonstrated in some neurologi-
cal diseases, such as Alzheimer’'s and Huntington’s chorea disease.

The hippocampal formation is severely affected in Alzheimer’s disease. Some
studies have reported a significant decrease in NPY-like immunoreactivity in
cortical, amygdaloid and hippocampal areas under Alzheimer conditions. NPY-
like immunoreactivity has also been detected within neuritic plaques present in
the brains of patients with Alzheimer’s disease. These data suggest that the de-
generative processes associated with this disease may involve changes in NPY-
related innervation.

Hippocampal NPY-positive neurons increase their NPY expression in some
models of epilepsy, such as kindling. Since NPY inhibits glutamatergic excita-
tion under seizure conditions in human, Patrylo and coworkers (1999) specu-
lated that the increase in NPY in the hippocampus plays a beneficial role in re-
ducing cell excitability in chronically epileptic tissue and subsequently limits se-
verity of the seizure. Thus, it has been suggested that NPY may act as an endog-
enous anticonvulsant. Indeed, administration of NPY attenuated epileptiform-
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like activity in various animal models of epilepsy and reduced seizure activity
following kainic acid administration to NPY-deficient mice.

There might be also an involvement of the NPY system in other neurological
diseases, since reduced NPY mRNA levels have been detected in the cortex of
patients with schizophrenia and bipolar disorders.

Several brain structures are involved in mediating anti-stress actions of NPY;
and anti-stress actions of NPY are mimicked by Y1 receptor agonists and
blocked by Y1 antagonists. Thus, the NPY system might be a useful target for
novel pharmacological treatments of stress-related disorders.
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4.23
Neurotensin

4.23.1
General Aspects and History

Neurotensin (NT) was first isolated by Carraway and Leeman in 1973 from ex-
tracts of bovine hypothalamus. It is a peptide which consists of 13 amino acids
with the primary sequence shown in Fig. 4.36.

This primary structure of neurotensin is highly conserved in mammals. Immu-
nohistochemical studies have demonstrated that neurotensin is widely expressed
in vertebrates and invertebrates and has consistently been found down to Proto-
zoa. This high degree of evolutionary conservation and its neuronal expression
is suggestive of an essential role for this neuropeptide in signal transmission.

The neurotensin precursor as well as the neurotensin receptors have been
identified and cloned. In addition, pharmacologically applicable neurotensin an-
tagonists have been developed.

The first potent non-peptidergic neurotensin receptor antagonist (SR48692)
was developed by Gully and coworkers (1993). This compound proved capable
of inhibiting a number of the central and peripheral effects of neurotensin. The
second generation of antagonists (e.g. SR142948A) was found to be more potent
than SR48692 and to exhibit a wider spectrum of activities since it antagonizes
hypothermia and analgesia induced by intraventricular injection of neurotensin,
effects not observed with SR48692.

pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-lle-Leu-OH

Fig. 4.36 Sequence of neurotensin.
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4.23.2
Localization Within the Central Nervous System

In the central nervous system, neurotensin is expressed exclusively in neurons.
Its distribution and localization have been studied by autoradiography, immuno-
histochemistry and by in situ hybridization.

Neurotensin-containing neurons have been identified in anterior regions of
the hypothalamus, in the preoptic area and in the premammillary area, as well
as in the central and medial nucleus of the amygdala and in the endopiriform
nucleus. Neurotensin-containing neurons are also localized in the septum, the
stria terminalis, the median eminence, the zona incerta, the ventral tegmental
area, the substantia nigra, the nucleus of the tractus solitarius and in the area
postrema.

Neurotensin-containing neurons have also been identified in smaller quanti-
ties in the nucleus accumbens, the caudate-putamen, the periaqueductal gray,
the lateral hypothalamus, the locus coeruleus, the thalamus and the spinal cord.
In the anterior pituitary gland, a population of neurotensin-containing neurons
has also been demonstrated.

Figure 4.37 depicts some of the neuronal neurotensin populations, as well as
their projections.

Am

Fig. 437 Schematic overview of some neuro-
nal neurotensin-containing nuclei and their
projections. Abbreviations: Acb=nucleus
accumbens; Am=amygdala; ARC=arcuate
nucleus; BDB=diagonal band of broca;
BST=bed nucleus of the stria terminalis;
Cf=frontal cortex; CMM medial mammillary
complex; DM=dorsomedial nucleus of the
thalamus; EM =eminentia mediana;

En=endopiriform nucleus; Hl=hippocam-
pus; IP=intermediate pituitary;
NFS=nucleus of the fasciculus solitarius;
PAG =periaqueductal gray; PB=parabrachial
nucleus; Pir=piriform cortex; RM=magno-
cellular raphe nucleus; Sub=subiculum;
VMH =ventromedial nucleus of the hypo-
thalamus; VTA=ventral tegmental area.
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Neurotensin coexists with other neurotransmitters and neuromodulators, in-
cluding dopamine, norepinephrine, epinephrine, enkephalin, GABA, cholecysto-
kinin and corticotropin-releasing hormone (CRH).

4.233
Biosynthesis and Degradation

The gene which encodes for the neurotensin precursor (pro-neurotensin) is
composed of four exons and three introns (total base length 10.2 kb). The pri-
mary structure of the precursor has a putative length of 170 amino acids
(Fig. 4.38); and the fragment which corresponds to neurotensin is located in the
carboxy-terminal region of the precursor.

Neurotensin and its structurally related analog neuromedin N are synthesized
from the common precursor, pro-neurotensin. Expression of the precursor
mRNA has been observed for example in the lateral septal nucleus, hippocam-
pus, nucleus accumbens, medial preoptic area, bed nucleus of the stria termina-
lis, lateral hypothalamus, central amygdaloid nucleus, subthalamic nucleus,
geniculate nucleus and substantia nigra.

Neuromedin N is a hexapeptide with the following amino acid sequence: Lys-
Ile-Pro-Tyr-Ile-Leu-OH. This sequence is also conserved in the carboxy-terminal
of neurotensin. Neurotensin and neuromedin N are located in the carboxy-ter-
minal domain of the precursor, where they are flanked and separated by three
Lys-Arg sequences. A fourth dibasic sequence preceding a neuromedin N-like
sequence is present in the amino-terminal domain.

The Lys-Arg sites provide consensus sequences which are used by endopro-
teases belonging to the recently described family of proprotein convertases (PC).

While neuromedin N shows rapid inactivation by aminopeptidases, neuroten-
sin degradation proceeds much more slowly. The degradation of neurotensin in-
volves the activity of membranous and cytosolic peptidases. These include the
endopeptidases 24.11, 24.15 and 24.16.

The endopeptidase 24.16 is a metalloendopeptidase of 70 kDa, which cleaves
the peptide in its carboxy-terminal domain.

Co-application of neurotensin and inhibitors of endopeptidase 24.11 have
been shown to potentiate central neurotensin-related effects.
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Fig. 4.38 Schematic representation of the common precursor
(pro-neurotensin) of neurotensin and neuromedin N.
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4.23.4
Receptors and Signal Transduction

Neurotensin is released by depolarizing stimuli in a calcium-dependent manner
and binds to specific receptors. Three subtypes of neurotensin receptors have
been cloned. All three subtypes recognize the same carboxy-terminal sequence
and display a structure—function relationship similar to that of neurotensin.
Two of the receptors belong to the family of G protein-coupled receptors,
whereas the third is an entirely new type of neuropeptide receptor, consisting of
a 100-kDa protein with a single transmembrane domain.

The initial evidence for the existence of different neurotensin receptor subtypes
was based on binding studies, which showed two classes of neurotensin-binding
site. A high-affinity site (site H), which proved susceptible for Na* and GTP, and a
low-affinity site (site L), which was less susceptible to Na* and insensitive to GTP.
The antagonist of the histamine receptor H1 levocabastine, which is devoid of any
neurotensin-like properties, selectively blocks neurotensin binding to the L-sites
without changing the binding properties of the H-sites.

NTS1 receptors

In 1990 Nakanishi and his group cloned the first NT receptor (NTS1, also
known as NTR-1) and showed that it belongs to the family of G protein-coupled
receptors. Screening of cDNA expression libraries from rat brain allowed the
cloning of a 3633-kb ¢cDNA. The cDNA encodes for a putative 424-amino-acid
protein with seven transmembrane domains, indicating that the NTS1 receptor
belongs to the family of G protein-coupled receptors. When expressed in COS
cells, the receptor binds selectively to neurotensin with high affinity and is in-
sensitive to levocabastine.

The human NTS1 receptor has also been cloned. The human receptor con-
sists of 418 amino acids and the amino acid sequence shares 84% homology
with the rat homolog. The human NTSR1 gene is localized on chromosome 20
(20q13).

In situ hybridization studies have been used to clarify the distribution of
NTS1 receptors in the central nervous system. High levels of NTS1 mRNAs are
found in neurons of the hypothalamus (suprachiasmatic nucleus, supramam-
millary area), as well as in neurons of the diagonal band of Broca, the medial
septal nucleus, the substantia nigra, the ventral tegmental area and in the some
neurons of the spinal cord.

The signal transduction of the NTS1 receptor seems to be coupled to phos-
pholipase C. Activation of these receptors leads to an increase in intracellular
calcium as well as an increase in inositol-1.4.5-trisphosphate.

NTS2 receptors

Binding studies indicated the existence of a further receptor with low affinity
for neurotensin. Indeed, a second neurotensin receptor has been cloned. The
rodent NTS2 receptor shows a putative length of 416 amino acids as compared
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to 410 amino acids in humans. The NTS2 receptor exhibits the same seven
transmembrane-spanning motif and thus belongs to the G protein-coupled re-
ceptor family. The rat NTS2 and NTS1 receptors share an amino acid homology
of about 64%.

Within the central nervous system, NTS2 receptors have been localized to the
olfactory bulb, cerebral cortex, hippocampus, bed nucleus of the stria terminalis,
magnocellular preoptic nucleus, amygdaloid complex, anterodorsal thalamic nu-
cleus, substantia nigra, ventral tegmental area, cerebellum, periaqueductal gray
and raphe nuclei.

NTS3 receptors

In the central nervous system, a further high-affinity neurotensin-binding site is
present which is distinct from the NTS1 and NTS2 receptors. One essential fea-
ture of this binding site is that it retains its activity after dissolving in the deter-
gent 3-[(3-cholamidopropyl) dimethylammino]-1-propane sulfonate (CHAPS).
Sequence analysis of this receptor reveals 100% homology with a previously
cloned human gp95/sortilin 60 cDNA.

This nts3/gp95/sortilin ¢cDNA encodes a protein of 833 amino acids. How-
ever, the gene product does not constitute the receptor; and subsequent investi-
gations have revealed that the NTR3/sortilin is synthesized as a precursor,
which is processed into a 5-kDa peptide fragment and a 95-kDa membranous
protein.

Currently available pharmacological data indicate that both neurotensin and
neuromedin N bind to the three neurotensin receptor subtypes (Neuromedin N
seems to be slightly less potent than neurotensin at the NTS1 and NTS3 recep-
tors and nearly equipotent on the NTS2 receptors).

NTS3 receptors have been mapped to the neocortex, the piriform cortex, the
hippocampal formation, islands of Calleja, medial and lateral septal nuclei,
amygdaloid nuclei, thalamic nuclei, supraoptic nucleus, substantia nigra, Pur-
kinje cells of the cerebellar cortex and cranial motor nuclei.

4.23.5
Biological Effects

Intravenous administration of neurotensin produces endocrine and cardiovascu-
lar effects, which include hyperglycemia, hypotension and vasodilatation.

Intracerebroventricular or intracisternal administration of neurotensin pro-
duces physiological and behavioral alterations, including potentiation of barbitu-
rate-mediated effects and effects mediated by ethanol. In addition, it induces hy-
pothermia, reduces food intake and prevents the development of stress-induced
gastric ulcers in rats.

Furthermore, it has been demonstrated that neurotensin inhibits locomotor
hyperactivity induced by dopamine agonists. Neurotensin has been shown to
modulate dopaminergic transmission and to modulate dopaminergic effects in
cells which possess both dopamine and neurotensin receptors. For example, the
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activation of neurotensin receptors located on the soma or on nerve terminals
of dopaminergic neurons can facilitate dopaminergic transmission. The action
of dopamine itself is to suppress dopamine release via dopaminergic autorecep-
tors.

In contrast, the activation of neurotensin receptors antagonizes dopamine re-
lease at the postsynaptic level.

Neurotensin elicits hypothermic and naloxone-insensitive analgesic responses
after brain injection. The effects are independent of the activation of NT-1 recep-
tors; and recent studies (Dubuc et al. 1999) suggest that they are mediated via
NT-2 receptors. An interesting point in this context is that the analgesic effect
of neurotensin is not be blocked by opioid antagonists. In addition, by compar-
ing mice deficient in the receptors NTS1 or NTS2, an involvement of NTS2 re-
ceptors in thermal nociception has been demonstrated. Thus, in a hot-plate test,
a significant alteration in jump latency was observed in NTS2-deficient mice
compared to NTS1-deficient or wild-type mice.

Food intake, especially the intake of lipids, induces a release of neurotensin;
and increased levels of neurotensin can be detected in the circulating blood. A
likely interpretation of this relationship is that neurotensin is involved in diges-
tive processes.

Neurotensin also inhibits the secretion of gastric acid. Besides its endocrine
functions, neurotensin induces paracrine effects in the periphery: these are evi-
dent as locally restricted effects on the contraction of smooth muscles in the
gasto-intestinal tract and on the transepithelial transport of electrolytes.

4.23.6
Neurological Disorders and Neurodegenerative Diseases

Parkinson’s disease is characterized by a significant destruction of nigrostriatal
dopaminergic neurons concomitantly with a loss of neurotensin receptors in
neurons of the substantia nigra and the striatum.

Neurotensin is a neuropeptide implicated in schizophrenia that specifically
modulates neurotransmitter systems known to be dysregulated in this disorder.
Modulation of neurotensin in the mesolimbic system is thought to underlie the
mechanism of action of antipsychotic drugs. Indeed, several lines of evidence
support this notion, since an association of neurotensins with neural circuits in-
volved in the pathophysiology of schizophrenia and the therapeutic effects of
antipsychotic drugs has been demonstrated. Thus, administration of antipsycho-
tic drugs can increase neurotensin neurotransmission. Moreover, in some pa-
tients with schizophrenia, low concentrations of neurotensins have been mea-
sured in the cerebrospinal fluid, which are normalized after treatment with anti-
psychotic drugs. Along this line, the central administration of neurotensin
results in a variety of neurobehavioral effects which, depending upon the ad-
ministration site, resemble the effects of antipsychotic drugs and psychostimu-
lants.



4.23 Neurotensin

Further Reading

Adachi, D.K., Kalivas, P.W., Schenk, J.O. (1990): Neurotensin binding to dopamine. J. Neu-
rochem. 54: 1321-1328.

Binder, E.B., Kinkead, B., Owens, M.]., Nemeroff, C.B. (2001): The role of neurotensin in
the pathophysiology of schizophrenia and the mechanism of action of antipsychotic drugs.
Biol. Psychiatry 50: 856-872.

Caceda, R., Kinkead, B., Nemeroff, C.B. (2003): Do neurotensin receptor agonists represent
a novel class of antipsychotic drugs? Semin. Clin. Neuropsychiatry 8: 94-108.

Carraway, R.E., Mitra, P., Spaulding, G. (1992): Post-translational processing of the neuroten-
sin/neuromedin-N precursor. Ann. N.Y. Acad. Sci. 668: 1-6.

Dobner, P.R., Deutch, A.Y., Fadel, J. (2003): Neurotensin: dual roles in psychostimulant and
antipsychotic drug responses. Life Sci. 73: 801-811.

Dubug, 1., Sarret, P., Labbe-Jullie, C., Botto, J].M., Honore, E., Bourdel, E., Martinez, ., Cost-
entin, J., Vincent, J.P., Kitabgi, P., Mazella, J. (1999): Identification of the receptor subtype
involved in the analgesic effect of neurotensin. J. Neurosci. 19: 503-510.

Farkas, R.H., Chien, P.-H., Nakajima, S., Nakajima, S. (1997): Neurotensin and dopamine
D2 activation oppositely regulate the same K" conductance in rat midbrain dopaminergic
neurons. Neurosci. Lett. 231: 21-24.

Gully, D., Canton, M., Boigegrain, R., Jeanjean, F., Molimard, J.C., Poncelet, M., Gueudet,
C., Heaulme, M., Leyris, R., Brouard, A., et al. (1993): Biochemical and pharmacological
profile of a potent and selective nonpeptide antagonist of the neurotensin receptor. Proc.
Natl Acad. Sci. USA 90: 65-69.

Henry, J.L. (1982): Electrophysiological studies on the neuroactive properties of neurotensin.
Ann.N.Y. Acad. Sci. 440: 216-227.

Jann, M. W. (2004): Implications for atypical antipsychotics in the treatment of schizophrenia:
neurocognition effects and a neuroprotective hypothesis. Pharmacotherapy 24: 1759-1783.
Kitabgi, P. (1989): Neurotensin modulates dopamine neurotransmission at several levels

along brain dopaminergic pathways. Neurochem. Int. 14: 111-119.

Kitabgi, P., Checler, F., Mazella, J., Vincent, J.P. (1985): Pharmacology and biochemistry of
neurotensin receptors. Rev. Clin. Basic Pharm. 5: 397-486.

Levant, B., Merchant, K.M., Dorsa, D.M., Nemeroff, C.B. (1992): BMY 14802, a potential
antipsychotic drug, increases expression of proneurotensin mRNA in the rat striatum. Mol.
Brain Res. 12: 279-284.

Maeno, H., Yamada, K., Santo-Yamada, Y., Aoki, K., Sun, Y.J., Sato. E, Fukushima, T., Ogura,
H., Araki, T.,, Kamichi, S., Kimura, 1., Yamano, M., Maeno-Hikichi, Y., Watase, K., Aoki, S.,
Kiyama, H., Wada, E., Wada, K. (2004): Comparison of mice deficient in the high- or low-
affinity neurotensin receptors, Ntsrl or Ntsr2, reveals a novel function for Ntsr2 in thermal
nociception. Brain Res. 998: 122-129.

Rosas-Arellano, M.P., Solano-Flores, L.P., Ciriello, J. (1996): Neurotensin projections to the
subfornical organ from arcuate nucleus. Brain Res. 706: 323-327.

Sarret, P., Perron, A., Stroh, T., Beaudet, A. (2003a): Immunohistochemical distribution of
NTS2 neurotensin receptors in the rat central nervous system. J. Comp. Neurol. 461: 520—
538.

Sarret, P., Krzywkowski, P., Segal, L., Nielsen, M.S., Petersen, C.M., Mazella, J., Stroh, T,
Beaudet, A. (2003b): Distribution of NTS3 receptor/sortilin mRNA and protein in the rat
central nervous system. J. Comp. Neurol. 461: 483-505.

Seutin, V., Massotte, L., Dresse, A. (1989): Electrophysiological effects of neurotensin on
dopaminergic neurones of the ventral tegmental area of the rat in vitro. Neuropharmacology
28: 949-954.

Smits, S.M., Terwisscha van Scheltinga, A.F., van der Linden, A.J., Burbach, J.P., Smidt,
M.P. (2004): Species differences in brain pre-pro-neurotensin/neuromedin N mRNA distri-
bution: the expression pattern in mice resembles more closely that of primates than rats.
Brain Res. Mol. Brain Res. 125: 22-28.

285



286

4 Neuromodulators

Tanaka, K., Masu, M., Nakanislu, S. (1990): Structure and functional expression of the
cloned rat neurotensin receptor. Neuron 4: 847-854.

Uhl, G.R., Kuhar, M.]., Snyder, S.H. (1977): Neurotensin: immunohistochemical localization
in rat central nervous system. Proc. Natl Acad. Sci. USA 74: 4096-4063.

Vincent, J.P., Mazella, J., Kitabgi., P. (1999): Neurotensin and neurotensin receptors. Trends
Pharmacol. Sci. 20: 302-309.

4.24
Neurotrophins

4.241
General Aspects and History

Neurotrophins are relatively small, homodimeric polypeptides (120 amino acid
residues) with a varied repertoire of biological activities influencing the genera-
tion, differentiation, survival and regeneration of vertebrate neurons. The neuro-
trophins belong to the heterogeneous family of growth factors which regulate
growth and differentation of various cell types. Figure 4.39 indicates some of
the most important members of this group of bioactive substances.

The family of neurotrophins consists of nerve growth factor (NGF), brain-de-
rived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4/5, NT-6, NT-7
and a newly cloned member from lamprey considered to be the ancestral form
of neurotrophins.

Neurotrophins Tissue growth factors
NGF, BDNF, NT-3, GDNF, TGFo, TGFB, FGF,
NT-4, NT-5 IGF-1, IGF-2, EGF, PDGF
Interleukins Neuropoietic cytokines
IL-1a, IL-1B, CNTF, LIF, CT-1
IL-2-IL-15
Colony stimulating factors Interferons
G-CSF, M-CSF, | IFN-, IEN-B, IFN-y |
GM-CSF

Tumor necrosis factor

TNF-o, TNF-B

Fig. 4.39 The growth factor family.



4.24 Neurotrophins

4.24.2
Localization Within the Central Nervous System

BDNF

BDNF mRNA and protein has been found in neurons of the anterior olfactory
nucleus, the cortex (orbital, insular, frontal, cingulate, piriform, parietal, peri-
rhinal, occipital, temporal, and entorhinal cortices), the endopiriform nucleus,
the hippocampus (areas CA1-CA3, dentate gyrus, and subiculum) and in the lat-
eral and medial septal nuclei. Within the amygdala, BDNF has been found in
the basolateral complex of the amygdala, including the lateral, basolateral and
basomedial nucleus of the amygdala. Furthermore, BDNF has been detected in
the amygdala within the medial amygdaloid nucleus and cortical amygdaloid
nucleus as well as in the anterior amygdaloid area and amygdalohippocampal
area. In addition, BDNF mRNA and protein have been detected in the substan-
tia inominata, corpus callosum, caudate-putamen and the nucleus of the lateral
olfactory tract.

Both, BDNF mRNA and protein have been found in a huge number of thala-
mic nuclei, including the paraventricular thalamic nucleus, central medial and
central lateral thalamic nuclei, anterodorsal and intermediodorsal thalamic nu-
clei, rhomboid thalamic nucleus, posterior intralaminar thalamic nucleus, medi-
al geniculate nucleus and suprageniculate thalamic nucleus. Within the hy-
pothalamus, BDNF mRNA and protein are found in the lateral and medial pre-
optic nuclei, magnocellular preoptic nucleus, lateroanterior hypothalamic nu-
cleus, lateral hypothalamic area, the parvocellular portion of the paraventricular
hypothalamic nucleus, the medial and lateral mammillary nuclei and the poste-
rior hypothalamic area.

Furthermore, BDNF protein and mRNA can be found in the substantia nigra
(pars compacta), ventral tegmental area, raphe nuclei, locus coeruleus, peduncu-
lopontine tegmental nucleus, pontine nuclei, inferior colliculus, nucleus of the
tractus solitarius and inferior olive.

NGF

NGF mRNA has been located in the frontal, cingulate, entorhinal, piriform and
perirhinal cortices, the hippocampus (areas CA1-CA3 and dentate gyrus), the
amygdala, the striatum, the diagonal band nucleus, the ventral pallidum, the
mediodorsal thalamic nucleus, the supramammillary complex and the mammil-
lary nucleus. Furthermore, NGF mRNA has been detected in the superior and
inferior olive, the nucleus raphe magnus, the nucleus of the tractus solitarius,
the motor nucleus of the trigeminal nerve and the trochlear, facial, hypoglossal,
dorsal vagal motor nuclei.

NT-3

Strong mRNA signals and protein immunoreactivity for neurotrophin-3 have
been detected in the neocortex, the entorhinal cortex, the hippocampus and the
molecular layer of the dentate gyrus. In addition, NT-3 is present in neurons of
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the nucleus of the lateral olfactory tract, anterior olfactory nucleus, anteromedial
thalamic nucleus, neostriatum, amygdala, substantia nigra, dorsal root ganglia,
central gray of spinal cord and the granular layer of the cerebellum.

NT-4

Neurotrophin-4 has been identified within the neocortex, hippocampus, thala-
mus, hypothalamus, the locus coeruleus, the inferior olive, the cerebellum, the
brain stem, the dorsal root ganglia and in the choroid plexus.

4.243
Biosynthesis and Degradation

The neurotrophins are closely structurally related: NGF, BDNF, NT-3 and NT-4
share approximately 50% sequence identity and all neurotrophins occur in dif-
ferent splice variants.

The structure of rat brain-derived neurotrophic factor (BDNF) gene is com-
plex: four 5 exons are linked to separate promoters and one 3’ exon encodes
the BDNF protein. Alternative promoter usage, differential splicing and the use
of two different polyadenylation sites within each of the four transcription units
generate eight different BDNF mRNAs. The promoters I-HI are used predomi-
nantly in the brain, while promoter IV is more active in peripheral tissues.
Moreover, the levels of BDNF mRNAs transcribed from promoters [-HI are
markedly elevated in promoter-specific subsets of hippocampal and neocortical
neurons in different models of neuronal activation, while only a modest in-
crease was seen for promoter IV specific mRNA.

BDNF is generated from a higher molecular precursor. Normally, pro-BDNF
(32 kDa) undergoes amino-terminal cleavage within the trans-Golgi network
and/or immature secretory vesicles to generate mature BDNF (14 kDa). In addi-
tion, small amounts of a truncated form of the precursor (28 kDa) are generated
in the endoplasmic reticulum through amino-terminal cleavage of pro-BDNF.

Since blocking of the generation of the 28-kDa BDNF has no effect on the
level of mature BDNF and since blocking the generation of mature BDNF does
not lead to accumulation of the 28-kDa form, it is suggested that the 28-kDa
pro-BDNF is not an obligatory intermediate in the formation of the 14-kDa
form in the constitutive secretory pathway. Interestingly, extracellularly released
pro-BDNF is biologically active, since it is able to mediate TrkB phosphoryla-
tion.

There are two major alternatively spliced mRNAs for NGF, giving rise to dif-
ferent precursor proteins. These may be processed by proteases within the se-
cretory pathway, leading to two major secreted proteins, “mature” fully pro-
cessed NGF and several “pro-NGF” forms. These NGF isoforms differ in their
affinity for the receptors p57~™® and TrkA.

In the case of NGF, it is speculated that neurons release cleaved NGF, acting
on TrkA receptors, while a non-neuronal population in the brain (presumably
microglial cells) is able to release pro-NGF. The pro-NGF, like NGF, is able to
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bind to TrkA and p57"™® receptors, but with a lower affinity. In this context, it
has been shown that pro-NGF, via p57 receptors, can induce death of axoto-
mized cortical neurons.

NFG, BDNF and NT-3 are sorted to dense-core vesicles. NT-3 and BDNF ap-
peared to be processed in the regulated secretory pathway of brain neurons and
secreted in an activity-dependent manner. In the case of NGF, it has been pro-
posed that it is released through the constitutive secretory pathway from cells in
peripheral tissues and nerves, where it can act as a target-derived survival factor.
However, it has also been reported that NGF might be released via the regulated
secretory pathway.

4.24.4
Receptors and Signal Transduction

The neurotrophins interact with two classes of receptors on responsive cells: a
protein tyrosine kinase-type of receptor (members of the Trk family) and a smal-
ler receptor, distantly related to the TNF and CD40 receptors, containing a short
cytoplasmic tail of unknown function (the p75 low-affinity NGF receptor,
p75N"™). This receptor is a member of the tumor necrosis receptor superfamily.
The function of the low-affinity receptor p75™'%, which binds all neurotrophins
and thus acts as a pan-neurotrophin receptor, is less well understood than that
of the Trk receptors.

The Trk receptors mediate specificity and several of the neurotrophic func-
tions of the neurotrophins. There are three main types of Trk receptors: TrkA is
a receptor for NGF, TrkB a receptor for BDNF and NT-4/5, and TrkC is a recep-
tor for NT-3.

Trk receptors

All the neurotrophins bind with high affinity to members of a family of recep-

tor tyrosine kinases, the Trk family. The events leading to signal transduction

include:

e binding of neurotrophin to the appropriate Trk receptor (in general, NGF
binds to TrkA, BDNF and NT4 to TrkB, and NT3 to TrkC);

e receptor homodimerization;

¢ autophosphorylation of the tyrosine kinase domains of the bound receptors;

e activation of various intracellular signaling molecules that are associated with
the receptor.

The cascade of intracellular signal transduction of neurotrophins follows the fol-

lowing pathway:

1.binding to their specific Trk receptor and promotion of the formation of a
Trk-Shc-Grb2-Sos complex;

2. activation of the low-molecular-weight G protein Ras;

3.Ras activation then allows transmission of signals to other downstream path-
ways.
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The most prominent is the MAP kinases cascade following the steps:

1. Ras activates Raf kinase, which phosphorylates and activates MEK.

2.MEK in turn phosphorylates the MAP kinases.

3.MAP, when activated by MEK, becomes proline-directed, which means that
the kinase phosphorylates serine or threonine residues neighboring prolines.
One direct substrate is the protein kinase p90rsk.

Importantly, activation of MAP kinases and rsk causes their translocation to the
nucleus where a number of transcription factors can be phosophrylated, such
as the immediate early genes c-fos and c-jun as well as the delayed-response
genes like CREB (cCAMP-response element-binding protein (see Fig. 4.40).

The biological effects are long-lasting and induce changes in gene expression.

Two further pathways are activated:

e The phospolipase C (PLCy) pathway, which generates DAG and IP3. The con-
sequences of PLC activation are increase in intracellular calcium, pH, cytoske-
letal responses and transcriptional changes.

¢ Phospatidylinositol-3 kinase (PI-3K), which catalyzes the production of phos-
phoinositides. They in turn activate the protein kinase Akt, which leads to the
activation of pathways necessary for growth factor-mediated survival.

Thus, there are many substrates of Trk activation in both the cytoplasm and nu-
cleus, including other protein kinases, cytoskeletal elements, tyrosine hydroxy-
lase and transcription factors.

Two TrkA isoforms are known, which differ in their extracellular domain.
Both isoforms appear to have similar biological properties, but they differ in
their expression pattern. One isoform is expressed in cells of non-neuronal ori-
gin and the other (containing a VSFSPV sequence in the extracellular domain)
is primarily expressed in neuronal cells. TrkA, which serves as a receptor for
NGF, has been found in NGF-responsive cells, including sympathetic neurons,
small spinal sensory neurons of the dorsal root ganglion (DRG) and basal fore-
brain cholinergic neurons.

TrkB is a receptor for BDNF and NT-4; and it is widely expressed in the pe-
ripheral and central nervous systems. Beside the full-length TrkB receptor, TrkB
isoforms are known, having the same extracellular and transmembrane do-
mains but lacking a tyrosine kinase catalytic domain.

At least four different isoforms of the TrkC receptor have been described.
These isoforms differ from the canonical TrkC tyrosine kinase by the presence
of 14, 25, or 39 additional amino acid residues in the middle of their kinase cat-
alytic domains. Expression of TrkC, the main receptor for NT-3, has been docu-
mented in cells responsive to this neurotrophin including, among others, large
spinal sensory neurons, motor neurons, noradrenergic neurons of the locus
coeruleus and neurons of the substantia nigra.
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Signal

Neurite elongation

Fig. 440 Schematic drawing of the most on its partners. This phosphorylation creates
important pathways of trk signaling. Upon specific binding sites for PI-3, PLC-y and
NGF binding to two trk molecules, homo- Shc. Recruitment of these proteins into the
dimers are formed which allow each trk complex initiates the different indicated
molecule to phosphorylate tyrosine residues signaling cascades.

p75N"R, the p75 low-affinity NGF receptor

p57NTR exists in two splice variants, which differ in their extracellular domains
and ligand preference. Thus, TrkA exists in a short and a long isoform, with the
short isoform lacking domains known to be important for neurotrophin-bind-
ing. The interaction of NGF with p75"™® is mediated by a positively charged re-
gion that contains at least three lysine residues located in two spatially adjacent
loops (I and IV). These positively charged residues are conserved in NT-3 and
NT-4, but not in BDNF, which contains three consecutive positively charged re-
sidues in loop V that may compensate for the absence of the to lysines present
in loop I in the other neurotrophins.
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The p75 neurotrophin receptor was formerly thought to be a low-affinity bind-
ing receptor that interacted with the signal-producing Trk receptors to enable
high-affinity binding. Binding and functional assays have indicated that p75N™®
can cooperate with Trk receptors to increase the affinity of neurotrophin binding
and/or the signaling efficiency. Although p75N™ can modulate Trk receptor ac-
tivity, published reports have revealed unique functions of p75"'® that are inde-
pendent of Trk receptors.

p75~™® binds each of the neurotrophins with approximately equal affinity. Re-
cent work has also shown that p75"™ interacts with the Nogo receptor as a sig-
nal-transmitting subunit that mediates inhibitory effects on axon growth of
three myelin-associated glycoproteins (Nogo, MAG and Omgp). Neurotrophin
binding to p75N™® promotes survival of some cells and apoptosis of others as
well as affecting axon outgrowth. p75N™ exerts these diverse actions through a
set of signaling pathways largely distinct from those activated by Trk receptors.
Pro-survival pathways activated by p75™'® include NFxB and Akt. Ligand bind-
ing to p75N™ also stimulates several proapototic pathways, which include the
jun-kinase signaling cascade, sphingolipid turnover and association with several
adaptors (e.g. NRAGE and NADE) that directly promote cell cycle arrest and
apoptosis. The activation of p75™™® also activates the small G proteins Rac and
Rho that directly affect growth cone motility.

4.24.5
Biological Effects

The neurotrophins play a critical role in the development, differentiation, main-
tenance and survival of specific neuronal populations in both the central and
peripheral nervous systems during development.

Neurons exibit trophic requirements, either for survival or for maintenance of
some aspect of differentiation. NGF acts on various classes of central and pe-
ripheral neurons to promote cell survival, to stimulate neurite outgrowth and to
modulate differentiation. Thus, NGF is known as a potential target-derived sur-
vival factor. It has been demonstrated, for example, that sympathetic ganglion
neurons require NGF for their survival during embryonic development and that
NGF applied exogenously during this phase of development enhances sympa-
thetic ganglion cell survival.

NGF is synthesized as a precursor, proNGF, which undergoes processing to
generate mature NGF. It has been shown that proNGF is abundant in the cen-
tral nervous system, whereas mature NGF is undetectable. Interestingly, it has
been demonstrated that even proNGF has neurotrophic activity. However, not
only NGF possesses trophic properties. For example, both BDNF and NT-3 pro-
mote the survival of dopaminergic neurons in vitro and in vivo.

Neurotrophins are also required for migration, morphological and biochem-
ical differentiation of neurons and even for the maintenance of, at least, cortical
dendrites.
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Aside from their trophic action, neurotrophins are involved in processes at-
tributed to learning and memory. The relatively high expression of NGF, BDNF
and NT-3 as well as TrkB and TrkC receptors in the hippocampus coupled with
the findings that neurotrophin levels are influenced by neuronal activity led to
the suggestion that neurotrophic factors may play a role in synaptic plasticity.
Indeed, it has been found that induction of LTP in the hippocampus increases
BDNF and NT-3 mRNA in this structure. Hippocampal slices treated with
BDNF or NT-3, but not NGF, show persistent increases in EPSP amplitude,
which are similar to tetanically induced LTP (Kang and Schuman 1995). BDNF,
via activation of the receptor tyrosin kinase TrkB, is critically involved in hippo-
campal LTP. Interestingly, both TrkB amd BDNF knockout mice showed im-
paired hippocampal LTP and deficits in hippocampal-dependent learning.

4.24.6
Neurological Disorders and Neurodegenerative Diseases

Parkinson’s disease

Postmortem analyses of Parkinson’s disease (PD)-diseased human substantia ni-
gra have revealed a dramatic reduction in both NGF and BDNF mRNA and pro-
tein, raising the possibility that there may be a link between reduced levels of
neurotrophins and Parkinson’s disease. Recently, it has been reported that, in a
Japanese population, homozygosity for a polymorphism of the BDNF gene oc-
curs more frequently in patients with PD than in unaffected controls and, in ad-
dition, two single nucleotide polymorphisms at position C270T of the BDNF
gene have been identified in patients with familial Parkinson, suggesting that
BDNF may play a role in the development of Parkinson’s disease.

Alzheimer’ disease
After NGF, pro-NGF is the predominant form of NGF in mouse, rat and hu-
man brain tissues. Not only is NGF protein increased in Alzheimer diseased
brains, but also pro-NGF is increased in Alzheimer’s diseased parietal cortex, in-
dicating that it is the precursor form, pro-NGF, that accumulates in Alzheimer’s
disease. This increase may reflect either a role for biologically active pro-NGF or
posttranslational disturbances in NGF biosynthesis that decrease the processing
of pro-NGF to mature NGF in Alzheimer’s disease.

In addition, the neurotrophins act on neurons affected by other neurological
and psychiatric pathologies, including ischemia, epilepsy, or depression.

Depression

Concerning depression, it is thought that a lack of trophic support can contrib-
ute to depression. It has been demonstrated in rodents, for example, that expo-
sure to stress decreases BDNF levels in brain regions associated with depres-
sion. Interestingly, antidepressant treatment produces the opposite effect and
blocks the effects of stress on BDNF. The increased neurotrophin signaling
stimulated by the application of antidepressants may induce the formation and
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stabilization of synaptic connectivity, which gradually leads to antidepressive ef-
fects and mood recovery (Saarelainen et al. 2003).

Epilepsy

Seizure activity increases the expression of BDNF mRNA and protein; and re-
cent studies have shown that BDNF-mediated signal transduction inhibits the
development of the epileptic state in vivo. Along that line, amygdala stimulation
of kindled animals produces a great increase in hippocampal and cortical BDNF
mRNA levels and — in addition — it has been shown that epileptogenic stimuli
induce a dramatic accumulation of BDNF mRNA and protein in the dendrites
of hippocampal neurons in vivo, suggesting that BDNF contributes to epilepto-
genesis.
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4.25
Nitric Oxide and Carbon Monoxide

4.25.1
General Aspects and History

Nitric oxide (NO) was the first gaseous moiety to be identified as a messenger
molecule with highly unorthodox properties. The major sources of NO are en-
dothelial cells, macrophages and neurons. In contrast to neurotransmitters and
classic neuromodulators, nitric oxide — because of its gaseous nature — cannot
be stored in vesicles. Conventional neurotransmitters are released by exocytosis
from the presynaptic site, whereas nitric oxide is synthesized by nitric oxide
synthase (NOS) and simply diffuses from the nerve terminals into the sur-
rounding tissue.

Conventional neurotransmitters and neuromodulators undergo reversible in-
teractions with cell surface receptors; and their lifetime is terminated by presy-
naptic re-uptake or by enzymatic degradation. Nitric oxide does not need such
mechanisms. It reaches its targets simply by diffusion; and a specific re-uptake
system seems not to exist.

Nitric oxide is a paracrine messenger, which was first described in the vascu-
lar system by Furchgott and Zawadski in 1980. In blood vessels, NO plays a cru-
cial role. The well known vasodilatatory properties of acetylcholine and bradyki-
nin are coupled to the release of NO, which in smooth muscle cells triggers an
increase in the intracellular concentration of cyclic guanosine monophosphate
(cGMP). This increase in ¢cGMP is essential for the mediation of muscle relaxa-
tion. In addition, NO mediates some of the bactericidal and tumoricidal effects
of macrophages.
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The idea that the gaseous substance NO plays a role as an intracellular sec-
ond messenger in the central nervous system was developed in the late 1980s.
Garthwaite and coworkers (1989) demonstrated that nitric oxide as well as
NMDA increases intraneuronal concentrations of ¢cGMP. In addition, they
showed that, in the presence of an inhibitor of nitric oxide synthase (NOS),
NMDA fails to increase cGMP levels. Nitric oxide is not exclusively an intracel-
lular second messenger, but is also a diffusable retrograde messenger. When
synthesized in neurons, NO appears to modulate several physiological and
pathophysiological processes. In addition to its involvement in various neuronal
mechanisms, including regulation of cerebrovascular perfusion, modulation of
wakefulness, mediation of nociception, olfaction food intake and drinking, NO
seems also to contribute to mechanisms attributed to learning and memory.

Since NO lacks a vesicular storage site and is exclusively produced on de-
mand by the activity of NOS, attempts to gain information on the distribution
of NO in living systems have failed. However, by purification and cloning neu-
ronal NOS (nNOS), it has been possible to generate monospecific antibodies
against nNOS; and these have been extensively utilized as markers for NO-
synthesizing cells.

In living cells, nitric oxide is produced in very low concentrations and has an
extremely short lifetime, making direct measurements difficult. Physiological at-
tempts to monitor local concentrations of nitric oxide in vivo or in vitro have
been hampered by the lack of a suitable means to identify it directly.

To date, many issues related to nitric oxide metabolism remain unanswered
because most common techniques for nitric oxide determination depend on in-
direct methods: i.e. the so-called Griess reaction, which utilizes a NADPH-dia-
phorase technique, and immunocytochemical approaches, which depend on
NOS localization. Substances suitable for direct labeling of NO-producing cells,
analogous for example to fura-2, which changes its fluorescent behavior with
changes in Ca”** concentrations, would be beneficial for further NO research.
Two fluorochromes are regarded as promising candidates: 1,2-diaminoanthra-
quinone (DAQ) and 4,5-diaminofluorescein diacetate (DAF-2 DA). DAQ reacts
specifically with NO by forming a fluorescent triazole. DAF-2 DA does not di-
rectly interact with nitric oxide, because the ester bonds of the dye must be hy-
drolyzed by intracellular esterase to generate DAF-2, which then reacts with NO
to form the corresponding triazole ring (DAF-2 T). Suitable protocols for the ap-
plication of these substances will ultimately further cell biological NO research.

Aside from NO, there is another small gaseous molecule that can act as a
neuromodulator. This gaseous molecule is carbon monoxide (CO). Carbon mon-
oxide is produced by heme oxygenase which cleaves the heme ring into CO and
biliverdin, which is rapidly reduced to bilirubin. Since CO is a gaseous sub-
stance, the distribution of this molecule, like in case of NO, cannot be visual-
ized directly. Since CO is produced by hemeoxygenase — the distribution of this
enzyme can be examined.
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4.25.2
Localization Within the Central Nervous System

Within the brain, three different forms of NOS (neuronal, endothelial and indu-
cible) have been characterized.

The general distribution of NOS in the central nervous system can be demon-
strated by using autoradiography, immunohistochemistry or in situ hybridization.

Immunohistochemical mapping of nNOS in the brain has revealed an asso-
ciation of this enzyme with specific neuronal populations and shows a remark-
able coincidence of the catalytic activity of nNOS with NADPH diaphorase
staining.

Thomas and Pearse (1964) were the first to show that NADPH diaphorase
neurons possess the ability to stain dark blue in the presence of nitroblue tetra-
zolium (while NADH does not). These cells display a certain resistance to neu-
rotoxic events.

The neuronal form of NOS has been detected mainly in neurons of the olfac-
tory bulb, the pons and the thalamus (supraoptic nucleus). In addition, nNOS-
expressing neurons have been found in the inferior and superior colliculus, the
caudate-putamen, the hippocampus and the cerebellum.

Additionally, the endothelial isoform is present in some hippocampal neu-
rons, while the inducible NOS is present in some glial cells within the central
nervous system.

Colocalization of NOS with different neurotransmitters and neuromodulators
has frequently been described; however, a uniform pattern seems not to exist. Co-
localization of NOS with NPY and GABA as well as colocalizations with other neu-
ropeptides has been found. In the brain stem NOS colocalizes with cholineacetyl-
transferase, the key enzyme necessary for the generation of acetylcholine.

Concerning carbon monoxide, the localization of this neuroactive substance
in the brain has also been determined indirectly, by mapping the distribution of
the heme oxygenases (HO). At least two different forms of HOs are known to
exist. The first isoform, the inducible HO isoform (HO-1 or HSP32) seems to
be limited to discrete populations of pituitary cells, to cells located in the the hi-
lus of the dentate gyrus, the hypothalamus, cerebellum and brainstem. The
other isoform, the constitutive isoform (HO-2) has a more widespread distribu-
tion. Thus, it can be found in mitral cells in the olfactory bulb and in pyramidal
cells of the cortex and hippocampus. Furthermore, HO-2 has been detected in
granule cells of the dentate gyrus as well as in many neurons of the thalamus,
hypothalamus, cerebellum and caudal brainstem.

4.253
Biosynthesis and Degradation

The constitutively expressed neuronal and endothelial NOS synthesize nitric ox-
ide in very small amounts (pmol min™' mg™" homogenized protein). The consti-
tutive NO synthases catalyze the oxidation of one molecule of L-arginine in at
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least two steps, by forming N-w-hydroxy-L-arginine as an intermediate metabo-
lite which then serves as the substrate to deliver one molecule of citrulline and
one molecule of nitric oxide (Fig. 4.41).

Nitric oxide production in neurons is triggered by activation of NMDA recep-
tors. This activation augments intracellular calcium concentrations which, in re-
sponse to the rise of cytosolic calcium, leads to a transient increase in NO pro-
duction (Fig. 4.42).

Nitric oxide serves as a second messenger with very specific properties of a
gaseous substance, exhibiting no interaction with a membrane-bound receptor;
and no specific re-uptake or degradation system seems to exist. Instead, it is as-
sumed that degradation results from chemical interactions between nitric oxide
and oxygen or superoxide anions which reduce the half-life of NO to a few sec-
onds.

Nitric oxide is a chemically highly reactive substance and can rapidly form re-
action products, e.g. peroxynitrite (OONO™). These reaction products have
strong neurotoxic properties.

Carbon monoxide is produced by heme oxygenase, which cleaves the heme
ring into CO and biliverdin, which is rapidly reduced to bilirubin.

There are different isoforms of heme oxygenases. HO-1 is an inducible iso-
form and HO-2 is a constitutive isoform. These isozymes are encoded by differ-
ent genes and are related only by their catalytic activities and regions of homolo-
gous primary sequences. In addition, a third isoform (HO-3) has been discov-
ered using rat brain tissue. The predicted amino acid structure of HO-3 seems
to be closely related to HO-2.

The heme oxygenase and nitric oxide synthase systems display some similari-
ties, since both HO and NOS are both oxidative enzymes using NADPH as an
electron donor. However, the constitutive forms of these enzymes are differen-

NADPH
Caz*/CaM *NO

COO~ COO-

L-Arginin L-Citrullin

Fig. 4.41 Production of NO through constitutive NO synthase
(NOS). One molecule of L-arginine is oxidized in at least two
steps to L-citrullin and one molecule of NO.
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tially activated, since calcium entry activates protein kinase C to phosphorylate
and activate HO-2, whereas calcium entry stimulates NOS by binding to calmo-
dulin. Moreover, unlike NOS, HO utilizes a separate cytochrome P45, reductase
protein to donate electrons for its oxidative cleavage of the heme ring and, in
contrast to the multiple intracellular localizations of nNOS, HO-2 is thought to
be localized exclusively to the endoplasmic reticulum.

4.25.4
Receptors and Signal Transduction

As already indicated, NO is not released by exocytosis like a classic neurotrans-
mitter, but diffuses from the nerve terminals into the extracellular compartment
and penetrates cells in the close neighborhood. Evidently, NO does not bind to
specific receptors on the cell membrane, but binds with high affinity to specific
intracellular enzymes. In the central nervous system, the main target for NO
seems to be the heme moiety of guanylate cyclase. Nitric oxide is able to alter
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the conformation of this enzyme which is then activated and increases the level
of cyclic GMP (cGMP), followed by activation of cGMP-dependent protein kin-
ase activity (PKG). However, the role of the NO second messenger system in
neurotransmission remains enigmatic.

Nitric oxide increases the production of prostaglandin E2 by activation of cy-
clo-oxygenase (an enzyme which also contains a heme group). In addition, nu-
merous enzymes which contain non-heme iron are also regulated via NO.
These enzymes include: cis-aconitase, NADH, NADH ubiquinone oxireductase
and succinate oxireductase (Table 4.4).

A further chemical feature of NO is its capacity to nitrate or nitrosylate a vari-
ety of proteins and thereby alter their biological functions. In this way, nitric ox-
ide can interact with the NMDA receptor. This interaction inactivates the
NMDA receptor and down-regulates glutamatergic neurotransmission.

An important aspect with respect to the physicochemical property of NO is
its diffusion coefficient, which allows the gas to diffuse over a distance of nearly
100 pm within 5 min, with an estimated radius of activity of about 300-350 pum.

Table 4.4 Nitric oxide is involved in various physiological
processes: some potential cellular targets of nitric oxide have
been identified.

Heme-carrying proteins Cyclooxygenase 1 and 2
Cytochrome P-450
Guanylate cyclase
Hemoglobin and myoglobin
NO synthetase

Proteins with iron-sulfur clusters Cis-aconitase (IRE-BP)
CREB
Ferritin and transferrin
Mitochondrial aconitase
Mitochondrial complex I
Mitochondrial complex II
Ribonucleotide reductase

Reaction with thiol compounds Adenylatate cyclase
Albumin
GAP-43
GAPDH
Glutathione
G Protein/p21™*
NADPH oxidase
NMDA receptors
Plasminogen activator
Protein kinase C
SNAP-25

Reaction with free radicals NO
0;
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For this reason, NO is considered to be an ideal endogenous substance for
non-synaptic interactions and for the long-distance transport of information, ex-
tending the locally restricted effects of neurotransmitters like glutamate.

Like NO, CO is not released by exocytosis like classic neurotransmitters or
neuromodulators. After generation, CO diffuses and penetrates neighboring
cells. The main target for CO seems to be the heme moiety of guanylate cyclase
to activate cGMP. Aside from this, there seems to exist alternative signaling
pathways for CO in the brain, such as the activation of cyclooxygenase.

4.25.5
Biological Functions

Nitric oxide

Experimental data indicate that NO regulates cerebral blood flow through the
activity-dependent activation of nNOS. Through activation of cGMP-dependent
protein phosphorylation cascades, NO may also regulate transmitter and neuro-
modulator release.

The diffusion properties and the short half-life of nitric oxide make this sub-
stance a good candidate for playing a role in neurogenesis and synaptic plasticity.

Nitric oxide is suggested to exhibit a regulatory function in developmental
processes of the central nervous system, since significant increases in the con-
centration of NO during critical periods of neuronal development have been
shown; for instance, during the maturation of spinal cord motor neurons and
the initial patterning of connections in the developing visual system.

Long-term potentiation (LTP) in the hippocampus and the cerebral cortex as
well as long-term depression (LTD) in the cerebellum are sensitive to inhibitors
of NOS, whereas NO precursors can stimulate the expression of LTP. Arancio
and coworkers (1996) showed that nitric oxide constitutes a retrograde messen-
ger which is produced in the postsynaptic neuron, from which it diffuses
through the extracellular space and operates in the presynaptic neuron to sus-
tain L'TP production.

Indirect evidence for a function for NO during LTP generation stems from be-
havioral studies, which showed that chronic systemic application of nitric oxide
synthase inhibitors can induce deficits in the acquisition of spatial memory, a
complex higher-order function of the hippocampus and the cerebellum.

In contrast to spatial memory, other forms of memory seem to be indepen-
dent of nitric oxide. Therefore, two forms of LTP have been postulated: a nitric
oxide-dependent and a nitric oxide-independent form.

Besides its regulatory properties, nitric oxide exhibits neuroprotective and
neurotoxic actions. In the neostriatum, for example, cells containing NOS were
found to be resistant to glutamate-induced neurotoxicity. Apparently, the effect
of NO depends on its actual concentration in the tissue.

Under normal conditions, NOS-carrying neurons are resistant to the neuro-
toxic effects of glutamate. Excessive glutamatergic receptor stimulation and sub-
sequent increase in the intracellular calcium concentrations are thought to initi-
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ate most forms of glutamate neurotoxicity. During ischemia, high concentra-
tions of glutamate are liberated from neuronal sources, which causes an in-
crease in the intracellular calcium, accompanied by an excessive increase in NO
which concurrently can display neurotoxicity. Support for the neurotoxicity theo-
ry derives from tissue culture experiments and recent data on mice with ablated
nNOS gene. Administration of NMDA to neuronal cell cultures for a short time
(12-24 h) promptly elicits cell death. This toxicity depends to a high degree on
calcium and can be blocked by several types of NOS inhibitors. In contrast, neu-
ronal cell cultures from nNOS knockout mice are resistant to this NMDA-
mediated form of neurotoxicity.

Not only can nitric oxide be neurotoxic, but also the reaction products of ni-
tric oxide with other substances. It is known that nitric oxide contributes to the
extracellular potassium ion concentration ([K'],)-induced hydroxyl radical (*OH)
generation; and cytotoxic free radicals such as peroxinitrite (ONOO™) and *OH
may also be implicated in NO-mediated cell injury.

Carbon monoxide

The function of CO in the central nervous system is less clear than that of NO.
Carbon monoxide is generated by heme oxygenase, an enzyme that degrades
heme in red blood cells. Thus, it is not surprising that heme oxygenase activity
was first discovered in the spleen, which represents the prime organ for erythro-
cyte turnover. The best experimental evidence for a role of CO in neurotrans-
mission comes from studies in the peripheral nervous system, particularly in
the enteric nervous system. HO-2 is confined to neurons of the myenteric
plexus in the gut and colocalizes with nNOS in about 25 to 50%. HO-2 also
occurs in the so-called interstitial cells of Cajal (ICC). HO-2 knockout mice ex-
hibit depolarized jejunal smooth muscle cells, which are innervated by ICC
cells. The current concept is that HO-2 is responsible for setting the resting
membrane potential of smooth muscle cells in the jejunum.

In the central nervous system, it has been shown that HO-2 knockout mice
have normal levels of cGMP, with the exception of the olfactory bulb and cortex.
The concept that CO plays a role in olfaction is strengthened by the finding that
HO inhibitors largely reduce basal cGMP levels and block the generation of
c¢GMP in response to odorants in cultured olfactory neurons. Since olfactory
neurons lack NOS activity, it is thought that CO is responsible for the genera-
tion of cGMP through the activation of soluble guanylyl cyclase.

Several studies also show that CO, at the hypothalamic level, plays an impor-
tant role in the modulation of the stress response, because CO is able to inhibit
the release of antiinflammatory neuropeptides, such as corticotropin-releasing
hormone and arginine-vasopressin. Moreover, CO has been found to increase
body temperature in rodents exposed to psychological stressors (stress fever).

Furthermore, CO - like NO — seems to play a role in LTP generation. Inhibi-
tors of either NOS synthase or HO are able to block the induction of LTP in the
CA1 region of the hippocampus. Brief application of either NO or CO to slices
produces a rapid and long-lasting increase in the size of synaptic potentials if
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the application occurs concurrently with weak tetanic stimulation of the presy-
naptic fibers. A feasible explanation of this phenomenon is that both NO and
CO, either alone or in combination, serve as retrograde messengers that pro-
duce activity-dependent presynaptic enhancement, perhaps by stimulating solu-
ble guanylyl cyclase and cGMP-dependent protein kinase, during LTP in the
hippocampus (Arancio et al. 1996).

However, hippocampal LTP is normal in heme oxygenase-2 mutant mice
(Poss et al. 1995). A plausible explanation is that heme oxygenase-1 or -3 in the
brain might compensate for the loss of HO-2. In contrast, in a behavioral study,
it was found that NO, but not CO, seems to be involved in spatial learning (a
learning task that depends on the hippocampus) of mice.

4.25.6
Neurological Disorders and Neurodegenerative Diseases

Nitric oxide

Although the question of NO neurotoxicity versus neuroprotection and NMDA
receptor activation is still a debatable issue, some evidence suggests that this
gas may play a role in the pathogenesis of neurodegenerative diseases.

Excessive generation of nitric oxide and its toxic metabolite peroxynitrite
(ONOO") can inhibit the mitochondrial respiratory chain, leading to energy fail-
ure and ultimately cell death. Moreover, evidence suggests that NO/ONOO™
causes the release of neuronal glutamate, which leads to glutamate-induced acti-
vation of neuronal NO synthase and the generation of further damage by reac-
tive oxygen species. Such forms of oxidative stress contribute to the cascade
leading to dopamine cell degeneration in Parkinson'’s disease.

Mitochondrial dysfunction, apoptosis and overproduction of reactive oxygen
species is a final common pathogenic mechanism not only in Parkinson's dis-
ease but also in other neurodegenerative disease, such as Alzheimer’s disease
and amyotrophic lateral sclerosis.

Ischemia leads to increased activity of nitric oxide synthase. Overproduction
of nitric oxide in ischemia may represent an effort to reestablish normal blood
flow. However, the overproduction of NO can induce reactions of NO with cellu-
lar proteins that can subsequently induce cell death and thereby contribute to
cerebral damage, as observed under ischemic conditions.

Carbon monoxide
There are some indications that CO, via heme oxygenases, might be affected in
several neurodegenerative diseases.

For example HO-1 immunoreactivity is augmented in neurons and astrocytes
of the hippocampus and cerebral cortex in Alzheimer’s disease, and colocalizes
to senile plaques and neurofibrillary tangles.

In Parkinson’s disease, HO-1 was found to colocalize to Lewy bodies of af-
fected dopaminergic neurons and was found to be overexpressed in astrocytes
residing within the substantia nigra.
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4.26
Nociceptin (Orphanin FQ)

4.26.1
General Aspects and History

The heptadecapeptide nociceptin, also known as orphanin FQ, is a neuropeptide
recently discovered by deorphanizing GPCRs via expression cloning (see Section
1.2).

By extending the screening of genomic and cDNA libraries, perhaps in an ef-
fort to identify putative subtypes of the classic opioid receptors, a novel receptor
was isolated which showed a significant degree of homology with the classic
opioid receptors. Mollereau and coworkers (1994) succeeded in cloning the
hORL1 gene, which was found to encode for a putative protein of 370 amino
acids. Although the ORLI receptor is generally accepted as a member of the
opioid receptor family on the basis of its structural homology, it lacks any phar-
macological similarities to the other members. Even non-selective ligands that
exhibit uniformly high affinity towards p, © and ¢ receptors have a very low af-
finity for the ORL-1 receptor. For this reason, as much as for the initial lack of
an endogenous ligand, the receptor was called “orphan opioid receptor”. The
ORL-1 receptor was identified in rodents and man, where it shows a high de-
gree of interspecies homology (>90%).

An endogenous ligand for this receptor was discovered independently by the
groups of Meunier and Reinscheid in 1995. Both groups reported the same hep-
tadecapeptidergic sequence of the ligand. Each group coined its own term for
this new ligand: “nociceptin’ (Meunier and coworkers) and “orphanin FQ” (Ren-
scheid and coworkers 1995).

An interesting feature of the amino acid sequence of this peptide is that it
shares consensus sequences with other endogenous ligands of opioidergic re-
ceptors (Fig. 4.43). Nociceptin has structural homologies to dynorphin A. Thus,
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Nociceptin Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gin

Dynorphin A (1-17)  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gin

Met-enkephalin Tyr-Gly-Gly-Phe-Met

Fig. 4.43 Structure of nociceptin/orphanin FQ in comparison
to the ligands of other opioid receptors (dynorphin,
Met-enkephalin).

both peptides are composed of 17 amino acids bounded by pairs of basic amino
acids important in their production from their precursors. Furthermore, both
have internal pairs of basic amino acids, raising the possibility of further proces-
sing. Despite these similarities, the peptides are functionally quite distinct; and
nociceptin has no high affinity with any of the opioid receptors.

4.26.2
Localization Within the Central Nervous System

Nociceptin-containing neurons have been identified by immunohistochemistry
or in situ hybridization using probes for nociceptin or for its precursor pronoci-
ceptin.

Nociceptin-positive neurons are mainly located in the cortex, the anterior ol-
factory nucleus, the amygdala, the bed nucleus of the stria terminalis, the hip-
pocampus, the periaqueductal gray, the hypothalamus (especially in the arcuate
nucleus and in the ventromedial hypothalamus), the nucleus vestibularis and in
various raphe nuclei (raphe magnus, medial and dorsal raphe) as well as in the
nucleus of the tractus solitarius and the eminentia mediana.

4.26.3
Biosynthesis and Degradation

Detailed knowledge about the synthesis and the degradation process of nocicep-
tin is still poor. Nociceptin, as is the case for most neuropeptides, derives from
a high-molecular-weight precursor. The gene which encodes for the nociceptin
precursor (“pro-nociceptin’) is the PNOC gene. The locus of the human gene is
8p21.

The nociceptin precursor shares several properties with the precursors of
other opioidergic neuropeptides; and it has been suggested that they all share a
common evolutionary origin. For example, the nociceptin precursor shares 27%
similarity with the dynorphin precursor, 25% with the enkaphalin precursor
and 13% with proopiomelanocortin (POMC). The nociceptin residue occupies
amino acids 135-151 in the precursor sequence. A pair of basic amino acids
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flanks the nociceptin sequence. These pairs of basic amino acids provide the re-
cognition sites for different endopeptidases. Since additional restriction sites for
endopeptidase have been identified in the nociceptin precursor, it seems possi-
ble that additional biologically active peptides can be generated from this precur-
SOL.

Downstream of the nociceptin sequence, there is a stretch of 28 amino acids
which is completely conserved in several mammalian species. Neither this 28-
amino-acid peptide nor two other shorter peptides, generated from the precur-
sor, bind to the nociceptin receptor. The high degree of conservation of the se-
quences among several species argues strongly for biological significance.

The nociceptin sequence contains pairs of basic amino acids that might imply
additional processing of the peptide to nociceptin(1-11) and/or nociceptin(1-7).
Both of these truncated peptides are functionally active when administered in
vivo (Rossi et al. 1997).

Precise data concerning the degradation of nociceptin are still missing. It
seems likely that nociceptin is degraded by the activity of aminopeptidase N.

4.26.4
Receptors and Signal Transduction

The nomenclature of the nociceptin receptor varies according to the species
from which the receptor is cloned. While the human receptor was designated
ORL-1, the mouse ortholog was termed MOR-C and the rat ROR-C, optl,
LC132, XOR1 Hyp 8-1 or C3, respectively. The receptor is now named NOP;. It
is a typical G protein-coupled receptor with seven predicted transmembrane do-
mains (Fig. 4.44) and is localized to murine chromosome 2. Like other mem-
bers of the opioid receptor family, NOP; undergoes alternative splicing. Three
NOP; variants (NOP;,, NOPy,, and NOP;.) have been described that contain
mini-exons located between the first and second coding exons (exons 2 and 5).
The overall amino acid similarity between the nociceptin receptor and the
other opiate receptors from various species is about 65%. However, the se-
quence homology is more extensive in certain domains of the receptor. For ex-
ample, the transmembrane domains collectively display about 80% similarity. In

Fig. 4.44 Schematic drawing of the
NOP;, receptor.
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contrast, the domains of lowest homology occur at the second and third extra-
cellular loops and at the amino- and carboxy-terminals.

As already indicated, according to the structural homology, the receptor is ac-
cepted as a member of the family of opioid receptors, in spite of the lack of any
pharmacological similarity.

The distribution of nociceptin receptors has been evaluated using in situ hy-
bridization. The highest level of nociceptin receptor mRNA expression has been
found in the paraventricular and ventromedial nuclei of the hypothalamus, the
amygdala and the piriform cortex. Lower mRNA levels have been found in the
dorsal raphe and in the locus coeruleus. Moreover, mRNA signals have been de-
tected in the cortex, the hippocampus, the thalamus, the substantia nigra, the
periaqueductal gray and in the spinal cord. In contrast to the presence of the
other opiodergic receptors, no signal has been detected in the striatum.

In their study, Mathis and coworkers (1999) proposed the existence of a biolo-
gically active fragment of nociceptin (nociceptin (1-11) and evaluated the bind-
ing sites for this substance. Apparently, binding sites for nociceptin (1-11) are
present at various locations within the central nervous system, but their distri-
bution differs from that of nociceptin and other opioidergic receptors.

4.26.5
Biological Effects

The first behavioral effect of nociceptin to be described was a hyperalgesic re-
sponse after intraventricular injection. In fact, this behavioral effect was the rea-
son why Meunier and colleagues labeled this peptide “nociceptin”.

Originally characterized as a nociception-producing peptide, nociceptin has
been shown to have diverse effects on nociception, as well as effects on many
other behaviors, such as locomotion, feeding, anxiety, spatial attention, repro-
ductive behaviors and opiate tolerance. With regard to nociception, nociceptin
has been reported to produce hyperalgesia, reversal of opioid-mediated analge-
sia, and allodynia.

However, there are also reports that nociceptin produces antinociceptive ef-
fects. For example, Xu and coworkers (1996) reported that intrathecal adminis-
tration of nociceptin could produce dose-dependent depression of a spinal noci-
ceptive flexor reflex in the rat and behavioral antinociception with no signs of
sedation or motor impairment. Furthermore, Erb and coworkers (1997) observed
a decrease in flinching behavior with intrathecally delivered nociceptin, from
which the authors concluded that nociceptin possesses antinociceptive effect.
Thus, nociceptin seems to have no influence on algesia and could even induce
analgesia. The observed differences in nociceptin effects seem crucially to be re-
lated to the site of intracerebral application.

Moreover, the role of nociceptin as an antiopiate remains controversial. Initial-
ly, nociceptin was proposed to exhibit nociception-producing properties, rather
than counteracting the opiate-mediated analgesic effect. Since nociceptin shows
both properties in terms of an analgesic as well as an anti-analgesic substance,
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it is reasonable to conclude that it may well be an opiate-modulating rather than
antiopiate substance.

The bivalent behavior of nociceptin has also been demonstrated for other anti-
opiates, like peptides of the Tyr-MIF family. Nociceptin seems to be involved in
water regulation. Administration of nociceptin not only elicits a decrease in
heart rate and blood pressure, but also results in dose-dependent diuresis and
antinatriuresis. In the central nervous system, nociceptin can inhibit the release
of glutamate and GABA from nerve terminals, depending on the cell type and
the brain area. In contrast, the release of tachykinins from sensory neurons is
enhanced by nociceptin. Nociceptin also shows effects on feeding behavior
which depend on the fasting state of the animal: intraventricular injection of
nociceptin increases feeding in satiated rats during the first hour after injection.

Additionally, it has been shown that injections of nociceptin into the nucleus
accumbens or the ventromedial hypothalamus produce a significant increase in
food intake in satiated rats. Along this line, nociceptin has been found to act as
a functional antagonist of corticotropin-releasing factor to inhibit its anorectic
effect.

Approximately 98% of projection neurons in the lateral nucleus of the amyg-
dala respond to nociceptin. Given the preeminent function of the amygdala in
fear avoidance mechanisms, it has been suggested that nociceptin plays a role
in the reduction of fear responsiveness and stress. In addition, based on the ef-
fects of nociceptin in several behavioral test batteries of anxiety, nociceptin has
been proposed to have anxiolytic properties and/or to act like a general modula-
tor of anxiety.

Learning and memory seem also to be affected by nociceptin, since central
administration of nociceptin impairs learning. Microinjection of nociceptin into
the hippocampal CA3 region of rats, for example, markedly impairs spatial
learning without affecting swimming ability in the Morris water maze. Nocicep-
tin can also impair the induction of LTP; and this effect upon LTP seems to be
due to postsynaptic mechanisms, including the inhibition of dentate gyrus gran-
ule cells and inhibition of NMDA receptor-mediated currents (Yu and Xie 1998).
Further along this line, nociceptin knockout mice display increased anxiety and
impaired adaptation to repeated stress, while mice lacking the cognate receptor
show improved spatial attention and memory.

4.26.6
Neurological Disorders and Neurodegenerative Diseases

The prospects for clinical application of agonists or antagonists for the ORL1 re-
ceptor can only be the subject of speculation at the moment. The development
of non-peptide selective agonists, and perhaps more specific antagonists, is an
essential prerequisite to any clinical trials in which the role of the NOP; recep-
tor system in pain control can be explored.

Nociceptin and its receptor are expressed in the substantia nigra, a brain area
involved in Parkinson’s disease. Pharmacological blockade of the nociceptin sys-
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tem in the substantia nigra has been described to attenuated Parkinsonian-like
symptoms in 6-hydroxydopamine (6-OHDA) hemilesioned rats.

Moreover, an enhancement of nociceptin expression and release was detected
in the lesioned compared with the unlesioned substantia nigra in 6-OHDA-
treated animals. In addition, mice with a deletion of the nociceptin gene
showed a partial protection against MPTP-induced loss of nigral dopamine neu-
rons. Based on these data, it is proposed that nociceptin receptor antagonists
may represent a novel approach for asymptomatic and neuroprotective therapy
of Parkinson's disease (Marti et al. 2005).
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4.27
Pituitary Adenylate Cyclase-activating Polypeptide

4.27.1
General Aspects and History

Pituitary adenylate cyclase activating polypeptide (PACAP) is a hypothalamic
peptide which activates the adenylate cyclase of the pituitary gland. PACAP was
first discovered in the hypothalamus in 1989. Arimura and Shioda (1989) dem-
onstrated that, in the pituitary gland, there are two substances which exhibit
adenylate cyclase-activating properties. Both substances were isolated, purified
and sequenced; and it turned out that one protein consisted of 38 amino acids
(PACAP 38), while the second proved to be a 27-amino-acid (PACAP 27) frag-
ment of the former.

PACAP shows high homology (68%) with VIP (vasoactive intestinal polypep-
tide) and thus belongs to a superfamily of structurally and functionally closely
related proteins, named the vasoactive intestinal polypeptide (VIP)-glucagon-
growth hormone releasing factor-secretin superfamily (Fig. 4.45). Additional
members of this family include corticotropin-releasing hormone (CRH), growth
hormone-releasing hormone (GHRH), secretin and glucagon.

The structure of PACAP has been highly conserved through evolution among
tunicata, amphibians and mammals, suggesting that PACAP is involved in the
regulation of important biological functions.

PACAP is abundantly expressed in the nervous and endocrine systems where
it has diverse functions. In the nervous system, PACAP peptides not only serve
roles in neuronal communication and signaling but, because of their neuro-
trophic properties, they also promote neuronal survival, mitosis, proliferation
and differentiation. PACAP can therefore be regarded as a hypothalamic hor-
mone with neurotransmitter, neuromodulator and neurotrophic abilities.
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1His-Ser-Asp-GIy-IIe-Phe-Thr-Asp-Ser-Tyr-Ser—Arg-Tyr-Arg-Lys-GIn-
Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-2"Gly-Lys-Arg-Tyr-Lys-GIn-
Arg-Lys-Asn-38Lys-NH2

Fig. 4.45 Structure of PACAP 38. PACAP 27 is identical to

PACAP 38 in the sequence of the first 27 amino acids. Those

amino acids which are identical in PACAP 38, PACAP 27 and
in vasoactive intestinal polypeptide (VIP) are indicated

in gray.

4.27.2
Localization Within the Central Nervous System

In mammals, PACAP-containing neurons were found originally in the pituitary
gland, but they have since been detected in the hypothalamus, the median emi-
nence, the thalamus, amygdala, hippocampus, cerebellum and pons. Further-
more, PACAP-containing neurons have been identified in the brain of birds,
amphibians and fishes.

4.273
Biosynthesis and Degradation

The structure of the human PACAP gene was determined in 1992 (Hosoya et
al. 1992). In all sub-mammalian species investigated so far, PACAP and a
GHRH-like peptide are located on the same precursor. The cDNA encoding for
the common precursor have been characterized in birds, frogs and fishes. How-
ever, in mammals, the PACAP precursor is encoded by a separate gene. The
PACAP gene has the gene locus 18p11 in humans; and the cDNA encodes a
176-amino-acid prepro-protein, which comprises a 24-amino-acid signal peptide.
The sequence of PACAP is located in the carboxy-terminal domain of the pre-
Cursor.

The PACAP precursor is not exclusive to PACAP, but carries an additional
29-amino-acid peptide, which is designated as “PACAP-related protein” or PRP.

4.27.4
Receptors and Signal Transduction

At least three receptors for PACAP exist in mammals; and two of them (VPAC1
and VPAC2) share receptor properties for VIP. In 1993, the cloning of the cDNA
encoding the PAC1 receptor (previously known as the PACAP type I or PVRI1 re-
ceptor) was reported by six independent groups (Hashimoto et al. 1993; Hosoya et
al. 1993; Morrow et al. 1993; Pisegna and Wank 1993; Spengler et al. 1993; Svobo-
da et al. 1993). In contrast to VPAC1 and VPAC2 receptors, which recognize VIP
and PACAP with identical affinity, the PAC1 receptor is selective for PACAP. This
receptor is expressed predominantly in the central nervous system.
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The PACAP receptors are G protein-coupled and exhibit the seven transmem-
brane domain motif. They all belong to the VIP receptor family. At least eight
subtypes of PACI1 receptors are generated through alternative splicing. Each
subtype is coupled with specific signaling pathways; and its expression is tissue-
and cell-specific. The PAC1 receptor is expressed predominantly in the central
nervous system, where PACAP is thought to act as a neuropeptide, a neuro-
trophic factor and a neuroprotectant. The VPACI receptor is expressed in the
central nervous system (most abundantly in the cerebral cortex and hippocam-
pus) and in peripheral tissues, including liver, lung, intestine and T-lympho-
cytes. The VPAC2 receptor has been found at high levels in the thalamus and
suprachiasmatic nucleus and at lower levels in the hippocampus, brain stem,
spinal cord and sensory ganglia. Peripheral tissues which express VPAC2 recep-
tors include pancreas, skeletal muscle, heart, kidney, adipose tissue, testis and
stomach.

4.27.5
Biological Effects

The physiological spectrum of PACAP covers central nervous effects, which in-
clude secretory activity on pituitary, and peripheral effects, like enhanced release
of insulin from the endocrine pancreas and enhanced catecholamine release.
PACAP exerts a direct positive ionotropic action on heart and thus may serve
an important role in cardiovascular control.

PACAP not only enhances the release of gonadotropins, but also modulates
the GnRH-dependent release of LH. The major regulatory task of PACAP in pi-
tuitary cells appears to be the regulation of gene expression of pituitary hor-
mones and/or regulatory proteins, which control growth and differentiation of
pituitary cells. These effects appear to be mediated by direct and indirect para-
crine or autocrine mechanism. One important endocrine effect of PACAP is as
a potent secretagogue for epinephrine from the adrenal medulla. The stage-spe-
cific expression of PACAP in testicular germ cells during spermatogenesis sug-
gests a regulatory role in the maturation of germ cells. In the ovary, PACAP is
transiently expressed in the granulosa cells of the preovulatory follicles and ap-
pears to be involved in the LH-induced cellular events in the ovary, including
the prevention of follicular apoptosis.

In the central nervous system, PACAP acts as a neuromodulator. Furthermore,
PACAP has neurotrophic properties, some of which may play an important role
during brain development. PACAP, together with VIP, seems to play an important
role during development. Both neuropeptides have been shown to peak during
periods of brain development when critical morphogenetic mechanisms take
place, for example cell proliferation and cell differentiation. Furthermore, it is
known that PACAP receptors are expressed in proliferative zones in the embryo-
nic and postnatal nervous system. PACAP exerts a variety of growth factor-like ac-
tions depending on the developmental stage and origin of the cells, including reg-
ulation of proliferation, survival, maturation and neurite outgrowth.
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In the adult brain, PACAP appears to act as a neuroprotective factor that at-
tenuates neuronal damage resulting from central insult. PACAP is capable of
protecting neurons from cell death and enhancing neuronal survival in vitro. In
addition, PACAP can act in vivo as a neurotrophic factor controlling histogen-
esis of the cerebellar cortex (Vaudry et al. 2000).

4.27.6
Neurological Disorders and Neurodegenerative Diseases

PACAP is also produced by lymphoid cells and exerts a wide spectrum of im-
munological functions controlling homeostasis of the immune system. PACAP
has been identified as a potent anti-inflammatory factor that exerts its function
by regulating the production of both anti- and proinflammatory mediators.

The PACI receptor is induced in mouse brain following transient focal cere-
bral ischemia; and PACAP has been reported to prevent ischemia-induced death
of hippocampal neurons in vivo. Furthermore, PACAP has strong anti-apoptotic
effects in several neuronal cultures and in vivo, supporting the idea that PACAP
might have protective effects in several neurodegenerative diseases. Indeed, pro-
tective effects of PACAP have been shown in various models of brain injuries,
including cerebral ischemia, Parkinson’s disease and nerve transections.
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4.28
Proopiomelanocortin

4.28.1
General Aspects and History

In 1977, a common precursor of adrenocorticotropic hormone (ACTH) and sev-
eral endogenous opioids was identified. This precursor consists of a 241-amino-
acid protein termed proopiomelanocortin (POMC).

Besides the endogenous morphins and ACTH, POMC is the precursor of the
melanocyte-stimulating hormone (MSH). Evidently, proopiomelanocortin repre-
sents a potent precursor molecule which can be processed to a variety of neu-
roactive peptides. Among these peptides are f-endorphin and f-lipotropin, as
well as the adrenocorticortopic hormone (ACTH) and different melanotrope
peptides, including a-, - and p-melanocyte-stimulating hormone (Fig. 4.46).
Other neuroactive peptides which derive from proopiomelanocortin are the cor-
ticotropin-like intermediary peptide (CLIP) and the joining peptide (JP).

The proopiomelanocortin gene is expressed in corticotropes and melanotropes
of the pituitary gland, as well as in two additional cell populations within the
brain.
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Alpha-MSH: Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,

ACTH: Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-
Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-
Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe-OH

Beta-Endorphin: Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Leu-Val-
Thr-Leu-Phe-Lys-Asn-Ala-lle-lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-
Glu-OH

Fig. 4.46 Structure of the active neuropeptides which are
generated from the precursor proopiomelanocortin.

4.28.2
Localization Within the Central Nervous System

POMC-synthesizing cells are frequently found in the pituitary gland. In brain
tissues, two neuronal systems have been identified which synthesize proopiome-
lanocortin:

e One system is located in the nucleus of the solitary tract. These neurons pro-
ject to the spinal cord.

e The second system is located in the arcuate nucleus of the hypothalamus in
rats (corresponding to POMC localization in the nucleus infundibularis in hu-
mans). The neurons of the arcuate nucleus project ventrally to the median
eminence, rostrally to the preoptic area and anterior hypothalamus and later-
ally to the amygdala. A further dorsal projection extends to the thalamus, as
well as caudally to the substantia nigra, the locus coeruleus, the nucleus of
the tractus solitarius and the spinal cord (Fig. 4.47).

In both systems, the primary structure of POMC is identical (241 amino acids),
as is the structure and length of the POMC mRNA (1.1 kb). However, tissue-
specific processing of the precursor POMC is common and gives rise to differ-
ent site-specific endproducts in POMC-producing cells. This fact explains tissue-
specific differences in PMOC function.

4.28.3
Biosynthesis and Degradation

Proopiomelanocortin, its mRNA and the POMC gene are all highly conserved
and, not surprisingly, the human POMC gene and, for instance, the POMC
gene of the frog Xenopus laevis, as well as the corresponding mRNA, reveals
considerable similarities. On the evidence of statistic phylogenetic analysis, the
structure of the POMC gene has not varied during the past 350 million years of
vertebrate evolution. However, some minor differences among species are evi-
dent. For instance, two biologically active genes can be found in X. laevis, but
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Fig. 4.47 Schematic overview of the
distribution and projections of POMC-

synthesizing cells in the brain. Abbreviations:

Acb =nucleus accumbens; AMB = nucleus
ambiguus; AP=anterior pituitary; APO=
preoptic area; ARC=arcuate nucleus;
BST=bed nucleus of the stria terminalis;
Ce=central nucleus of the amygdala;
CGP=central gray, periaqueductal;

DMH =dorsomedial nucleus of the hypo-
thalamus; DR=dorsal raphe; IP=inter-

mediate pituitary; LC=locus coeruleus;
Me=medial nucleus of the amygdala;
nBDB=nucleus of the diagonal band of
Broca; NRL=lateral nucleus reticularis;
NTS=nucleus of the tractus solitarius;
OT=olfactory tubercle; PB=parabrachial
nuclei; PVA=paraventricular nucleus of the
thalamus; PVN=paraventricular nucleus of
the hypothalamus; SL=lateral septum;

SN =substantia nigra; VMH =ventromedial
nucleus of the hypothalamus.

only one active gene is present in humans. With the exception of mice, all
mammals possess only one POMC gene. In some species, the existence of a
pseudogene has been demonstrated.

The transcriptional product of the POMC gene is RNA containing three exons
and two introns. Alternative splicing of the primary transcript leads to two
mRNAs, which differ in a short sequence of 30 nucleotides close to the initial
codon.

From these mRNAs, a 267-amino-acid protein is translated, which consists of
a 26-amino-acid signal peptide. This protein is the pre-POMC. Maturation of
this pre-POMC gives rise to POMC.

The POMC molecule has ten pairs of basic amino acids. These pairs provide
potential recognition sites for specific endopeptidases; and the latter are known
as prohormone convertases or proprotein convertases (PC).

Seven such convertases have been characterized, including PC1 (also known
as PC3), PC2, PC4, PC5 (also known as PC6), PC7 (also known as LPC), PACE4
and furin. Differential cleavage by the convertases is responsible for the proces-
sing of POMC into different biologically active peptides. Consequently, the type
of biologically active peptide secreted from a particular tissue depends largely
on the site-specific enzymatic complement with which the tissue is equipped.
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Fig. 4.48 Schematic overview of the different corticotropin-like intermediate lobe peptide;
peptides which are generated from the com- END=endorphin; JP=joining peptide;

mon precursor POMC. Abbreviations: LPH=lipotropin; MSH=melanocyte-

ACTH =adrenocorticotropic hormone; CLIP= stimulating hormone.

Melanotropic cells:

In corticotropes of the anterior pituitary, the cleavage products of POMC are
the adrenocorticotropic hormone and f-LPH (Fig. 4.48), the production of which
is under the control of corticotropin-releasing hormone (CRH).

The melanotropes of the intermediate lobe of the pituitary, in contrast, ex-
press a-MSH and f-endorphin.

These differences become explicable when the site-restricted expression of
PCs is considered, in particular that of PC1 and PC2. For instance, corticotropes
express high levels of PC1, which generates ACTH and f-LPH from POMC,
while in melanotropes f-endorphin and a-MSH are processed because of the
presence of both convertases.

ACTH and a-MSH are under control of the corticotropin-releasing factor
(CRH), which stimulates secretion of ACTH from the anterior pituitary, and a-
MSH from the intermediate lobe. However, CRH inhibits the secretion of
POMC.

Epinephrine stimulates the release of a-MSH and f-endorphin from melano-
tropes, whereas dopamine is the most important inhibitor of these cells.

4.28.4
Receptors and Signal Transduction

The receptors responsible for frendorphin or ¢-MSH binding and the subse-
quent signal transduction pathways are described in the sections on endorphin
and melanocyte-stimulating hormone (Sections 4.11 and 4.21, respectively).

4.28.5
Biological Effects

A striking example of differential processing of POMC in the anterior pituitary
occurs during development. In adults, the corticotropes produce ACTH but,
during the first two postnatal weeks, some of these cells show high levels of
PC2, which is essential for the generation of e-MSH (see above).
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In mice, it has been shown that there is a transient presence of a-MSH-like
immunoreactivity in the adenohypophysis during ontogeny. While PC1 expres-
sion in the anterior pituitary increased from E15 to adulthood, the PC2 mRNA
expression peaked between postnatal day 1 (P1) and postnatal day 14 (P14) and
then decreased to adult levels.

This variation during development in the relative ratio of PC1/PC2 expression
rationalizes the observed plasticity of POMC processing in the adenohypophysis
(Marcinkiewicz et al. 1993).

POMC of the pituitary also plays an essential role in stress-regulation:

e through the release of ACTH from corticotropes which affects directly the
synthesis and secretion of steroids from the adrenal gland;

e by negative feedback control through adrenal steroids on the corticotropin-re-
leasing hormone (CRH).

Thus, POMC is of central importance in the hypothalamo-hypophysial axis of
stress regulation.

In vitro studies have shown that the activation of POMC-synthesizing neurons
in the arcuate nucleus of the hypothalamus is controlled by dopamine, GABA,
glutamate, serotonin and neuropeptide Y (NPY). The release of POMC metabo-
lites in this area is stimulated by glutamate and inhibited by dopamine, GABA
and NPY, as well as by benzodiazepines.
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4.29
Purines

4.29.1
General Aspects

The purine nucleoside adenosine is a component of nucleic acids and of the nu-
cleotides ATP, ADP and cyclic AMP, all of which play important roles in cellu-
lar metabolism. Besides their general function in cell metabolism, ATP and
adenosine (Fig. 4.49) can themselves act as neuroactive substances. While ATP
is released non-specifically from the cytosol of damaged cells, it is also co-pack-
aged in exocytotic vesicles/granules containing conventional neurotransmitters
and hormones. The diverse biological responses to ATP appear to be mediated
by a variety of so-called purinergic receptors which are activated upon binding
to ATP and other nucleotides. Recent studies suggest that there are multiple
ATP receptor subtypes. These include:
e G protein-coupled ATP receptors which stimulate inositol phospholipid hydro-
lysis, Ca®* mobilization, and activation of protein kinase C;
e ATP receptors which directly activate non-selective cation channels in the
plasma membranes of a variety of excitable cell types.

It is generally recognized that extracellular purines (ATP and adenosine) serve
as ubiquitous signaling substances in neuronal and non-neuronal systems. ATP
acts like a fast neurotransmitter in parts of the brain and also as a co-transmit-
ter together with norepinepinephrine and acetylcholine.

Adenosine is a well known neuromodulator with neuroprotective capabilities
under various pathological conditions, e.g. hypoxia and ischemia. Although indi-
vidual functional effects mediated by ATP and adenosine can be well distin-
guished on the level of receptor action, both share common secretory and meta-
bolic pathways.
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ATP binds to so-called P2 purinoceptors, while its metabolic product adeno-
sine binds to adenosine receptors, also referred to as P1 purinoceptors. Four dif-
ferent subtypes of P1 purinoceptors (A1, A2A, A2B and A3) are known. The Al
and A2A subtypes are expressed predominantly in the CNS.

4.29.2
Biosynthesis and Degradation

An enzymatic cascade located at the cell surface terminates nucleotide signal-

ing. The final hydrolysis product is the nucleoside, adenosine. Enzymes in-

volved in the processing of the nucleotides belong to the class of ecto-enzymes.

The following enzymes participate in extracellular ATP processing:

e Ecto-ATPase preferentially hydrolyzes ATP to adenosine 5'-diphosphate
(ADP).

e Ecto-apyrase converts both ATP and ADP to adenosine 5-monophosphate
(AMP).

e Ecto-5"-nucleotidase converts AMP to adenosine.

Each of the metabolites can activate its specific receptor complex: the ligands
for the P2 receptor are ADP and ATP and, for the P1 receptors, AMP and aden-
osine. Extracellular concentrations of adenosine are regulated by bi-directional
nucleoside transporters and by enzymatic activites. Inactivation of adenosine is
achieved by deaminase (ADA, a purine catabolic enzyme) and adenosine kinase
(AK), which both serve to remove adenosine from the extracellular space.

4.29.3
Receptors and Signal Transduction

P1 receptors
Four P1 receptors (designated Al, A2A, A2B and A3) have been cloned and
pharmacologically characterized. They all belong to the GPCR superfamily. The
A1 receptor is composed of 326 amino acids and has been cloned from several
species, including human, rat, chicken, dog, cattle and guinea-pig with 90-95%
amino acid homology. The Al receptor is widely distributed in the central ner-
vous system and functionally coupled to the inhibition of cAMP formation,
stimulation of phospholipase C synthesis and modulation of nitric oxide pro-
duction. The receptor is believed to mediate the inhibition of neurotransmitter
release and reduction of neuronal activity.

Two molecularly and pharmacologically distinct subtypes of the A2 receptor
have been identified, both of which are linked to activation of adenylate cyclase.

The A2A receptor is a high affinity receptor consisting of 409 amino acids
with seven transmembrane domains and is coupled via the G4 pathway to the
stimulation of adenylate cyclase. The human A2A receptor gene is located on
chromosome 22q11.2 and contains two exons interrupted by a single intron of
about 7 kb.
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The A2A receptor is highly expressed in the striatum, nucleus accumbens, ol-
factory tubercles and subnuclei of the amygdala. Lower expressions have been
found in the cortex, the hippocampus, the thalamus, the cerebellum and in por-
tions of the hindbrain. The A2A receptor is not restricted to neurons, but is also
expressed in microglia.

The low-affinity A2B receptor is more ubiquitously distributed throughout the
central nervous system and peripheral tissues. The A2B receptor is composed
of 332 amino acids and shares a 45% homology with A1 and A 2A receptors.

The A3 receptor is linked to inhibition of adenylate cyclase and elevation of
cellular 1P levels and intracellular Ca**. This subtype is one of the smallest re-
ceptor ever cloned (between 316 and 320 amino acids, depending on the species
investigated). The human A3 receptor is sensitive to xanthine blockade, while
the rat receptor is not. The A3 receptor shows widespread distribution, with low
levels in brain. The A3 receptor has been cloned from various species including
human, rat, dog, rabbit and sheep.

P2 receptors
The purinoceptors through which ADP and ATP act are classified as P2 recep-
tors and are quite distinct from the P1 purinoceptors.

The P2 purinoceptors were initially defined as a family of receptors respon-
sive to extracellular adenine nucleotides. In the late 1980s, it became evident
that extracellular uridine nucleotides also modulate cell function. The existence
of a nucleotide receptor common to both ATP and UTP was suggested by indi-
rect pharmacological evidence and later verified by cloning of the P2U receptor
(which is believed to correspond to the P2Y2 receptor) which is equally respon-
sive to ATP and UTP.

The P2 receptor family is divided into two major subclasses (the P2X receptor
and the P2Y receptors) and a minor subclass (the P2Z receptors).

The P2X purinoceptors (P2X1 to P2X7) are ligand-gated ion channel recep-
tors; and the P2Y purinoceptors receptors (P2Y1 to P2Y7) are G protein-coupled
receptors.

Neuronal P2X receptors mediate fast synaptic responses, while P2Y receptors
elicit slow synaptic responses or the release of Ca** from intracellular pools in
response to an increase of ATP or UTP. ATP modulates transmitter release via
presynaptic P2X purinoceptors, which are usually inhibitory in nature. It is
therefore thought that presynaptic P2X purinoceptors mediate positive and G
protein-coupled P2Y purinoceptors negative feedback mechanisms in transmit-
ter release.

Glial cells (asterocytes, oligodendrocytes and microglia) also posses P2 purino-
ceptors. Activation of the receptor is believed to induce acute effects in these
cells via an increase in intracellular Ca®* concentration or chronic effects, e.g.
proliferation, via mitogen-activated protein (MAP) kinases.
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P2X purinoceptors

The P2X receptors share a common motif of two transmembrane-spanning re-

gions linked by a long extracellular loop with the amino- and carboxy-terminals

residing inside the cell.

The functional domain constitutes a non-selective pore, permeable to calcium,
potassium and sodium, mediating rapid neurotransmission processes.

Seven functional members of the P2X receptor family (P2X1 to P2X7) have
been cloned. The cloned receptors have been grouped into three major classes:

e Group 1 includes P2X1 and P2X3 receptors. They have high affinity for ATP
and are rapidly activated and desensitized. P2X1 receptors are present in dor-
sal root ganglia, in the spinal cord and in the brain, while P2X3 receptors
have been localized in a subset of sensory neurons in the dorsal root and tri-
geminal ganglia.

e Group 2 includes P2X2, P2X4, P2X5 and P2X6 receptors. They reveal lower
affinity for ATP and show a slow desensitization. P2X2 receptors are present
in the brain, the spinal cord, the superior cervical ganglia and in the adrenal
medulla. P2X4 receptors are present in the hippocampus and in the spinal
cord, but they have also been found in some additional areas of the central
nervous system. P2X5 receptors occur in the central horn of the spinal cord
and in the dorsal root and trigeminal ganglia. P2X6 receptors are present in
Purkinje cells of the cerebellum, in neurons of lamina IX of ventral horn and
in neurons of lamina II of the dorsal horn. Additionally, these receptors are
expressed in neurons of the dorsal root and trigeminal ganglia.

e Group 3 is represented only by the P2X7 receptor. This receptor has very low
affinity to ATP and shows little or no desensitization. In addition to its role as
an ATP-gated ion channel it seems to function as a non-selective ion pore.
P2X7 receptors have not yet been identified in neurons, but they are present
in mast cells and macrophages.

P2Y purinoceptors
Over a dozen P2Y-like receptors have been cloned, but only five subtypes (P2Y1,
P2Y2, P2Y4, P2Y6 and P2Y11) have been shown to possess functional activity.
All five are coupled to G, proteins and their activation results in activation of
PLC and elevation of IP; levels, with subsequent release of calcium from intra-
cellular stores.

P2Y1 receptors are abundant in the brain, but the other subtypes of P2Y puri-
noceptors have not yet been demonstrated in either the peripheral or central
nervous system.

P2Z purinoceptors
In addition to the known P2X and P2Y purinoceptors, a third family of purino-
ceptors has been identified, the so-called P2Z receptors. These receptors bind to
tetra-anionic ATP4".

P27 purinoceptors are ligand-gated ion channels which are highly selective
for the ATP4 species; and the addition of Mg** in excess over ATP closes the
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channel. Activation of P2Z purinoceptors stimulates phospholipase D activity
and this has been suggested to be involved in membrane remodeling in some
cell types. However, this receptor class has as yet not been identified in neuro-
nal tissues.

4.29.4
Biological Effects

In addition to their well known roles within cells, purines are released into the
extracellular space, where they act as intercellular signaling molecules. In the
nervous system, they mediate both immediate effects, such as neurotransmis-
sion, and trophic effects which induce changes in cell metabolism, structure
and function and therefore have a longer time-course. Some trophic effects of
purines are mediated via purinergic cell surface receptors, whereas others re-
quire uptake of purines by the target cells.

ATP

After neuronal injury, microglia are engaged in remodeling processes called
synaptic stripping. This process is considered to lead to the displacement of
synaptic boutons from the neuronal surface. During such remodeling, micro-
glial cells are directly exposed to elevated levels of extracellular ATP released
from damaged neurons. Activation of the P2X, P2Z and P2Y purinoceptors re-
sults in an increase in the intracellular Ca** concentration in microglial cells
and macrophages. Important functions of these phagocytic cells are regulated
by intracellular Ca®* (for example cytokine production and phagocytosis) and
may therefore be modulated by changes in the extracellular concentrations of
nucleotides. Thus, the purinoreceptor complement on microglia seems to pro-
vide a molecular link for functional cross-talk between both cellular elements.

Application of ATP to sensory terminals results in hyper-excitability and pain
perception. ATP can also induce local nociceptive responses at sites of applica-
tion and facilitates nociception to noxious stimuli. The pro-nociceptive effects of
ATP are mediated via P2X receptors present on sensory afferents in the spinal
cord. ATP is released from a number of cell types in response to trauma; and
evidence exists that activation of P2X3 receptors initiates peripheral and central
sensitization associated with visceral nociception.

An involvement of P2 purinoceptors in memory and learning has been sug-
gested, since P2 receptors seem to be involved in the induction of fast synaptic
currents in cultured hippocampal neurons and in long-lasting enhancement of
population spikes. ATP release upon glutamate stimulation, which evokes an in-
crease in intracellular Ca®*, has also been shown in hippocampal slices; and the
presence of mRNAs of P2X-purinoceptors in the hippocampus makes a contri-
bution of ATP to the modulation of synaptic efficiency in the hippocampus
likely (Inoue et al. 1996).
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Adenosine

The endogenous metabolite adenosine reveals modulatory effects in the periph-
eral and central nervous system, which are mediated through specific cell sur-
face-associated receptors. Adenosine is a potent inhibitor of dopamine, GABA,
glutamate, acetylcholine, serotonin, and norepinephrine release via presynaptic
A1 receptors.

In the brain, exogenously administered adenosine receptor agonists have been
shown to exert a neuroprotective effect. Furthermore, adenosine has been dem-
onstrated to be involved in pain, cognition, movement and sleep.

While ATP acts to facilitate nociceptive transmission, adenosine has the oppo-
site effects, inhibiting nociceptive processes in the brain and spinal cord. The
current view is that adenosine receptors of the A1 subtype are associated with a
modulatory effect on pain transmission at spinal cord levels. Animal studies
have demonstrated adenosine- and adenosine analog-mediated inhibitory influ-
ences on nociceptive reflex responses. It has also been proposed that endoge-
nous adenosine formation is involved in opioid antinociception.

4.29.5
Neurological Disorders and Neurodegenerative Diseases

Modulation of adenosine level occurs under several pathological conditions. In
hypoxia and focal ischemia, extracellular adenosine accumulates rapidly and
adenosine receptor agonists can reduce damage from cerebral ischemia. These
observations support a role for adenosine as a neuroprotective agent. Seizure ac-
tivity is associated with a rapid and marked increase in adenosine concentra-
tions in the brain; and adenosine agonists can reduce seizure via A1 receptors.

The adenosine A2 receptor has emerged as an attractive target for Parkinson’s
disease (PD) therapy, primarily because of its localized expression in striatum
and its motor enhancement function. Recent studies indicate that A2A antago-
nists offer neuroprotective effects and may possibly modify chronic L-DOPA-in-
duced maladaptive responses in animal models of PD.
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4.30
Somatostatin

4.30.1
General Aspects and History

In 1968, Kruhlich and coworkers were the first to describe a factor in hypothala-
mic extracts which blocked the effects of growth hormone (GH). In 1972, Guil-
lemin’s group isolated a substance with inhibiting features on GH secretion.
This factor was termed somatostatin (SS) or somatotropin releasing-inhibiting
factor (SRIF). The discovery of somatostatin confirmed the idea of a dual regula-
tion of anterior pituitary peptides by hypothalamic releasing and release-inhibit-
ing factors and the existence of “brain—gut” peptides, present in both the gastro-
intestinal tract and the central nervous system.

Later, it was shown that somatostatin is present in a number of different tis-
sues and so participates in a wide range of different biological functions. The
most prominent effect of somatostatin is its inhibitory action on the secretion
of GH, which is mediated through somatostatin receptors on glandotropic cells
of the anterior pituitary. Somatostatin is a neuropeptide which occurs in two dif-
ferent isoforms. The short form consists of 14 amino acids, while the second,
longer form is composed of 28 amino acids.
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Fig. 4.50 Schematic representation of the
distribution of somatostatin-containing
neurons. Abbreviations: Acb=nucleus

accumbens; AHL=lateral hypothalamic area;
ARC=arcuate nucleus; BO=bulbus
olfactorius; BST=bed nucleus of the stria
terminalis; Ce=central nucleus of the

Cx=cortex; EM =eminentia mediana;
GD=gyrus dentatus, Hl=hippocampus;
LC=locus coeruleus; NDX=dorsal nucleus of
the vagal nerve; NG =nucleus gracilis;
NTS=nucleus of the tractus solitarius;

PAG =periaqueductal gray; PeV=peri-
ventricular nucleus of the hypothalamus.

amygdala; CPu=caudate-putamen;

4.30.2
Localization Within the Central Nervous System

The main sources of somatostatin in the periphery are the oJ-cells of the endo-
crine pancreas and the entero-endocrine cells of the gut. Somatostatin is widely
distributed throughout the central nervous system (Fig. 4.50), indicating that its
function goes well beyond that originally described. Somatostatin-containing cell
bodies have been identified in diverse brain regions, including the cortex, limbic
structures, the hypothalamus, the caudate-putamen, the periaqueductal gray, the
nucleus accumbens and the locus coeruleus.

While the highest local concentrations are found in the hypothalamus, the
cortex accounts for approximately 50% of total brain somatostatin. Postmortem
studies in humans indicated a distribution of somatostatin-containing neurons
and fibers similar to that seen in rodents.

Somatostatin-containing nerve fibers have been found in various brain areas,
including the median eminence (the source of anterior pituitary regulation), the
posterior pituitary, the limbic system, the cortex, the hypothalamus and in hy-
pothalamic projections to the brainstem and spinal cord.

Immunohistochemical studies have revealed two systems of somatostatinergic
projections. One system consists of long-distance projections and the other of
short-distance projections.
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System of long-distance projections

This system includes the somatostatin-containing neurons of the hypothalamus,
the amygdala and the nucleus of the tractus solitarius. The periventricular pre-
optic area is the primary source of somatostatinergic input to the median emi-
nence, while the somatostatin-containing nerve terminals of the anterior hy-
pothalamic area originate in the amygdala. Periventricular hypothalamic soma-
tostatinergic fibers give rise to rostral and ascending fibers, which project to sev-
eral limbic structures (e.g. the stria terminalis and the amygdala) and to caudal
fibers running into the brainstem and spinal cord.

The somatostatinergic system within the amygdala is composed of intrinsic
neurons (which project to the different nuclei of the amygdala) and of neurons
(mainly located in the central nucleus of the amygdala) which project to limbic
structures outside the amygdala.

Somatostatin-containing neurons of the nucleus of the tractus solitarius pro-
ject to the nucleus ambiguus and to the magnocellular nuclei of the hypothala-
mus. Interestingly, this system seems to express exclusively somatostatin-28.

System of short-distance projections

The system of short-distance projections is for the most part composed of inter-
neurons. They are located in layers II-III and layers V-VI of the cortex. Soma-
tostatin-containing interneurons have also been shown in the hippocampus and
in the striatum. They are believed to be involved in local and integrative regula-
tion of neuronal activities in these brain areas.

Periventricular hypothalamic somatostatinergic fibers are known to form in-
trahypothalamic projections to different hypothalamic nuclei (for example, to
the suprachiasmatic nucleus, the arcuate nucleus and the preoptic nuclei).

Colocalization of somatostatin with other neuromodulators has been shown
in telencephalic neurons, where it coexists with NPY. Most of the somatostatin-
containing neurons in the striatum also coexpress NPY. Furthermore, somatos-
tatin-containing interneurons coexpress GABA, indicating a role for somatosta-
tin in GABA circuits.

4.30.3
Biosynthesis and Degradation

Somatostatin is an evolutionary old peptide found even in Protozoa. While two
separate genes code for somatostatin-14 and somatostatin-28 in fishes, a single
gene encodes for both peptides in mammals.

In mammalian brains, somatostatin is mainly expressed in the form of a tetra-
decapeptide, the so-called somatostatin-14. The long form, somatostatin-28, has
also been found in the brain to a minor extent. Somatostatin-28 is cleaved into so-
matostatin-14 and somatostatin-28 (1-12) (Fig. 4.51). In fishes additional forms of
somatostatin have been described, as e.g. somatostatin-22, and somatostatin-25.

The different forms of somatostatin are cleavage products of a larger precur-
sor, prepro-somatostatin. This precursor is composed of 116 amino acids and is
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< somatostatin-28

v

somatostatin-28 (1-12) somatostatin-14

Ser Ala Asn Ser Asn Pro Ala Met Ala Pro Arg Glu Arg Lys Ala Gly Cys Lys Asn Phe Phe Trp Lys Thr Phe Thr Ser Cys

Cleaving site

Fig. 4.51 The amino acid sequence of somatostatin-28
includes the sequences of somatostatin-28 (1-12) and
somatostatin-14.

encoded by a single gene which consists of two exons (238 and 367 base pairs)
separated by an intron (621 base pairs). Two 5" upstream promoters flank an en-
hancer element, the cAMP-responsive element (CRE). Prepro-somatostatin is
synthesized in the endoplasmatic reticulum. After cleavage of the signal se-
quence, a leader sequence is removed from the prepro-form and the 92-amino-
acid prohormone (pro-somatostatin) is transported into the Golgi apparatus,
where the final peptides maturate by proteolysis at monobasic and dibasic sites
to yield the two final forms of somatostatin, namely somatostatin-14 and soma-
tostatin-28. Somatostatin-14 is also processed by cleavage of somatostatin-28.
The mature peptides are packed into granules which are anterogradely trans-
ported to the nerve endings for release.

Somatostatin-14 and somatostatin-28 are secreted in different amounts from so-
matostatin-containing cells. Somatostatin-14 is the dominant form in neuronal tis-
sue and the exclusive form in the retina, peripheral nerves, pancreas and stomach.
The diffuse endocrine system in the gut secretes mainly somatostatin-28.

Somatostatin-14 and somatostatin-28 have been detected in different quanti-
ties (in a ratio of about 3:1) within the central nervous system. Although the
level of somatostatin-28 is lower than that of somatostatin-14, it has been found
to be more effective in the inhibition of growth hormone secretion.

The somatostatins are degraded by several enzymes into proteolytic frag-
ments. The identification of these fragments has made it possible to identify
the enzymes involved in the degradation process. Lysomal peptides like cathep-
sin D and M are involved in the cleavage of somatostatin at Phe-Phe-sites.
Furthermore, neutral endopeptidases (EC 24.11, EC 24.15 and EC 24.16) and
aminopeptidases participate in the degradation.

4.30.4
Receptors and Signal Transduction

Five somatostatin-receptors (SST1-SST5) have been identified and cloned. They
are coupled to G proteins (perhaps with the exception of the SST2 receptor) and
to adenylate cyclase (Patel et al. 1994). The receptors show different molecular
masses and variations in their amino acid sequences.

Most of them are encoded by single-copy genes, which reveal differential
chromosomal localization. It has been found that the genes for the SST1, SST3,
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SST4 and SST5 receptors possess no introns, while the gene coding for the
SST?2 receptor exhibits an intron.

Somatostatin-14 binds equally well to all receptors. This is not true of its ana-
log octreotide, which does not bind to the SST1 and SST4 receptors. Pharmaco-
logical studies have failed to show clear differences in the binding capability of
somatostatin-28 and somatostatin-14 to the SST1-SST4 receptors. Some evi-
dence indicates that somatostatin-28 has a higher affinity to the SST5 receptor
(this receptor is mainly found in the pituitary).

The distribution of the various types of somatostatin receptors in the central
nervous system of mammals is summarized in Table 4.5.

The SST receptors use different signal transduction pathways, though few de-
tails are as yet available. Apparently, initial activation of the receptors requires G
protein (perhaps with the exception of the SST2 receptor), followed by five dif-
ferent pathways, which involve suppression of cAMP formation, reduction of
Ca”" influx and K* efflux, decrease of tyrosine phosphatase activity and exocyto-
sis.

None of the effects has been successfully related to a specific receptor sub-
type. A major difficulty in analyzing individual SST receptor signal transduction
is that single cells express more than one receptor.

SST1 receptors
The SST1 receptor gene is located on human chromosome 14. It consists of
391 amino acids.

Table 4.5 Distribution of the different forms of somatostatin
receptors in the rat brain. The number of asterisks indicates
the relative density of SST receptors.

Brain area Receptor subtype

SST1 SST2 SST3 SST4 SSTS
Amygdala o+t ++ +++ + ++
Cerebellum + + +H++ - _
Cortex o+t o+t ++ ++ ++
Hippocampus ++ ++ ++ ++ ++
Hypothalamus ++ ++ + + o+
Pons + + + + _
Nucleus accumbens + + + _
Olfactory bulbus ++ ++ ++ ++ ++
Olfactory tubercle + + ++ + T
Preoptic area + + + + P
Striatum + ++ + +
Thalamus ++ + + + _
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SST2 receptors

The human SST2 receptor gene is located on chromosome 17. It is composed
of two exons interrupted by an intron and it has been shown that this receptor
type exists in two forms, a long (SST2A) and a short variant (SST2B).

SST3 receptors
The gene which encodes for the SST3 receptor is located on human chromo-
some 22. The SST3 receptor consists of 428 amino acids.

SST4 receptors

The receptors SST1, SST2 and SST3 bind somatostatin-14 and somatostatin-28
with similarly high affinity, the SST4 receptor has higher affinity for somatosta-
tin-28. The human SST4 gene is located on chromosome 16 and consists of 388
amino acids.

SST5 receptors

The gene which encodes for the SST5 receptor is located on human chromo-
some 20. The SST5 receptor is somatostatin-28 selective and has a length of
364 amino acids.

4.30.5
Biological Effects

Somatostatin exhibits multiple biological activities. It blocks both insulin and
glucagon secretion in the pancreas and inhibits growth hormone and TSH re-
lease in the pituitary gland. In the gut, somatostatin blocks the secretion of gas-

Table 4.6 Effects of somatostatin on neuroactive substances.
Abbreviations: CRF =Corticotropin-releasing factor;
GHRH=growth hormone-releasing hormone

(0=without effect; +=excitatory effect; —=inhibitory effect).

Brain structure Transmitter or neuromodulator Effect
Cortex Acetycholine 0
Norepinephrine +
Serotonin 0
Dopamine +
Histamine -
Hippocampus Acetycholine +
Histamine -
Hypothalamus Norepinephrine 0
Histamine +
GHRH -

CRF
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trointestinal hormones (e.g. gastrin) and reveals inhibitory effects on gastric
acid and pepsin secretion. In gall bladder it blocks contraction.

Within the central nervous system, somatostatin shows neurohormonal and
neuromodulatory functions, e.g. it modulates neurotransmitter efficiency like
acetylcholine, dopamine or serotonin (Table 4.6).

Both excitatory and inhibitory effects of somatostatin have been observed in
the cortex, the hippocampus and the hypothalamus (see Table 4.6).

Secretion of somatostatin is primarily stimulated by corticotropin-releasing
factor (CRF) and, like CRF, somatostatin exerts inhibitory effects upon the im-
mune system (for example by reducing T-cell proliferation).

Intraventricular application of somatostatin in rats induces various behavioral
effects. Injection of small amounts of somatostatin elicits an increase in stereo-
typic behavior. Application of higher doses of somatostatin induces severe defi-
cits in motor coordination.

4.30.6
Neurological Disorders and Neurodegenerative Diseases

Increased levels of somatostatin have been described in several inflammatory
and degenerative neurological disorders, e.g. cerebral tumor, meningitis, nerve
root compression, metabolic encephalopathies.

Human postmortem studies have shown decreased somatostatin concentra-
tions in a variety of cortical and subcortical sites in Alzheimer’s disease, accom-
panied by a significant reduction in somatostatin-containing neurons. Concen-
trations have been reported to be reduced to 20-60% of control values in the
temporal cortex, with similar drastic reductions in the frontal and parietal cor-
tex. Among different mental disorders, a significant reduction in somatostatin
CSF levels has been found in depression. A significant negative correlation is
also evident between somatostatin CSF levels and the incidence of depressive
mood in Alzheimer’s patients.

Not only are the somatostatin concentrations altered in Alzheimer’s diseased
cortex, but also the expression of somatostain receptors: neuronal expression of
SST4 and SST5 has been found to be reduced, whereas SST3 expression has
been found to be increased in Alzheimer’s diseased cortex.

Furthermore, Parkinsonian patients who suffer from dementia (about 20-
40%) show reduced levels of somatostatin in the frontal cortex, the entorhinal
cortex and in the hippocampus, while patients without dementia do not exhibit
somatostatin deficits.

Somatostatin seems also to be involved in epilepsy. Significant changes in the
hippocampal SRIF system have been documented in experimental models of
temporal lobe epilepsy, in particular in the kindling and kainate models. Soma-
tostatin biosynthesis and release are increased in the kindled hippocampus,
especially in the dentate gyrus. It has also been found that intraventricular or
intracerebral injections of somatostatin are able to elicit seizures.
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In patients with intractable temporal seizures, an increase in the level of so-
matostatin-14 has been found in the temporal lobe, which is accompanied by a
loss of somatostatin-containing neurons in the dentate gyrus.
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4.31
Substance P and Tachykinins

4.31.1
General Aspects and History

After its first description in 1931 by Euler and Gaddum, substance P (P was the
laboratory code for “peparation”) remained the only mammalian member of the
family of tachykinins for several decades. Tachykinins were defined as peptides
sharing the common carboxy-terminal amino acid sequence Gly-Leu-Met-NH,
(Table 4.7).

In the 1970s, Chang and coworkers (1971) isolated and sequenced substance
P. The family of mammalian tachykinins has subsequently grown with the iso-
lation of four additional members. These peptides were named neurokinin A
(NKA, neuromedin L or substance K), neuropeptide K (NPK), neurokinin B
(NKB or neuromedin K). NKA is also present in two elongated forms, neuro-
peptide K and neuropeptide y (NPy).

In addition, some further tachykinins have been isolated from non-mamma-
lian species (Table 4.7). These tachykinins include eledoisin, physalaemin and
kassinin. The non-mammalian tachykinins will not be discribed here.

In parallel with the identification of the tachykinin family, several classes of
tachykinin receptors were discovered. The receptors described to date are: tachy-

Table 4.7 Summary of mammalian and non-mammalian
tachykinins. All these substances have a common N-terminal
sequence (Gly-Leu-Met-NH,; indicated in italics).

Name Sequence

Mammalian tachykinins

Neuromedin K (NMK) or neurokinin Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH,

B (NKB)

Neuropeptide K (NPK) Asp-Ala-Asp-Ser-Ser-Ile-Glu-Lys-Gln-Val-Ala-Leu-
Leu-Lys-Ala-Leu-Tyr-Gly-His-Gly-Gln-Ile-Ser-His-
Lys-Arg-His-Lys-Thr-Asp-Ser-Gly-Leu-Met-NH,

Neuropeptide y (NPy) Asp-Ala-Gly-His-Gly-Gln-Ile-Ser-His-Lys-Arg-His-
Lys-Thr-Asp-Ser-Gly-Leu-Met-NH,

Substance K (SK) or neurokinin A His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH,

(NKA)

Substance P Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met-NH,

Non-mammalian tachykinins

Eledoisin <Glu-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-NH,

Kassinin Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-
NH,

Physalaemin <Glu-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-

NH,
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kinin NK1, NK2 and NK3 receptors. The endogeous agonists for the receptors
are: substance P for NK1, NKA for NK2 and NKB for NK3.

4.31.2
Localization Within the Central Nervous System

Substance P-like immunoreactivity has been demonstrated in various tissues, in-
cluding the gastrointestinal tract and the central nervous system.

In the spinal cord substance P is found mainly in interneurons and in pri-
mary afferent fibers of the superficial layers of the dorsal horn (lamina I). High
concentrations are also present in the septum, the striatum, the amygdala, the
periaqueductal gray, the pons and in some nuclei of the brain stem. The highest
concentration of substance P has been detected in the substantia nigra.

The distribution pattern and concentration of neurokinin A and neurokinin K
are similar to that of substance P, while that of neurokinin B is different, with
maximal concentrations in the cortex.

Two prominent substance P-positive tracts have been found in the brain: one
consists of the habenulo-interpeduncular connection, which synapses upon the
ventral tegmental area, while the other, the striato-nigratal pathway, descends
from the striatum and projects to the substantia nigra.

Colocalizations of different tachykinins within individual cell have been de-
scribed. Colocalization of substance P and neurokinin A is found in striato-ni-
gratal neurons and in sensory afferent neurons.

In addition, tachykinins colocalize with neurotransmitters or other neuromo-
dulators. For example, some cortical and hippocampal interneurons coexpress
GABA and substance P. In sensory fibers, colocalization of substance P with
CCK, CGRP, enkephalins and somatostatin has also been described. Addition-
ally, substance P and acetylcholine seem to colocalize in several brain areas; and
colocalization of substance P with serotonin has been demonstrated in neurons
of the medulla oblongata.

4313
Biosynthesis and Degradation

The biosynthesis and degradation of tachykinins are incompletely understood. It is
known, however, that two genes encode for the precursors of tachykinins. The pre-
cursor encoded by one gene is named prepro-tachykinin A (PTT-A) and constitutes
the source for three further precursors: PTT-Aa, PTT-Aff and PTT-Ay. All three pre-
cursors have in common the fact that they contain the sequence of substance P.
Both, PTT-Af and PTT-Ay, contain additional sequences for neurokinin A and neu-
ropeptide K (a prolonged form of neurokinin A). NPy is generated from the pre-
cursor PTT-Ay. The second gene codes for a precursor named prepro-tachykinin B
(PTT-B). Maturation of this precursor leads to the formation of neurokinin B.
The precursor PTT-Ay, which is processed to substance P, neurokinin A and
neuropeptide y, seems to be the most abundant precursor in brain tissue,
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whereas the precursors PTT-Aa and PTT-Af have been found in only small
quantities. Nerve growth factor (NGF) and dopamine seem to be involved in the
transcriptional control of the PTT-A gene.

Extracellular tachykinins are degraded by local peptidases, which include en-
dopeptidase 24.11 (known as enkephalinase), peptidyldipeptidase A [also known
as angiotensin-converting enzyme (ACE)], and substance P-degrading enzyme
for substance P and enkephalinase for neurokinin A and neurokinin B.

4314
Receptors and Signal Transduction

Besides the three different receptors NK1, NK2 and NK3, a further receptor has
been found. However, there is no consensus as to whether this receptor consti-
tutes a new subtype (NK4 receptor) or just an isoform of the NK3 receptor. The
endogenous ligands for all of these receptors are substance P, neurokinin A
and neurokinin B.

Substance P is the most potent tachykinin for the NK1 receptor, whereas neu-
rokinin A exhibits the highest affinity for the NK2 and neurokinin B for the
NK3 receptor. NK1, NK2 and NK3 belong to the superfamily of G protein-
coupled receptors.

The classification of the tachykinin receptors is somewhat confusing in the
literature; e.g. the tachykinin NK1 receptor is also referred to as the SP-P recep-
tor and the tachykinin NK2 receptor as SP-E, SP-K or NK-A. In addition, the
NK3 receptor is known under SP-E, SP-N or NK-B receptor. For each tachykinin
receptor, specific agonists and antagonists have been developed (Table 4.8).

NK1 receptors

Particularly rich in tachykinin NK1 receptors are the olfactory bulb, the cortex,
the septum, the hippocampus, the striatum, the habenula, the nucleus accum-
bens, the lateral nucleus of the hypothalamus, the interpeduncular nucleus, the
locus coeruleus, the superior colliculus, the nucleus of the tractus solitarius, the
raphe nuclei and the medulla oblongata. NK1 receptors are not exclusively ex-
pressed in neurons, but also in glia.

Table 4.8 Agonists and antagonists of the three different
tachykinin receptor subtypes.

Tachykinin receptor Agonists Antagonists

subtype

NK1 SPOMe, GR 73632, GR82334, RP67580, CP-99994
Sar’Met(0,)"'SP, substance P

NK2 GR 64349, neurokinin A L-659877, SR48968, MEN10207,

GR94800, GR100679
NK3 Senktide, neurokinin B GR138676
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Fig. 4.52 Model of the tachykinin NK1 receptor. The receptor
is composed of seven transmembrane-spanning domains and
preferentially binds substance P.

The NK1 receptor has been cloned from several species. The primary se-
quence of the tachykinin NK1 receptor reveals some species-specific variations,
but overall homology is high (human and rat NK1 receptors show about 95%
homology).

The NK1 receptor (Fig. 4.52) is a protein of about 47 kDa and has seven puta-
tive transmembrane-spanning domains. The amino terminus possesses phos-
phorylation sites while the carboxyl terminus is believed to participate in desen-
sitization mechanisms.

Binding of the ligand to tachykinin NK1 receptors activates several second-
messenger systems: these start with activation of phosphatidyl-inositol turnover
via phospholipase C, arachidonic acid formation via phospholipase A, and cyclic
adenosine monophosphate accumulation via adenylate cyclase.

The expression of NK1 mRNA undergoes marked postnatal changes in the
developing brain, supporting the idea of a role for tachykinins in synaptogenesis
associated with morphological and functional development of the central ner-
vous system.

NK2 receptors
NK2 receptors have been found at low density in the striatum and in the spinal
cord. Activation of the NK2 receptor depends on its selectivity for the tachyki-
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nin. Its affinity is highest for neurokinin A and neuropeptide K followed in des-
cending order by neuropeptide y, neurokinin B and substance P.

NK3 receptors
NK3 receptors are expressed in the cortex and in the amygdalo-hippocampal
area, in the hippocampus, in some hypothalamic nuclei, in the medial habenula
and in the interpeduncular nucleus.

The affinity profile of NK3 is as follows (in descending order): neurokinin B
and neurokinin A > neuropeptide K > neuropeptide y > substance P.

4315
Biological Effects

Tachykinins show prominent physiological effects in the periphery and in the
central nervous system (CNS). In the CNS, tachykinins occur particularly in
areas involved in the central control of several peripheral autonomic functions
(blood pressure, respiration, micturition, gastrointestinal motility, etc.) and es-
sential functions (e.g. drinking behavior).

The best known effects of substance P are profuse salivation after intravenous
injection and a profound lowering of arterial blood pressure as a result of vasodi-
latation. Substance P also stimulates smooth muscle contraction in a variety of pe-
ripheral organs. The first effect described on central neurons was slowly develop-
ing long-lasting depolarization in spinal cord motor neurons. This effect was
thought to result from stimulation of primary afferent inputs to spinal cord motor
neurons. The characteristic responses of substance P on dorsal horn afferent neu-
rons were described as delayed in latency, slow in rising and prolonged in after-dis-
charge. These features qualify substance P as a neuromodulator.

Since the responses excited by substance P are among those that are excited
by noxious cutaneous stimulation, it is considered that substance P plays a role
in sensory transmission within the spinal cord and that this role is related spe-
cifically to pain.

Further arguments for an important role of tachykinins in pain transmission
derive from the receptor localization:

o Tachykinin NK1 receptors are expressed at anatomical positions, which are
considered to be appropriate to their involvement in the processing of afferent
noxious input into the spinal cord.

e NK1 receptor expression in the spinal cord undergoes regulation after noxious
manipulation.

e NKI1 receptor antagonists act synergistically to inhibit NMDA-mediated noci-
ceptive transmission.

Behavioral studies implicate tachykinins in functions connected with the control
of hunger and thirst. These effects seem to depend on the stimulation of NK2
and NK3 receptors. Tachykinins are involved in cardiovascular control, control
of respiration and in the release of several hypophyseal hormones.
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Substance P, as indicated above, acts primarily as an excitatory neuromodula-
tor, but it also exhibits inhibitory properties. For example, substance P inhibits
the cholinergic excitation of Renshaw cells in the spinal cord.

Tachykinins seem to be involved in the regulation of the aminergic system,
especially of the dopaminergic system. Neurokinin A and substance P excite
neurons and modify the release of dopamine in the substantia nigra. Applica-
tion of substance P or neurokinin A to the ventral tegmental area or injection
into the substantia nigra stimulates locomotor activity.

Under experimental conditions, substance P exerts neurotrophic functions,
since it supports the regeneration of lesioned neuronal tissue.

4.31.6
Neurological Disorders and Neurodegenerative Diseases

In addition to functioning as a neuromodulator or an endocrine or paracrine
factor, substance P seems to participate in inflammatory responses, since it
stimulates the release of histamine from mast cells and the proliferation of T-
lymphocytes and increases phagocytosis. It also augments the secretion of cyto-
kines from macrophages and the secretion of TNF-a from astroglial cells. Inter-
estingly, substance P/NK-1 receptor interactions elicit activation of signal trans-
duction pathways which can initiate, or augment, inflammatory responses by
astrocytes and microglia (Marriott 2004).

Pathological alterations of tachykinin concentrations — especially substance P —
have been found post mortem in several brain structures of patients with neuro-
degenerative diseases. In the normal human cerebral cortex, a subset of aspiny
local circuit neurons in deep cortical layers contains preprotachykinin mRNA
and substance P immunoreactivity. These neurons are depleted in Alzheimer’s
disease — in contrast to other local circuit neurons — suggesting that they provide
an early target of the degenerative process.

A decrease in the density of tachykinin receptors has been described under di-
verse neurodegenerative conditions. In the brain of Alzheimer’s patients and in
individuals suffering from amyotrophic lateral sclerosis (ALS), a marked reduc-
tion of NK1 receptors has been found post mortem. The reduction occurred in
the nucleus of Meynert (Alzheimer’s disease) and in the motor neurons of the
ventral horn of the spinal cord (ALS). In both diseases, the effects are accompa-
nied by a degeneration of cholinergic fibers, which are known to possess NK1 re-
ceptors. Thus, the degeneration of cholinergic neurons is considered to elicit de-
ficiencies in the effects of synaptic transmission causally related to substance P.

In Huntington's chorea disease, substance P is depleted in the striatum con-
comitantly with the characteristic dorsoventral gradient of neuronal loss and its
depletion in the pallidum and substantia nigra. In Parkinsonism, a reduction of
substance P is also obvious in the substantia nigra and striatum.

In addition, there are reports that NK1 receptor antagonists have antidepres-
sant activity comparable to that of the selective serotonin re-uptake inhibitor,
paroxetine. Although preliminary studies showed some therapeutic efficacy for
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NK1 antagonists, the first compound developed has been discontinued from
Phase III trials because it was no more effective than a placebo in the treatment
of depression (Adell 2004).
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4.32
Thyrotropin-releasing Hormone

4.32.1
General Aspects and History

In 1969, two groups (Guillemin and colleagues and Schally and coworkers) suc-
ceeded in isolating a hypothalamic substrate that causes the anterior pituitary
gland to release thyrotropin.

The substrate was the first biochemically identified hypothalamic factor and,
for the first time, it was demonstrated that the secretory activity of the pituitary
gland depends on peptidergic hypothalamic hormones. Besides its stimulatory
action on the secretion of the thyroid-stimulating hormone (TSH) and some
other hormones, this hypothalamic peptide showed additional effects on the
central nervous system.

The peptide was designated thyreoliberin, protirelin or thyrotropin-releasing
hormone (TRH). TRH is a small neuropeptide composed of three amino acids
(L-pyroglutamyl-L-histidyl-L-prolineamide; L-pGlu-L-His-L-ProNH,) and belongs
to the class of tripeptidergic hormones (Fig. 4.53).

TRH is present in the central nervous system (thalamus, cerebral cortex and
spinal cord) as well as in peripheral organs (pancreas, gastrointestinal tract and
placenta).

When secreted into the portal hypophyseal circulation, it has access to the pi-
tuitary gland where it stimulates the secretion of the thyroid-stimulating hor-
mone (TSH). This in turn enhances the production of tri- and tetrajodthyronin
(thyroxin) in the thyroid gland.

cO0O
Tz 0o

O
i ! «
pyro-glutamate histidine proline

Fig. 4.53 Primary structure of thyrotropin-releasing hormone.
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4.32.2
Localization Within the Central Nervous System

TRH-immunoreactive cell bodies are distributed throughout the central nervous
system. They are predominantly clustered in the olfactory bulbs, the cortex, the
hippocampus, the amygdala and in the paraventricular nucleus of the hypotha-
lamus. TRH-containing cells are also scattered in some further brain areas, in-
cluding the neostriatum, the arcuate nucleus of the hypothalamus, the tubero-
mammillary bodies, the reticular nucleus of the thalamus, the substantia nigra,
the nucleus cuneatus and the nuclei of the nervus vagus (Fig. 4.54).

Furthermore, TRH-positive cells have been identified in the bed nucleus of
the stria terminalis, the nucleus of the diagonal band of Broca and in several
hypothalamic areas. Numerous TRH-containing cell bodies occur in the peria-
queductal gray and the roots of the trigeminal nerve. In the medulla oblongata,
TRH-containing cells are present in some raphe nuclei, in the area postrema
and in the dorsal horn of the spinal cord. Immunohistochemical studies have
demonstrated the coexistence in neurons of TRH with one or more neuroactive
substances, including CCK, dopamine, enkephalins, GABA, growth hormone,
histamine, NPY, serotonin and substance P.

.‘  50

Amv

Fig. 4.54 Schematic representation of brain Cx=cortex; Hl=hippocampus; HY =hypo-
areas with TRH-synthesizing neurons. thalamus; NDX=dorsal nucleus of the vagal
Abbreviations: BOa=accessory olfactory bulb; nerve; NP=nuclei of the pons; RT=nucleus
BST=bed nucleus of the stria terminalis; reticularis of the thalamus; SN =substantia

CPu=caudate-putamen; Cu=nucleus cunealis; nigra.
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4323
Biosynthesis and Degradation

TRH is synthesized from a precursor polypeptide whose sequence contains five
copies of the TRH protein. The corresponding gene of the TRH precursor of
rats was cloned in 1989 (Lee et al. 1989). The precursor consists of a putative
26-kDa protein which is composed of 255 amino acids. The rat gene contains
five copies of the amino acid sequence of the TRH precursor, while the human
pro-TRH contains six copies.

Translation of the mRNA gives rise to pro-TRH. Posttranslational processing
of TRH starts with the excision of the precursor peptide by cleavage through a
carboxy-peptidase. This is followed by amidation of proline by peptidyl-glycine
a-amidating monoxygenase (PAMase), the amide moiety being donated by the
carboxy-terminal glycine. Finally, cyclization of the amino-terminal glutamine is
accomplished by glutaminyl cyclase. Posttranslational processing of TRH ap-
pears to be restricted to the neuronal cell, as indicated by lack of TRH progeni-
tor immunoreactivity in axons or terminals.

The posttranslational processing of pro-TRH also gives rise to a number of
other peptides, e.g. the peptides Ps4 and Ps5, which may have additional physi-
ological properties.

It has been demonstrated that Ps4 and Ps5 are released in the hypothalamus
in response to calcium-mediated neuronal depolarization. Ps4 seems to potenti-
ate the thyreotrophic response as well as prolactin-mediated effects.

The peptide Ps4 has a stimulatory effect upon the expression of the prolactin
gene and stimulates the transcription of f-TSH. In addition, in the pituitary, re-
ceptors have been found which bind Ps4 and which are different from the TRH
receptors.

pGlu - His - Pro - NH,

PGA 1
PGA2 PE
- * His - Pro - NH, pGlu - His - Pro
Spontaneous PGA 1
cyclisation

\ 4

cyclo His-Pro - e His - Pro

Fig. 4.55 Deactivation of TRH by enzymatic degradation.
Abbreviations: His=histidine; PE=proline-endopeptidase; PGA
1=pyroglutamate-aminopeptidase |; PGA 2=pyroglutamate-
aminopeptidase Il; pGlu=pyroglutamate; Pro=proline.
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Several TRH-degrading enzymes have been identified, including histidylpro-
line imidopeptidase, prolylendopeptidase, pyroglutamyl aminopeptidase I (PGA
1, EC 3.4.19.3), pyroglutamyl aminopeptidase 2 (PGA 2, EC 3.4.19) and thyroli-
berinase. TRH released into the hypophyseal portal circulation is degraded rap-
idly to His-Pro-NH, by thyroliberinase, while TRH released into the synaptic
clefts of the central nervous system is degraded by pyroglutamyl aminopepti-
dase 1 and 2 or by proline endopeptidase (PE, EC 3.4.21.26) and PGA 1
(Fig. 4.55). Developmental studies indicate differences in the degradation mech-
anisms during development and adulthood. In juveniles, PGA 1 and PE are ex-
pressed at high levels, whereas in adults the expression of both enzymes de-
clines concomitantly with an increase in PGA 2 expression. PGA 2 has been
characterized biochemically as well as by cloning. The cDNA codes for a puta-
tive protein of 1025 amino acids. PGA 2 is a dimeric glycoprotein composed of
two identical subunits and possesses some characteristics of a metallopeptidase.
To date, no specific inhibitor of PGA 2 is known, though some inhibitors of
PGA 1 and PE have been characterized.

4.32.4
Receptors and Signal Transduction

In 1981, high-affinity binding sites for TRH (K3=5.9x10"° M) have been de-
scribed for the monkey brain (Ogawa et al. 1981). Significant progress has been
made in investigating the TRH receptor complement, including cloning of TRH
receptor cDNA and its corresponding gene, which in humans is located on
chromosome 8q23.

Two isoforms of the rat TRH receptor have been shown to be generated from
a single gene by alternative splicing. These isoforms are 387 and 412 amino
acids in length and differ in their carboxy-terminal cytoplasmic tail.

TRH receptors belong to the class of G protein-coupled receptors with seven
membrane-spanning domains and an extracellular amino-terminal region con-
taining N-glycosylation sites. Receptors for TRH are found in cells of the ante-
rior pituitary gland and in diverse neurons throughout the central nervous sys-
tem. The structural and functional properties of both pituitary and central ner-
vous TRH receptors have been characterized in detail and shown to be similar
in structure and signal transduction.

The TRH receptors are coupled to the phospholipase C pathway via a pertus-
sis toxin-insensitive G protein resulting in the liberation of calcium. TRH also
seems to stimulate MAP kinases by proteinkinase C and tyrosine kinase-depen-
dent mechanisms. TRH receptors reveal a negative autoregulation in the pres-
ence of high levels of TRH. This down-regulation is mediated by a reduction of
TRH receptors, without any change in their affinity.

TRH receptors are widely distributed throughout the central nervous system.
High densities have been detected in the anterior part of the pituitary, the cerebral
cortex, the posterior mammillary nucleus, the arcuate nucleus, the hippocampus,
the anterior cortical nucleus and in the lateral nucleus of the amygdala.
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Moderate densities of TRH receptors have been detected in the frontal peri-
rhinal and temporal cortex, the accessory olfactory bulb, the habenula, the medial
septum, the bed nucleus of the stria terminalis, the nucleus accumbens, the pre-
optic area, the dorsomedial and ventromedial nucleus of the hypothalamus, the
basomedial nucleus of the amygdala and in the posterior part of the pituitary.

Some data indicate that a second central nervous receptor exists (Itadani et al.
1998), which binds TRH and is different from the known TRH receptor. This
receptor is labeled TRHR2. The TRH2 receptor displays an overall homology of
50% with the common TRH1 receptor. The mRNA for TRHR2, however, ap-
pears to be restricted to, or at least predominately expressed in, the brain.
Although both receptor subtypes are expressed in the rat brain, the pattern of
TRHR2 mRNA expression is entirely different from that of the other TRH re-
ceptor. One striking example is the anterior pituitary gland, where there are
large numbers of the common TRH receptor, but no expression of TRHR2.
Conversely, TRHR2 is selectively expressed in the dorsal horn of the spinal
cord.

4325
Biological Effects

The primary physiological effect of TRH is to stimulate secretion of the thyroid-
stimulating hormone (TSH). Secretion of TRH, however, is under control of the
thyroid hormones T3 and thyroxin (T4). These hormones exert negative feed-
back control on thyreotropic cells of the pituitary.

TRH also stimulates the release of prolactin, but this is not regarded as the
main stimulatory pathway for prolactin release. TRH release is also subject to
control through neurotransmitters. Among these are norepinephrine (which
stimulates TRH secretion) and dopamine (which inhibits the release of TRH).

TRH has been reported to reduce stress- and deprivation-induced eating, hy-
pothetically by induction of satiation. Early work demonstrated thyroid extracts
reduced alcohol intake; and recent research shows a TRH analog specifically in-
hibits alcohol preference. It seems likely that TRH is one of several functional
elements in the integrative neuropeptide control of alcohol consumption via
short-term satiation (Kulkowsky et al. 2000).

TRH levels seem to affect motor behavior. Peripherally or locally administered
TRH stimulates motor activity, an effect which involves enhanced turnover of
the mesolimbic dopaminergic system and of the noradrenergic system. TRH
also affects spinal cord motor activity since TRH, as well as serotonin, facilitates
the discharge of motoneurons. Tissue culture experiments show a direct in-
volvement of TRH in the development and activity of spinal motoneurons. TRH
induces trophic effects, stimulates axonal outgrowth and the activity of choline
actyltransferases.

TRH is also a mediator of peripheral effects. Intravenously applied TRH can
alter blood circulation. In the periphery of the body, TRH application induces
vasoconstriction, whereas in the brain vasodilatatory effects predominate.
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TRH also induces gastro-intestinal effects, since it stimulates secretion of pep-
sin. However, these effects are variable, depending on the species and the man-
ner in which TRH is administered. Gastrointestinal effects of TRH include an
involvement in the pathogenesis of ulcer. The formation of a gastric ulcer can
be experimentally induced by intracisternal injection of TRH, which mediates
an increase in peripheral vagal activity through an enhancement of discharge
from vagal nuclei. Curiously, this effect is accompanied by a reduction of the se-
cretion of gastric acids.

4.32.6
Neurological Disorders and Neurodegenerative Diseases

Several studies have focused on pathological modifications of TRH receptors or
of TRH levels in the central nervous system. TRH is present, for example, in
the ventral horn of the spinal cord. A decrease in TRH level and TRH receptor
density has been found in amyotrophic lateral sclerosis, a degenerative disease
that primarily afflicts primarily the motor neurons of the spinal cord. TRH was
also found to enhance motor neuron firing, leading to increased muscle tone,
contractibility and spinal reflexivity. Clinical studies have repeatedly reported
beneficial effects of TRH administration in several motor neuron diseases.
However, these improvements, for some unexplained reason, are of short dura-
tion (Brooke 1989).

TRH levels increase during epileptic convulsions. In spontaneously epileptic
rats, the level of TRH as well as the level of its mRNA (coding for the precursor
prepro-TRH) are enhanced in the hippocampus during the first 24 h after the
onset of seizure activity.
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4.33
The Tyr-MIF-1 Family

Four small peptides (Fig. 4.56) with almost identical primary structures belong-
ing to the group of the “melanocyte-stimulating hormone release-inhibiting hor-
mones” have been isolated from brain tissues. Alternatively, they are termed
“melanostatins”. The four peptides belong to the so-called “Tyr-MIF-1 family”.

Two of the four peptides (Tyr-MIF-1 and Tyr-W-MIF-1) bind to specific Tyr-
MIE-1-binding sites and in addition show binding capacity to the opioid u re-
ceptor. Tyr-MIF-1 is a peptide with a molecular mass of 447.51 Da and has been
isolated from bovine hypothalamus and human parietal cortex.

MIF-1 Pro-Leu-Gly-NH;

Tyr-MIF-1 Tyr-Pro-Leu-Gly-NH;

Tyr-W-MIF-1 Tyr-Pro-Trp-Gly-NH,

Tyr-K-MIF-1 Tyr-Pro-Lys-Gly-NH, Fig. 4.56 Amino acid sequences of the
four members of Tyr-MIF-1 family.
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The third member of this family, MIF-1, does not bind to any of these recep-
tors. It is, however, expressed in various structures of the brain, including the
cortex, the striatum, the diencephalon, the midbrain and the pons.

The fourth member of the Tyr-MIF-1 family is Tyr-K-MIF-1 (Reed et al. 1994).
This peptide recognizes a specific binding site in the brain and does not interact
with u receptors.

The Tyr-MIF-1 family interacts with functions mediated by the opioid system,
by binding to x1 and u2 receptors. In this context, Tyr-W-MIF-1 functions as a
mixed p2-opioid receptor agonist and ul-opioid receptor antagonist (Gergen et
al. 1996). These findings lend support to the idea that Tyr-MIF-1 belongs to an
endogenous central nervous antiopiate system. Binding sites for Tyr-MIF-1 are
significantly decreased in animals chronically treated with morphine. By exam-
ining the effects of the Tyr-MIF-1 peptides in rats on morphine-induced analge-
sia in acute pain and on immobilization stress-induced antinociception, it has
been shown that Tyr-MIF-1 peptides significantly decreased the analgesic effect
of morphine.

In addition to its antiopiate effects, Tyr-MIF-1 interacts with non-opiod sys-
tems, including the dopaminergic and the GABAergic system.

Intravascular Tyr-MIF-1 (amino acid sequence: Tyr-Pro-Leu-Gly-NH,) is meta-
bolized to Tyr-Pro and to Leu-Gly-NH,, indicating that the circulating Tyr-MIF-1
is not a precursor of MIF-1. However, Tyr-MIF-1 can be metabolized to MIF-1
in mitochondria of the brain.

The half-lives of MIF-1 and Tyr-MIF-1 in the blood of rodents (minutes) are
very different from those of humans (days). A functional explanation for this
difference is not yet available.

Tyr-MIF-1 and MIF-1 pass the blood-brain barrier in a differential manner.
Tyr-MIF-1 and Tyr-W-MIF-1 are saturably transported from brain to blood. While
Tyr-MIF-1 crosses the barrier from the parenchyma to the blood, MIF-1 is trans-
ported exclusively in the opposite direction. Tyr-MIF-1 and Tyr-W-MIF-1 bind to
ul and p2 receptors; and it is believed that they exhibit antagonistic or agonistic
effects on these receptors. In conjunction with the opioid receptor interaction,
Tyr-W-MIF-1 induces analgesia.

Destruction of the pituitary gland leads to a large increase in Tyr-MIF-1 con-
centration in the circulating blood. This increase can be prevented by chronic
administration of corticosterone, but not by chronic administration of other hor-
mones, e.g. thyroxin, estrogen, progesterone, or by short administration of corti-
costerone.
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4.34
Vasoactive Intestinal Polypeptide

4.34.1
General Aspects and History

In the early 1970s (Said and Mutt 1970), vasoactive intestinal polypeptide (VIP)
was isolated from intestinal extracts. Pharmaco-physiological studies indicated
that VIP exhibits potent vasodilatatory activity (Smitherman et al. 1988). Be-
cause of this strong vasoactive effect, the peptide was termed vasoactive intest-
inal polypeptide.

Originally, the peptide was recognized as a gastrointestinal hormone, but later
it was discovered that VIP is a neuropeptide with neuromodulatory properties.
It is now generally accepted that VIP represents a widely distributed neuropep-
tide in the central and peripheral nervous system. VIP is a peptide of 28 amino
acids with a molecular mass of 3326 Da.

It belongs to a family of structurally and functionally closely related proteins, the
other members of which are: glucagon, secretin, corticotropin-releasing hormone
(CRH), growth hormone-releasing hormone (GHRH) and pituitary adenylate cy-
clase-activating peptide (PACAP). The primary structure of VIP shows a high de-
gree of conservation between human, rat, mouse, pig, sheep, dog and goat. The
guinea pig VIP differs slightly (in three amino acids) from that of other mammals.
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4.34.2
Localization Within the Central Nervous System

VIP-carrying neurons have been identified by immunocytochemistry and by in
situ hybridization in various areas of the central nervous system (Fig. 4.57).
Within the brain, the cerebral cortex exhibits the highest concentration of VIP.
VIP-like immunoreactivity and its corresponding mRNA have been found in in-
terneurons throughout the neocortical neurons. VIP is also present in the hip-
pocampus, where it is confined to single interneurons, both in Ammon’s horn
and in the dentate gyrus.

VIP-positive neurons are found in several amygdaloid nuclei, in the thalamus
where it occurs in the ventromedial, ventrolateral and ventroposterior nucleus,
as well as in the reticular thalamic nucleus and in the geniculate nucleus. The
hypothalamic suprachiasmatic nucleus shows a high concentration of VIP-posi-
tive neurons, while infrequent numbers are present in the supramamillary nu-
cleus. In addition, VIP-containing neurons have been identified in the periaque-
ductal gray and the dorsal raphe.

VIP often colocalizes with additional neuromodulators and neurotransmitters,
as is also the case for several other neuropeptides. Colocalization has been de-
scribed with acetylcholine in cholinergic neurons and with GABAergic interneu-
rons and CCK-containing neurons of the hippocampus. In the ventral thalamus,
colocalization occurs with cholecystokinin, and in the reticular thalamic nucleus
with GABA. Similarly, GABA coexists with VIP in hypothalamic neurons, some
of which also contain galanin.

Fig. 4.57 Schematic overview of the Hl=hippocampus; HY =hypothalamus;

distribution of VIP-synthesizing neurons. PAG =periaqueductal gray; SCN=supra-
Abbreviations: Acb =nucleus accumbens; chiasmatic nucleus; SD=septum, dorsal;
BST=bed nucleus of the stria terminalis; SMN =supramamillary nucleus;

Cx=cortex; DRN=dorsal raphe nucleus; Th=thalamus; VP=ventral pallidum.
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The precusor gene of VIP has been cloned and its putative primary structure
deduced. Sequence homology is about 80% between mice and human.

The human VIP gene is located on chromosome 6 in position p24. The gene
contains seven exons, separated by corresponding introns. Each of these exons
encodes a functional domain of the protein precursor. The initial product is the
prepro-VIP (20 kDa). This 70-amino-acid peptide not only provides the precursor
for VIP, but also for PHI (peptide with amino-terminal histidine and carboxy-
terminal isoleucine amide) and PHM (peptide with amino-terminal histidine
and carboxy-terminal methionine amide).

The precursor is processed through proteolytic cleavage to form VIP
(Fig. 4.58) and PHI; and it shows tissue-dependent variability which gives rise
to variable amounts of VIP and PHI.

The exact steps in the degradation of VIP have not been elucidated. Since
VIP contains several basic amino acids in its sequence, it is considered to con-
stitute a feasible target for unspecific peptidases in the central nervous system
and in the periphery.

4.34.4
Receptors and Signal Transduction

Specific VIP-binding sites have been detected in diverse tissues, including the
alimentary tract, the liver and the central nervous system. Two classes of VIP re-
ceptors can be differentiated. The first consists of the VIP receptors (VPAC1
and VPAC2) and the second consists of the PACAP receptor (PACI), which
binds pituitary adenylate cyclase-activating polypeptide (PACAP) and VIP.

This nomenclature is now generally accepted. For a better understanding of
the literature, some of the older terms and their modern counterparts (in italics)
to the current are listed below:

e The VPACI receptor is also the VIP1, PVR2 or PACAP type 2 receptor.
e The VPAC2 receptor is also the VIP,, PVR3 or PACAP type 3 receptor.
e The PACI receptor is also the PVR1 or PACAP type 1 receptor.

Both VPAC receptors have been cloned and their genes characterized. The hu-
man VPAC 1 gene is about 22 kb in length and consists of 13 exons. The hu-
man gene locus is 3p22. The putative primary sequence consists of 459 amino
acids in rats and 457 amino acids in humans.

His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-
GIn-Met-Ala-Val-Lys-Lys-Tyr-Leu-Asn-Ser-lle-Leu-Asn-NH,

Fig. 4.58 Amino acid sequence of intestinal vasoactive polypeptide (VIP).
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The VPACI receptor has a molecular mass of 52 kDa and belongs to the fam-
ily of adenylate cyclase-stimulating G protein-coupled receptors, containing sev-
en transmembrane domains. The VPACI receptor is structurally related to the
secretin and calcitonin hormone receptors. The VPAC2 receptor gene consists
of 13 exons and spans at least 40 kb. In humans, the gene locus is 7q36.3. The
VPAC2 receptor also forms seven transmembrane domains.

Both receptors are coupled to G proteins; however the type of G protein (Gs,
G; or G,) which is activated may be dependent upon species and cell type
(Shreeve et al. 2000).

The biological activity of VIP requires its complete sequence. Fragments of
VIP and some analogs can act as specific and competitive antagonists. Among
these analogs are [4-Cl-D-Phe®Leu'’]-VIP, VIP(10-28), and an analog of the
growth hormone-releasing factor, [N-Ac-Tyr', D-Phe’]-growth hormone-releasing
factor (1-29)-NH,.

4.34.5
Biological Effects

A wide spectrum of biological effects has been attributed to VIP. Some of these
effects are summarized in Table 4.9. Although the full range of VIP functions is
still unclear, strong evidence indicates that VIP mediates several basic physio-
logical effects including:

e relaxation of smooth muscle cells

e enhancement of electrolyte and diuresis

e regulation of neuroendocrine and endocrine functions.

Vasoactive intestinal peptide stimulates salt secretion by the mammalian intes-
tine. VIP seems to modulate renal tubular reabsorption, by increasing urine vol-
ume, fractional excretion of sodium, chloride and potassium, as well as by os-
molar clearance (Rosa et al. 1985).

The effect of VIP in relaxing blood vessels and smooth muscle cells is as-
sumed to be mediated partially by a VIP-induced release of nitric oxide (NO).

Table 4.9 Some actions of VIP in different organs.

Place of action Effect

Cardiovascular system Hypotension, vasodilatation

Liver Stimulation of water secretion

Pancreas Release of insulin

Peripheral nervous system Modulation of the cholinergic transmission
Pituitary, hypothalamus Release of GH, LH and prolactin

Respiratory system Bronchodilation, vasodilatation, increased ventilation

Stomach Suppression of acid production




4.34 Vasoactive Intestinal Polypeptide

The suprachiasmatic nucleus (SCN) contains the predominant circadian pace-
maker in mammals. Considerable evidence indicates that VPAC(2) and PAC(1),
receptors for VIP and PACAP, play critical roles in maintaining and entraining
circadian rhythms. Since VIP is expressed diurnally — with high levels during
the dark periods — in the ventrolateral portion of the suprachiasmatic nucleus, a
brain region responsible for the regulation of circadian rhythms, VIP is consid-
ered to play a substantial role in the control of diurnal functions; and VIP sig-
naling between suprachiasmatic neurons is supposed to provide a paracrine re-
inforcing signal that is essential for sustained rhythm generation. It is thought
that the daily VIP rhythm is first generated in the early developed clock-con-
trolled rostral suprachiasmatic neurons and is later regulated by light-dependent
neurons of the ventrolateral portion of the suprachiasmatic nucleus (Ban et al.
1997).

Several effects of VIP on sleep have also been described. Central administra-
tion of VIP enhances periods of rapid eye movement (REM) and increases the
duration of REM sleep. The effects on sleep seem to involve prolactin secretion.

VIP is a well known secretagogue for pituitary prolactin, acting both at the
level of both the hypothalamus and the pituitary gland. VIP-mediated prolonga-
tion of REM sleep can be prevented by co-administration of antiserum to prolac-
tin.

A wide range of events fundamental to brain development (including cell pro-
liferation, differentiation, neurite outgrowth and neuronal survival) is influenced
by VIP. Additionally, VIP is upregulated after neural injury and has potent neu-
roprotective properties.

VIP also exerts some effects on glia cells. Since VIP expression is confined to
neurons and has not been detected in glia, neuroglial communication via VIP
seems to be unidirectional.

One prominent glial function influenced by VIP is energy metabolism in as-
trocytes. VIP (as well as norepinephrine) helps to control local energy homeosta-
sis through the stimulation of glycogenolysis, an effect that occurs within min-
utes after VIP application in astrocytic cultures (Sorg and Magistretti 1991). Fol-
lowing glycogenolysis, VIP stimulates the resynthesis of glycogen, which peaks
at levels which are 5- to 10-fold greater than before treatment. VIP is a neuro-
peptide that is expressed late in development. In prenatal rat brains, VIP secre-
tion is almost absent, but increases rapidly postnatally, with a maximum about
2 weeks after parturition. In contrast to the delayed appearance of VIP in the
brain, VIP-binding sites appear very early in development and are primarily, if
not exclusively, localized in the central nervous system.

The presence of abundant VIP-binding sites in early embryonic brains, long
before the onset of neuronal VIP expression, indicates that the brain is supplied
from peripheral VIP sources during early neurogenesis.

During neurogenesis, VIP stimulates the proliferation and differentiation of
brain neurons. The addition of VIP to embryonic mouse spinal cord cultures,
for example, was found to increase neuronal survival and activity. Moreover, in
vitro studies provide evidence that VIP induces neuronal mitosis and neuronal
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outgrowth. Blockade of VIP in early postnatal stages can induce neuronal mal-
formation, indicative of some neurogenetic effects of VIP during critical periods
of brain development. Interestingly, VIP has neuroprotective effects against exci-
totoxic lesions (induced by intracerebral administration of ibotenate) of the de-
veloping mouse brain.

4.34.6
Neurological Disorders and Neurodegenerative Diseases

The profound vasodilatory action of VIP on cerebral blood vessels and its local-
ization in structures involved in pain pathways is taken as an indication that
VIP may be involved in some kinds of headache.

Since VIP seems able to prevent the cell death of cortical neurons induced by
beta amyloid, a neuroprotective effect in Alzheimer’s disease has also been pro-
posed.
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4.35
Vasopressin and Oxytocin

4.35.1
General Aspects and History

Vasopressin (VP) and oxytocin (Fig. 4.59) represent the principal hormones of
the posterior pituitary. Both substances are nonapeptides synthesized in the
supraoptic and paraventricular nuclei of the hypothalamus, from which they are
released into the posterior pituitary via axon terminals of the supraoptic-hypo-
physeal tract. The peptides are structurally closely related, differing in only two
amino acids positions.

Oxytocin and vasopressin (also known as arginine vasopressin, AVP) are
found exclusively in mammals, probably evolving from the ancestral peptide ar-
ginine-vasotocin, from which oxytocin and vasopressin differ in only a single
amino acid. The traditional view of vasopressin and oxytocin being exclusive
hormones with targets in peripheral organs has been revised. Both peptides
serve potent neuromodulatory functions with major effects in the central ner-
vous system.

Beside the known endocrine effects, vasopressin and oxytocin play a role in
the regulation of body temperature and cardiovascular as well as behavioral
mechanisms.
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Fig. 4.59 Primary structure of

Vasopressin vasopressin and oxytocin. Both
neuropeptides share a great
Cys - Thr - GIn - Asn - Cys - Pro - Arg - Gly similarity in their amino acid

| | sequence, since they differ in only
two amino acids.

Oxytocin

Cys - Thr - GIn - Asn - Cys - Pro - Leu - Gly
| |

Vasopressin's peripheral target centers on the regulation of water homeostasis,
since vasopressin is the main regulator of body fluid osmolality serving a func-
tion as the most potent antidiuretic hormone which has led to the synonym
antidiuretic hormone (ADH) for this peptide.

4.35.2
Localization Within the Central Nervous System

The main central sources of vasopressin and oxytocin are the magnocellular
neurons of the supraoptic nucleus and the paraventricular nucleus of the hy-
pothalamus (Figs. 4.60, 4.61). The magnocellular neurons project to the pitui-
tary, where they form vasopressinergic and oxytocinergic terminals, which con-
verge to capillaries. Upon an adequate stimulus, the peptides are released into
the blood circulation.

Vasopressinergic and oxytocinergic neurons are common among mammalians
in both nuclei; however, the relative amount of vasopressin- and oxytocin-con-
taining neurons varies considerably.

Although vasopressin and oxytocin colocalize in the same brain nuclei, they
are not coexpressed in single neurons; and both nuclei exhibit variable amounts
of hormone-carrying neurons. For instance, in the human supraoptic nucleus,
vasopressin-containing neurons dominate over oxytocinergic ones. A further
group of vasopressinergic neurons reside in the bed nucleus of the stria termi-
nalis. These neurons project into the direction of the septum, the habenula and
the diagonal band of Broca, as well as to the anterior cortical nucleus of the
amygdala and to the olfactory bulb.

The latter vasopressinergic projection appears to be sexually dimorphic, since
the extrahypothalamic vasopressin cells are androgen-dependent and markedly
more abundant in males.

In addition, vasopressin-containing neurons of the medial nucleus of the
amygdala project to the septum. Vasopressin-containing neurons have also been
found in the locus coeruleus; however, their projections have yet not been de-
fined.

In the central nervous system, vasopressin is differently distributed in males
and females. Sexually dimorphic vasopressinergic nuclei are found in the lateral
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Fig. 4.60 Schematic representation of the
distribution and main projections of vaso-
pressin-containing neurons. Abbreviations:
Am=amygdala; BST=bed nucleus of the
stria terminalis; Hb=habenula; HY =hypo-
thalamus; LC=locus coeruleus;
NTS=nucleus of the tractus solitarius;

PP=posterior pituitary; PVA=paraventricular
nucleus of the thalamus; PVN =para-
ventricular nucleus of the hypothalamus;
SCN=suprachiasmatic nucleus; SL=septum,
lateral; SON =supraoptic nucleus; X=dorsal
nucleus of the vagal nerve.

Fig. 4.61 Schematic representation of the
main sources of neuronal oxytocin and the
main projections of oxytocin containing
neurons. Abbreviations: Am=amygdala;
BO=bulbus olfactorius; BST=bed nucleus of
the stria terminalis; DRN =dorsal raphe

nucleus; LC=locus coeruleus; NTS=nucleus
of the tractus solitarius; PP=posterior pitui-
tary; PVN=paraventricular nucleus of the
hypothalamus; SC=spinal cord; SL=lateral
septum; SON=supraoptic nucleus; X=dorsal
nucleus of the vagal nerve.

357



358

4 Neuromodulators

septum, medial amygdaloid nucleus, hypothalamus and bed nucleus of the stria
terminalis, where mammalian males exhibit a greater number of cell and fibers
than females. In the bed nucleus of the stria terminalis and in the amygdala,
male rats have two to three times as many vasopressin-containing neurons as
females.

All oxytocinergic projections to the parabrachial nucleus, to the raphe nuclei
and to the dorsal nucleus of the vagal nerve and caudally to the spinal cord ori-
ginate from the paraventricular nucleus. Oxytocinergic projections also occur in
the limbic system which target to the lateral septum and the bed nucleus of the
stria terminalis.

4.353
Biosynthesis and Degradation

Both genes encoding oxytocin and vasopressin have been cloned and sequenced
(Land et al. 1982; Ivell and Richter 1984). The human genes are localized on
chromosome 20p13, where they exhibit antiparallel orientation with a long in-
terspersed repetitive DNA element (so-called LINE).

LINEs are endogenous mobile genetic elements accumulated in the human
genome. Most of them are non-functional and truncated “dead on arrival’
(DOA) copies, but some are in an active form (~6kb long) transcribing an
RNA-binding protein and an integrase-replicase complex, showing both endo-
nuclease and reverse transcriptase activities. The genes for both peptides consist
of three exons and two introns, with little changes between species from mouse
to human.

Since oxytocin and vasopressin are not co-expressed in single cells, it is likely
that activation of one gene exerts a suppressive effect on the other. Vasopressin
is generated from a 166-amino-acid precursor (propressorphysin). This precur-
sor also leads to the formation of neurophysin II. Oxytocin is also processed
from a precursor which in addition serves as a precursor for neurophysin I.

Both vasopressin and oxytocin are bound to protein carriers called neurophy-
sins. Neurophysins are hormone-specific binding proteins, which form dimeric
complexes either with vasopressin or with oxytocin. Neurophysins are derived
through proteolytic cleavage from the same larger precursor, as do their asso-
ciated hormones, and they bind vasopressin and oxytocin through an identical
90-amino-acid sequence. The neurophysin—neuropeptide dimers are packed in
granules in the neuronal soma. They are delivered by axonal transport to the
nerve terminals.

Oxytocin and vasopressin seem to be largely resistant to degradation in the
central nervous system and are mainly degraded in peripheral tissues by proteo-
lysis (vasopressinase—oxytocinase).
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4.35.4
Receptors and Signal Transduction

Four genes encode for the vasopressin and oxytocin receptors. The receptors are
termed as OTR, Vla, V1b (also known as V3) and V2. All receptors have been
cloned and sequenced. The genes are approximately equivalent in size, with 40—
60% homology in their putative amino acid sequences. Each encodes for a re-
ceptor that belongs to the family of G protein-coupled receptors which possess
seven transmembrane-spanning domains.

Large regions, particularly within the transmembrane domains and the sec-
ond and third extracellular loops, are conserved across the four different recep-
tor types. In addition to ligand binding, coupling to G proteins differs among
this group. The OTR, Vla and V1b receptors use G4/11 to induce phosphoinosi-
tol hydrolysis and increase intracellular calcium. The V2 receptor is coupled to
G; to stimulate adenylate cyclase.

Both oxytocin and vasopressin receptors are developmentally regulated and ex-
pressed to higher amounts in the immature brain.

The idea that vasopressin and oxytocin act as neuromodulators in the central
nervous system originates form the fact that both substances are expressed in
hypothalamic as well as extrahypothalamic areas with an associated specific re-
ceptor complement. With respect to vasopressin, only one of the three vasopres-
sin-specific receptors has been identified in the brain.

Vasopressin receptors

The receptors V1a and V1b differ in their affinity for most of the peptidergic an-
tagonists of vasopressin. So far, V1b receptors have exclusively been identified
in the anterior hypophysis; and it is believed that they are involved in vasopres-
sin-mediated effects on the secretion of ACTH from corticotropes.

Vla receptors are more widely distributed and they seem to mediate most of
the common vasopressin-mediated effects. The Vla receptor gene has been
cloned in several species, including humans. The human V1la receptor gene en-
codes a putative 394-amino-acid protein. The human Vla receptor gene is lo-
cated on chromosome 12q14-q15. To date, the V2 receptor (human chromosom-
al gene locus Xq28) has not been localized in the brain.

Vasopressin receptors have been identified in the entorhinal cortex, the olfac-
tory nuclei, the septum, the subiculum, the amygdala, the bed nucleus of the
stria terminalis, the paraventricular nucleus of the thalamus, the ventromedial
nucleus of the hypothalamus and in the nucleus of the vagal nerves.

Oxytocin receptor

The human OTR gene is roughly 17 kb in length, with four exons and three in-
trons. The human OTR gene is localized to chromosome 3 locus p25-3p26. The
OTR gene, which encodes a putative 388 amino acid protein, shows relatively
little variance across species.
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Oxytocin receptors have been identified in several areas of the central nervous
system, including the hippocampus, the septum, the olfactory nuclei, the sub-
fornical organ, the amygdala, the bed nucleus of the stria terminalis, the nu-
cleus accumbens, the substantia nigra, the colliculus, the periaqueductal gray,
the dorsal raphe nucleus, the dorsal tegmental nucleus, the nucleus of the trac-
tus solitarius and the inferior olive. The highest density of the receptor in the
hypothalamus has been detected in the ventro-medial hypothalamus.

4.35.5
Biological Effects

In general, vasopressin and oxytocin contribute to different kinds of physiologi-

cal functions including:

e neuromodulatory effects in the central nervous system

e endocrine activity in the anterior hypophysis

e hormonal potencies in the periphery of the body, where they provide constric-
tive effects on smooth muscles (oxytocin) and antidiuresis on the collecting
tubules of the kidney (vasopressin).

As hypophyseal factors, vasopressin is involved in the control of ACTH and oxy-
tocin is involved in the control of prolactin. Conceptually, based on their projec-
tion pattern and the distribution of their receptors, both neuropeptides interact
with three different central nervous systems:

e the autonomic system of the brain stem and the spinal cord

¢ neuroendocrine regulation in the hypothalamus

e control of behavior, especially of emotions and memory in the limbic system.

Both peptides seem also be involved in neurogensis. Vasopressin is found
around embryonic day 16 in the developing rat brain and increases to high lev-
els prior to birth. Oxytocin is also found in fetal brain, although it is not pro-
cessed to its mature, amidated form until postnatal stages in rat. Chronic prena-
tal administration of both vasopressin and oxytocin has been found to be asso-
ciated with altered brain weight in adults, with the most significant and persis-
tent changes observed in the cerebellum.

Vasopressin

For a long time, it was believed that vasopressin is the primary factor regulating
the release of ACTH. After the discovery of the corticotropin-releasing factor
(CRF), it became apparent that CRF and not vasopressin constitutes the main
regulatory factor for ACTH secretion. Nevertheless, vasopressin seems to con-
tribute to ACTH secretion to some degree, since it is able to potentiate the ef-
fects of CRF. Vasopressin is also known as antidiuretic hormone (ADH), be-
cause it serves regulatory properties for body fluid osmolality. The secretion of
vasopressin relies on hypothalamic osmoreceptors and osmoreceptors located in
circumventricular organs (as e.g. the organum vasculosum of the lamina termi-
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nalis; OVLT), which sense water concentration and stimulate vasopressin secre-
tion when the plasma osmolality increases. Circulating vasopressin — after bind-
ing to its receptor sites in the collecting tublues — increases the re-absorbtion of
water in the kidney, thereby yielding the excretion of concentrated urine with
the consequence of a drop in body osmolality. An increase in plasma vasopres-
sin levels also induces thirst.

In addition, vasopressin has central regulatory effects on body temperature;
and during fever vasopressin is released to counter-regulate increasing body
temperature. Since vasopressin modulates the thermoregulatory response dur-
ing fever, it referred to as an endogenous antipyretic. Evidence suggests that
there may be a synergistic relationship between vasopressin receptors and the
cyclo-oxygenase enzyme during antipyresis; and the presence of vasopressin
may enhance the efficacy of nonsteroidal antipyretic drugs (Richmond 2003).

Several studies provide evidence that vasopressin and oxytocin modulate
learning and memory processes. Evidently, vasopressin facilitates learning of
both active and passive avoidance behaviors in a dose-dependent manner. The
peptide appears to influence both the consolidation and retrieval phases of
learning, possibly with different metabolites affecting consolidation and retrie-
val, independently. Oxytocin effects on learning are also dose-dependent, but
generally opposite to that of vasopressin, with an inhibition of extinction in both
passive and active avoidance paradigms. Some evidence for a neuromodulatory
function of vasopressin in the limbic system of rats derives from the fact that
vasopressin is synthesized in the medial amygdaloid nucleus in the presence of
steroids and is transported to other limbic structures such as the hippocampus
and septum, and is secreted from there by a calcium-dependent process.

In the hippocampus, vasopressin acts on cerebral microvessels and local cir-
cuit interneurons. Its excitatory action on the inhibitory interneurons produces
near-total shutdown of electrical activity of the efferent fibers of pyramidal cells.

Stimulation of the medial amygdala and release of endogenous vasopressin
duplicates these effects, which can be blocked by the intraventricular application
of vasopressin antagonists. Stimulation of vasopressinergic neurons produces al-
terations in sexual behavior, in a pattern consistent with the idea that the medi-
al amygdala organizes the appetitive phase of recognition of an appropriate part-
ner and sexual arousal.

A link between aggression and low levels of serotonin is a generally accepted
paradigm; however, high levels of vasopressin may also play a role in aggres-
sion. Several animal studies have gained evidence in favor of this idea. In gold-
en hamsters, for instance, injection of vasopressin into the hypothalamus in-
creases the number of biting attacks on intruders. Administration of a drug that
blocks vasopressin from binding to receptors in the brain, conversely, inhibits
offensive aggression.
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Oxytocin

Oxytocin is released together with ACTH or prolactin and inhibits the release of
gonadotrope hormones: luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH).

The possible interaction of oxytocin and prolactin is still the subject of contro-
versy. Some studies have indicated the stimulatory effects of oxytocin on the se-
cretion of prolactin; however, opposing arguments indicate that this action is
most likely to be an indirect effect, since the main regulator of prolactin secre-
tion is supposed to be the vasoactive intestinal polypeptide (VIP).

Oxytocin is secreted in a diurnal rhythm, whereby the secretion reaches its
maximum during the daytime and its nadir at night. Oxytocin is also involved
in the regulation of water and salt homeostasis.

Osmotic stress induces the secretion of oxytocin (as well as that of vasopres-
sin). Oxytocin plays a major role in sexual and social behavior. For instance, it
exerts strong effects on sexual behavior in both females and in males and, in
addition, induces negative effects on maternal behavior.

Successful reproduction in mammals requires that mothers become attached to
and nourish their offspring immediately after birth. Conversely, it is important
that nonlactating females do not manifest such nurturing behavior. The same
event that causes the peripheral effects of myometrial contraction and lactation
at the time of parturition also affects the brain significantly. During delivery, the
increase in central concentrations of oxytocin plays a major role in establishing
the above maternal behavior. Evidence in support of this dual role of oxytocin
came form two types of experiments. First, infusion of oxytocin into the ventricles
of the brain of virgin rats or nonpregnant sheep rapidly induced maternal behav-
ior. Second, administration of oxytocin-neutralizing antibodies or oxytocin antag-
onists into the brain prevented mother rats from accepting their pups.

Recent studies, however, have cast some doubt on the necessity of oxytocin in
regulating delivery functions and maternal behavior. Mice that are unable to se-
crete oxytocin due to targeted disruption of the oxytocin gene will mate, deliver
their pups without apparent difficulty and display normal maternal behavior.
However, they do show deficits in milk ejection and have subtle deficits in so-
cial behavior. According to these data, it seems more appropriate to consider
oxytocin as a major facilitator of parturition and maternal behavior rather than
an obligatory factor.

Males synthesize oxytocin in the same regions of the hypothalamus as do fe-
males. In addition, it is also found in the testes. Pulses of oxytocin can be de-
tected during ejaculation in seminal fluid, where it is suggested to be involved
in facilitating sperm transport within the male reproductive tract and also in
the female genital tract. Some evidence indicates that it may also be involved in
male sexual behavior.

A number of factors can influence oxytocin release; and a most prominent in-
hibitory effect is delivered by acute stress. For example, oxytocin neurons are re-
pressed by catecholamines, which are released from the adrenal gland in re-
sponse to many types of stress reactions, including fright.
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Both the production of oxytocin and the response to oxytocin are also modu-
lated by circulating levels of sex steroids. The maternal burst of oxytocin at birth
seems to be triggered in part by uterine and vaginal stimulation through the fe-
tus, an effect which is supported by abruptly declining concentrations of proges-
terone. Another well studied phanomenon of steroid hormones is the marked
increase in uterine oxytocin receptors late in gestation in response to the in-
creasing concentrations of circulating estrogen.

4.35.6
Neurological Disorders and Neurodegenerative Diseases

Vasopressin plays an important role in a rare form of diabetes, known as dia-
betes insipidus. This disease derives from a deficiency in secretion of vasopressin
from the posterior pituitary. Causes of this disease include head trauma and in-
fections or tumors involving the hypothalamus. The most striking symptom of
diabetes insipidus is the inability of the patients to reabsorb water in the collect-
ing tubules of the kidney, which results in massive production of urine which
can exceed 101 day ™.

Oxytocin is released from the pituitary gland in response to a variety of stress-
ful stimuli, including noxious stimuli, conditioned fear and exposure to novel
environments. In response to various stressors, oxytocin is released not only
from neurohypophysial terminals into the blood, but also within distinct brain
regions, as e.g. the supraoptic and paraventricular nuclei of the hypothalamus,
the septum and the amygdala, depending on the quality and intensity of the
stressor. Thus, oxytocin secretory activity may accompany the response of the
hypothalamic—pituitary—adrenal (HPA) axis to a given stressor (Neumann 2002;
Onaka 2004).
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4.36
Deorphanized Neuropeptides

This final section will deal with a collection of neuropeptides which have been
identified mostly through the deorphanization strategies of G protein-coupled
receptors. As already indicated in Section 1.2, the deorphanization of GPCRs
(also referred as “reverse pharmacology”) is a powerful tool to identify unkown
neurotransmitters or neuromodulators. The basic approach is to use the orphan
exogenously expressed GPCR as a bait to extract potential ligands from tissues
extracts that contain a putative transmitter.

The first successful attempt was the discovery of the neuropeptide nociceptin/
orphanin FQ as the transmitter of the orphan GPCR ORL-1. This first event
was followed by a series of further successful endeavors, among which the hy-
pocretins (orexins) and ghrelin identification have already been detailed in fore-
going sections. Here, we will briefly describe some of the deorphanized neuro-
peptides with potential pharmacological relevance.
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4.36.1
Apelin

The apelin peptide family has been recently identified with “reverse pharmacol-
ogy’ as the cognate ligands of the APJ gene. In 1993, O’Dowd and coworkers
identified a gene revealing high homology to the angiotensin receptor (AT-1, see
Section 4.3). This gene was termed AP] and, in spite of its high homology to
the AT-1 receptor, angiotensin-II did not activate cells expressing AP]. Tatemoto
and coworkers identified a selective ligand of 36-amino peptides from bovine
stomach for this receptor. Concurrently, cDNA encoding a 77-amino-acid prepro-
peptide of the new ligand (which was called apelin according to its binding to
the APJ receptor) was identified from human and bovine tissues. Carboxy-termi-
nal fragments of varying sizes have further been shown to activate the receptor.

Messenger RNA encoding both APJ and apelin as well as the carboxy-terminal
peptides are highly expressed in the central nervous system, indicating an im-
portant role for the apelin system in regulating central pathways. In the brain,
AP] expression was discovered in a variety of areas, including the cerebral cor-
tex, hypothalamus, hippocampus and pituitary gland. The mRNA was most
abundant in neurons of the paraventricular and supraoptic nucleus of the hy-
pothalamus. Apelin immunoreactivity was found in brain nuclei of the thala-
mus and hypothamalus, and APJ-like immunoreactivity in neurons of the rat
cerebellar and hypothalamus. Apelin mRNA was also found in a number of pe-
ripheral tissues including heart, liver, kidney, testis, ovary and adipose tissues,
achieving highest levels in the lung and mammary glands.

A number of studies indicate that the APJ/apelin system plays an essential
role in cardiovascular regulation. The major effect consists of a significant drop
of systolic and diastolic blood pressure after intravenous infusion. Intraventricu-
lar administration of apelin-13 (a carboxy-terminal fragment of the apelin-36
peptide) did not change mean arterial blood pressure, while intravenous admin-
istration resulted in a significant drop associated with an increase in heart rate.
Pharmacological ganglionic block abolished the compensatory increase in heart
rate, indicating that activation of the sympathetic nervous system may be re-
sponsible for the positive chronotropic effect.

The abundance of the APJ] receptor and apelin protein in the paraventricular
and supraoptic nucleus is suggestive for a function of this system in the regula-
tion of fluid homeostasis. Functional evidence supporting this concept derives
from a study showing that intraventricular infusion of apelin-13 significantly
dercreased circulating apelin. In mice deprived of water, intraventicular admin-
istration of apelin-13 significantly reduced the water intake in the initial 30 min
after reexposure to drinking water. Although increased water intake was also re-
ported after intraventricular apelin-13 administration, a general effect of the
APJ/apelin system on the regulation of fluid homeostasis is the most likely cen-
trally related activity of this system.

A further interesting aspect is that AP] seems to be one of the GPCRs pro-
posed as alternative HIV coreceptors; and it has been shown to support the en-
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try of a number of HIV-1 and simian immunodeficiency viruses in CD4-positive
cell lines. The expression of the APJ receptor in the brain is suggestive of its
function as an HIV entry site in vivo.

4.36.2
Kisspeptin/Metastin

A further class of peptides discovered by the deorphanization of GPCRs is the
so-called kisspeptin/metastin family and its cognate receptor GPR54 (G protein-
coupled receptor 54). In a library screening, a clone was isolated that encodes
for a GPCR receptor of 396 amino acids which shares significant identities with
rat galanin receptors. In situ hybridization indicated that GPR54 is expressed in
brain regions of the pons, midbrain, thalamus, hypothalamus, hippocampus,
amygdala, frontal cortex and striatum. However, expression of GPR54 in COS
cell did not reveal specific binding for galanin or galanin-like peptides. Later,
high-affinity ligand-binding assays led to the discovery of a peptide derived by
proteolytic processing from the product ot the KiSS-1 gene. KiSS-1 encodes a
145-amino-acid peptide with displays typical features of secreted neuropeptides:
a signal sequence, several potential dibasic cleavage site and a cleavage/amida-
tion site. The predicted cleavage processing gives rise to a 54-amino-acid se-
creted product termed metastin or kisspeptin-54. Additional naturally occurring
cleavage fragments of 13 and 14 amino acids also convey biological activity. Kis-
speptin/metastin was first defined on its putative role in cancer metastasis.
KiSS-1 was originally defined as a human melanoma suppressor gene. The re-
cent discovery of loss-of-function mutations in the gene encoding GPR54 has
highlighted a previously unrecognized pathway in the physiologic regulation of
puberty and reproduction. Patients with idiopathic hypogonadotropic hypogo-
nadism (IHH), a condition characterized by the absence of spontaneous puber-
tal development, low levels of sex steroids and inappropriately low gonadotro-
pins, indicates that this receptor is essentially required for the activation of pu-
berty and implies a major role of this pathway in the neuroendocrine control of
reproduction. This concept is supported by studies in rodents and primate mod-
els that have demonstrated:
e localization of KiSS-1 mRNA in the hypothalamus;
e colocalization of GPR54 in GnRH neurons;
e GnRH-dependent activation of LH and FSH release by intracerebroventricular
administration of kisspeptin;
e increased hypothalamic KiSS-1 and GPR54 mRNA levels at the onset of pu-

berty.

Many questions remain about the fine-tuning of this system with respect to its
integration into the GnRH-releasing cascade, but the discovery of the system it-
self is a further example of the powerful potential of the deorphanizing
approach.
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4.36.3
Opiod-modulating Peptides (NPFF and NPAF)

Neuropeptide FF and the octadecapeptide neuropeptide AF were first isolated
from bovine brain and were initially defined as anti-opiod peptides. They both
derive from a prepropeptide by proteolytic cleavage. The gene product is primar-
ily expressed in the CNS, where the posterior pituitary and dorsal spinal cord
reveal the highest concentrations. Further biochemical and immunochytochem-
ical studies indicated that all NPFF-like peptides may not derive from the origi-
nal NPFF gene, but that other genes may exist which encode related peptides.
Intraventricular injections of NPFF elicits antiopiod effects, while intrathecal ad-
ministration potentiates the analgesic effects of morphine. The bivalent action
of the antiopiod peptides indicates that they act as modulators of opiod function
participating in a homeostatic system that tends to balance the endogeous opiod
system. Knowledge of the molecular properties of their specific receptor comple-
ment will certainly futher our understanding of the control of opiod function.

From the above, it becomes evident that deorphanization of GPCRs comprises
a powerful technique that allows the identification of unknown neurotransmit-
ters and neuromodulators. One has to expect some more novel neuroactive can-
didates in the near future, although the climax of the deorphanization success
seems to have passed; and more direct searches will certainly celebrate a resur-
rection.
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Abbreviations for Neurotransmitters and Neuromodulators

5-HT
ACh
ACTH
ADH
ADP
AMP
ANF
ATP
AMPA
AVP

5-Hydroxytryptamine (serotonin)

Acetylcholine

Adrenocorticotropic hormone

Antidiuretic hormone =Vasopressin

Adenosine diphosphate

Adenosine monophosphate

Atrial naturetic factor

Adenosine triphosphate
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate
Arginine—vasopressin



BDNF
BNP
CACA
CCK
CGRP
CLIP
CNP
CO
CPON
CRF
CRH
CT
DA
FSH
GABA
GALP
GAP
GH
GHRH
GMAP
GnRH
GRP
IFN

IL

JP

LH
LHRH
LPH
MCH
MIF
MSH
NA
NE
NEI
NG
NGF
NKA
NKB
NmB
NMDA
NmN
NO
NPK
NPY
NPy

A3 Abbreviations for Neurotransmitters and Neuromodulators

Brain-derived neurotrophic factor
Brain natriuretic peptide
Cis-aminocrotonic acid
Cholecystokinin

Calcitonin gene-related peptide
Corticotropin-like intermediary peptide
C-type natriuretic peptide

Carbon monoxide

C-Flanking peptide of neuropeptide Y
Corticotropin-releasing factor
Corticotropin-releasing hormone
Calcitonin

Dopamine

Follicle-stimulating hormone
Gamma-amino butyric acid
Galanin-like peptide
GnRH-associated peptide

Growth hormone

Growth hormone-releasing hormone
Galanin message-associated peptide
Gonadotropin-releasing hormone
Gastrin-releasing peptide

Interferon

Interleukin

Joining peptide

luteinizing hormone

Luteinizing hormone-releasing hormone
Lipotropin

Melanin-concentrating hormone
Melanocyte-stimulating hormone-inhibiting factor
Melanocyte-stimulating hormone
Noradrenaline (norepinephrine)
Norepinephrine (noradrenaline)
Neuropeptide glutamate-isoleucine
Neuropeptide glycine-glutamate
Nerve growth factor

Neurokinin A

Neurokinin B

Neuromedin B

N-Methyl-D-aspartate

Neuromedin N

Nitric oxide

Neuropeptide K

Neuropeptide Y (Y="Tyrosine)
Neuropeptide y
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NT Neurotrophin

oT Oxytocin

PACAP Pituitary adenylate cyclase-activating peptide
PGMP Pregalanin message-associated peptide

PHI Peptide histidin-isoleucine

PHM Peptide histidine-methionine amide

POMC Proopiomelanocortin

PPCE Post-proline-cleavage enzyme

PRP PACAP-related protein

PYY Peptide YY

SRIF Somatotropin releasing-inhibiting factor (Somatostatin)
SP Substance P

SS Somatostatin

TRH Thyrotropin-releasing hormone

TSH Thyroid-stimulating hormone

TNF Tumor necrosis factor

Tyr-MIF-1 Tyr-Pro-Leu-Gly-NH,

Tyr-K-MIF-1 Tyr-Pro-Lys-Gly-NH,
Tyr-W-MIF-1 Tyr-Pro-Trp-Gly-NH,

VIP Vasoactive intestinal polypeptide
VP Vasopressin
A4

Miscellaneous Abbreviations (Enzymes and Transporters)

AADC Amino acid decarboxylase

ACE Angiotensin-converting enzyme
AChE Acetylcholine esterase

ChAT Choline acetyltransferase
COMT Catechol-O-methyltransferase
DAT Dopamine transporter

DBH Dopamine-f-hydroxylase

DDC DOPA-decarboxylase

DOPA Dihydroxyphenylalanine
DOPAC Dihydroxyphenylacetic acid
EAAT Excitatory amino acid transporter
GABA-T GABA transaminase

GAD Glutamic acid decarboxylase
GAT GABA transporter

GPCRs G protein-coupled receptors
HD (or HDC)  L-Histidine-decarboxylase

HO Heme oxygenase

HVA Homovanillic acid

LOX Lipoxygenase



MAO
NET
NOS
PAMase
PC

PE

PGA
PNMT
Sert

TH

A3 Abbreviations for Neurotransmitters and Neuromodulators

Monoamine oxidase

Norepinephrine transporter

Nitric oxide synthetase

Peptidyl-glycine a-amidating monoxygenase
Proconvertases

Proline endopeptidase

Pyroglutamyl aminopeptidase
Phenylethylamine-N-methyl-transferase
Serotonin transporter

Tyrosine hydroxylase
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cognition 69, 166, 213, 234, 325
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287, 297, 336, 360
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124, 128, 130, 133, 136-138, 141, 144,
146, 153, 172, 174, 180, 186-188, 190,
195, 197, 208, 217, 221-223, 227, 229,
232-233, 236, 245, 249, 255-257, 262—
263, 267-269, 274, 278, 283, 287, 293,
297, 301-303, 306, 308, 313-314, 322,
327-328, 332, 335-336, 338-339, 341-
342, 344-345, 347-348, 350, 359

corticoliberin 192

corticotropin 130, 139, 144-145, 165, 173,
192-193, 196-197, 244, 258, 276, 281,
302, 309, 311, 315, 318-319, 332, 349,
360

corticotropin-like intermediary peptide 315

corticotropin-releasing factor 130, 173,
192-193, 196-197, 244, 276, 309, 318,
332, 360

corticotropin-releasing hormone 145, 165,
192, 258, 302, 311, 319, 349

cortisol  146-148, 172-173

coulometry 25

CPON 274, 370

CRH 144, 192, 194, 238-239, 258, 281,
311, 318-319, 349, 370

curare 50

cyklooxygenase 206, 208

cytochrome P45 207, 299

cytokine 13, 140, 254-256, 258, 272, 324

cytokine receptors 12

cytoplasm  10-11, 17, 48-49, 98, 206, 290
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216, 220, 234, 271, 277, 293, 301, 308,
332, 340

desensitization 13, 68, 100, 118, 128-129,
136, 323, 337

development 5, 34, 41, 68, 84, 88, 100,
104-105, 111, 120, 162, 190, 204, 213,
216, 221, 225, 231, 247, 264, 277, 283,
292-294, 301, 309, 313, 318-319, 337,
344-345, 353-354

diacylglycerol 9-11, 53, 128, 162, 242

diazepam 79, 87

dihydroxyphenylacetic acid 64

dihydroxyphenylalanine 62, 71, 134

diuresis 169, 172-173, 309, 352

dog 41, 275, 321-322, 349

DOPA decarboxylase 62

dopamine 12, 19, 52, 59-60, 62-66, 69-73,
115-116, 119, 123, 125-126, 134, 141,
186, 188, 190, 211, 219-220, 225, 233,
245, 264, 270, 281, 283-284, 303, 310,
318-319, 325, 332, 336, 339, 342, 345

dopamine-f-hydroxylase 60, 123, 125-126

dopamine transporter 63-64

down-regulation 13, 131

Drosophila melanogaster 152

dynorphin 196, 199-204, 214, 305-306
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Ehrlich 16

eicosanoids 152, 205-208

Electrochemical Detection 24

electron microscopy 21, 35

eledoisin 334

embryogenesis 105, 225

eminentia mediana 145-146, 213, 240, 306

endocannabinoid 151-153, 156

endocytosis 13

endopeptidase 159, 263, 281, 307, 336,
344, 372
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endorphin 70, 196-197, 211-212, 214, 219,
315, 318
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enkephalin 18, 194, 200-202, 216-220,
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epilepsy 77, 86-87, 106, 113, 131, 204,
259-260, 277, 293, 332

epinephrine 59, 62, 115, 123, 125-126,
129, 144, 196-197, 281, 313

epoxygenase 207

EPSP 45, 93, 293

Escherichia coli 178

estrogen 230, 348, 363

ethanol 112, 214, 283

excitatory amino acid transporters 92

excitotoxity 14

exocytosis 11, 17, 49, 295, 299, 301, 330

extracellular recording 37-38

Falck-Hillarp method 60, 123

fatty acids 7, 205

fear 41, 73, 147, 177, 197, 276, 309, 363

fear conditioning 41

fever 120, 190, 208, 254, 271, 302, 361

fibroblast growth factor 221

fibroblasts 257

fishes 178, 235, 312, 328

follicle-stimulating hormone 5, 240, 243,
362, 370
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free radicals 12, 106, 207, 302

fura-2 296
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G protein-coupled receptors 10
G proteins  9-10, 13, 52, 54-55, 67, 69, 93,

96, 102, 119, 127, 129, 137, 152, 162, 202,

208, 232, 275, 292, 329, 352, 359
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88, 90, 92, 108-109, 112, 186, 196, 245,
273, 281, 297, 309, 319, 325, 328, 335,
342, 350, 370, 372

GABA transaminase 77, 372

GABA transporters 77, 86

GABA, receptors 27, 78-80, 84-87, 112

GABAg receptor 81

GABA( receptor 84

galanin  229-234, 243, 245, 350
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galanin-like peptide 231

gap junction 1, 19, 35, 155

gaseous molecules 45, 143

gastrin 175, 184, 187-188, 332

gastrin-releasing peptide 175

gastrointestinal tract 85, 152, 175, 179,
212-213, 250, 326, 335, 341
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gephyrin  111-112

ghrelin 12, 235-239

GHRH 144, 192, 233, 244-248, 311-312,
349, 370

glia 2, 77-78, 92, 100, 102, 118, 129, 137,
206, 259, 271, 336, 353

glioma 188
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glucagon 192, 197, 244-245, 269, 311, 331,
349
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glutamate 3, 14, 52, 73, 76-77, 85, 90-93,
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371
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Golgi apparatus 1, 13, 144, 329
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gonadotropin-releasing hormone 18, 196,
209, 233, 241
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GPCrs 367

GPR54 366
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131, 133, 136, 138, 146, 152, 171-172,
177, 180-181, 185-188, 190, 195-196,
201, 203-204, 2006, 208, 212-213, 217,
221-223, 225-228, 231-234, 238, 240,
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histamine 45, 114-117, 119-121, 233, 277,
282, 339, 342

histidine 116, 120, 351, 371
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173, 178, 182, 267, 270, 314, 353, 356, 362
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131, 136-139, 153-154, 170-171, 176,
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232, 236-239, 241, 245-246, 250-252,
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hyperlocomotion 220

hyperphagia 270

hypertension 120, 147, 182
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222, 236, 249, 280, 297, 306
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101, 138-139, 175, 223, 231-232, 263,
280, 297, 306, 308, 350

instrumental conditioning 42

insulin 12, 134, 163, 269, 313, 331

interferon 156, 255-256, 259

interferon-gamma-inducing factor 255

interleukin 12, 156, 171, 209, 254-256,
258, 260

internalization 13, 128, 172, 202, 212
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in vivo recording 36

ion channel 2, 9-10, 45, 49-51, 84, 88, 93,
96-99, 101, 110, 112, 137, 208, 212, 276,
322-323

ionotropic receptors 9

ischemia 106, 166-167, 173, 259, 293,
302-303, 314, 320, 325
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isocitrate lyase 109

isoform 68, 98, 111, 119, 206, 209, 245,
256, 290-291, 297-298, 336

isoleucine 134, 263, 351, 371
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kainate 93, 98, 101-102, 208, 227-228, 332
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kindling 277, 332
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Krebs cycle 77, 92
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L-histidine-decarboxylase 116, 372

learning 1, 41-42, 57, 69, 85, 103-105,
119, 139, 147, 159, 166, 190, 196, 201,
203, 208, 221, 226, 233, 259, 264, 266,
269, 276, 293, 296, 303, 309, 324, 361

Leu-enkephalin 18, 201-202, 216, 218-219

leucine 134, 201

leukocytes 119, 257

leukotriene 209

levocabastine 282

Lewy bodies 71, 303

LHRH 240, 276, 371

lipopolysaccharides 255, 258

litorin 175
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130, 169, 193, 195-196, 213, 221, 229,
232, 249, 274, 280, 287-288, 290, 308,
316, 327, 336, 356
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long-term depression 104, 153, 301
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166, 177, 203, 207, 226

luteinizing hormone 196, 209, 240, 243,
258, 264, 362, 371

luteinizing hormone-releasing hor-
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lymphocytes 156, 180, 198, 214, 242, 256,
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323-324, 339
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222, 231, 241, 245, 280, 312, 316, 327-
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medulla oblongata 109, 146, 159, 166, 188,
233, 238, 335-336, 342
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melanocyte-stimulating hormone 145, 238,
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melanocyte-stimulating hormone release-in-
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119, 139, 155, 159, 166, 177, 190, 196,
201, 208, 221, 226, 233, 259, 264, 2606,
269, 276, 293, 296, 301, 309, 324, 360-
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mesencephalon 68, 115, 181-182, 212,
225, 263

mesocortical 62, 70

mesolimbic 62, 70, 73, 190, 264, 284, 345

Met-enkephalin 18, 216, 218-219

metabotropic receptors 10

metalloendopeptidase 202, 281

metastin = 12

metencephalon 212, 225

methylene blue 16

microdialysis 2426, 156

microglia 2-3, 209, 257-258, 322, 324, 339

midbrain 71, 182, 222, 227, 348

MIF-1 18, 347-348, 371

mineralocorticoid 146

mitochondria 1, 48, 77, 109, 348

mitogen-activated protein kinase 129

monoamine oxidase 63-65, 72, 117, 126,
131

morphine
219, 348

Morris water maze 43, 233, 309

motilin  236-237

MPTP 71-72, 227, 310

MSH 17, 70, 145-146, 245, 261, 263-264,
266-271, 315, 318-319, 371
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muscarinic 47, 49, 51-57

muscimol 79, 85

Myastenia gravis 58
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189, 199, 211-212, 214, 216,
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N-methyltransferase 117, 125-126
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NAPE 150, 207

narcolepsy 249, 252
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neocortex 100-101, 172, 193, 200, 212—
213, 283, 287-288

neonatal 111, 162

neostriatum 61, 182, 195, 288, 301, 342

nerve growth factor 62, 286

neuroblastoma 37, 165

neurogenesis 146, 169, 182, 221, 225, 270,
301, 353

neurokinin  334-336, 338-339

neuromedin B 175

neuromedin K 334

neuromedin L 334

neuromedin N 281, 283

neuropeptide B 12

neuropeptide FF 189, 367

neuropeptide y  334-335, 338

neuropeptide glutamate-isoleucine 263
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neuropeptide K 334-335, 338

neuropeptide S 12

neuropeptide W 12

neuropeptide Y 238, 272, 274, 319, 370

neurophysin 358

neuroprotective 57, 106, 167, 174, 227—
228, 234, 301, 310, 314, 320, 325, 353-
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neurosteroids 80, 88

neurotensin 194, 279-284

neurotrophin  286-287, 289-293

neurotrophin-3  286-287

NGF 62, 126, 286-293, 336, 371

nicotinic 47, 49-52, 55, 57-58, 98-99

Niemann-Pick 89

nigro-striatal 62, 64, 70, 86

Nissl-staining 34

nitric oxide 7, 12, 45, 143-144, 166, 208,
295-303, 321, 352

nitric oxide synthase 295-296, 298, 301,
303
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NMDA 85, 93, 96-100, 102, 104-107, 109,
112-113, 117, 119, 204, 206, 208, 227,
296, 298, 300, 302-303, 309, 338, 371

nociceptin 12, 231, 305-310

nociception 139, 156, 188-189, 203, 212,
219, 284, 296, 308, 324

Nogo 292
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73, 115, 119, 123-127, 129-131, 140, 144,
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nucleotide 12, 33, 108, 176, 186, 293, 321-
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nucleus accumbens 52, 55, 62, 69, 73, 91,
100, 103, 115, 138, 153, 180, 185, 187-
189, 195, 201, 212-213, 263, 269, 280—
281, 309, 322, 327, 336, 345, 360
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olfactory bulb 47, 55, 60, 98, 102-103, 109,
138, 153, 169, 171, 175, 188, 222, 232,
240, 249, 274, 283, 297, 302, 336, 342,
345, 356

olfactory tract 146, 287-288

olfactory tubercle 55, 62, 69, 103, 138, 185,
187, 262-263, 322

oligodendrocytes 2, 209, 222, 322

operant conditioning 41-42

orexin 122, 238, 248-253

organum vasculosum of the lamina
terminalis 17, 171, 240, 361

orphanin FQ 12, 305

osteoblasts 257

osteoclasts 182

osteoporosis 182

overexcitation 14

oxytocin 70, 196, 355-356, 358-363
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PACAP 192, 244, 311-314, 349, 351, 353,
371

PACAP-related protein 312, 371

pain 107, 140, 156, 183, 204, 208-209,
212, 214, 216, 219, 233, 309, 324-325,
338, 348, 354

pancreas 158, 181, 188, 238, 240, 250, 267,
273-274, 313, 327, 329, 331, 341

pancreatic polypeptide 272, 275

pancreozymin 184

Papaver somniferum 216

parabrachial nucleus 57, 175, 193, 213,
217, 232, 250, 358

paracrine messenger 295

parathormone 182

parenchyma 16-18, 165, 348
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pentagastrin 184, 187

pepsin 332, 346

peptide transport system 18

peptide YY 272

periaqueductal gray 60, 145, 156, 186, 200,
203, 217, 268, 280, 283, 306, 308, 327,
335, 342, 350, 360

periglomerular cells 60

peroxynitrite 298, 303

pertussis toxin 53, 128-129, 155, 232, 344

PHA-L 34

phenylalanine 62, 134, 187, 219

phenylalanine hydroxylase 62

phenylethylamine-N-methyl-transferase
125

PHI 351, 371

PHM 351, 371

phosphatidyl-4,5-bisphosphate 11

phospholipase A 54, 206, 337

phospholipase C 10, 53, 102, 118, 128,
137, 153, 162, 188, 231-232, 237, 242,
276, 282, 321, 337, 344

phospholipase D 54, 150, 207, 324

phosphorylation 9-10, 12-13, 98, 111, 125,
129, 195, 225, 232, 257, 268, 288, 301,
337

physalaemin 334

picrotoxin  84-85

pineal gland 17

pituitary 5, 60, 70, 84, 104, 120, 139-140,
144-145, 147-148, 158, 170, 172, 180-181,
185, 192, 195-197, 200-201, 203, 208-209,
211, 213-214, 218, 222, 231, 233, 235, 238~
240, 242-244, 246-247, 256, 261, 267, 269,
276, 280, 297, 311-313, 315-316, 318-319,
326-327, 330-331, 341, 343-345, 348-349,
351, 353, 355-356, 363

placenta 158, 240, 268, 341

plasminogen activator inhibitor-1 163

polymorphism 167, 190, 260, 293

pons 47, 91, 109, 146, 180, 208, 222, 238,
250, 297, 312, 335, 348
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45, 49, 57, 64, 78, 81-82, 84, 91, 93, 102—
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188, 284, 301, 309

preoptic area 146, 180, 189, 193, 196, 208,
213, 221, 240, 264, 267, 280-281, 316,
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preproorexin  250-251

presynaptic 1, 4-5, 8-9, 15, 45, 52, 6266,
81-82, 92-93, 102, 104, 110, 115, 119, 129,
131, 152, 188, 295, 301, 303, 322, 325

pro-enkephalin A 218

pro-enkephalin B 200-201, 218

proconvertase 263

prodynorphin  200-202

profilin 112

progesterone 80, 348, 363

prolactin 12, 70, 120, 139, 211, 214, 233,
238, 240, 343, 345, 353, 360, 362

proline 162, 242, 290, 343-344, 371

proline endopeptidase 344

proNGF 292

proopiomelanocortin - 144-145, 196, 211,
266-267, 306, 315-316

prostacyclin - 205-206

prostaglandine 206, 208

protein kinase 9-13, 54, 98, 102, 129, 172,
207-208, 237, 246, 268, 290, 299-300, 303

protein kinase C 320

proteomics 28

protirelin 341

Ps4 343

Ps5 343

pseudogene 317

purines 320, 324

purinoceptors 321-324

Purkinje cell 89, 102, 118, 256, 283, 323

pyridoxal phosphate 76

pyroglutamate aminopeptidase 242

pyruvate 48

q
quisqualate 93, 99, 102, 227

r

rabbit 275, 322
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308, 336, 342, 350, 358, 360
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REM sleep 252, 353
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167, 258

Renshaw cell 47, 339
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Schaffer collateral 104
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SDHACU 48
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319, 325, 332, 335, 339, 342, 345, 361,
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serotonin transporter 135

sexual behavior 139, 147, 159, 165, 361-
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sexual dimorphism 139, 147, 230

sheep 194, 269, 322, 349, 362

signal propagation 9

signal transduction 8

silver-staining 34

single unit recording 36
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skin 147, 175, 261, 267, 269

139, 165

sleep 87, 120-121, 139, 197, 247, 249, 252,

264, 325, 353
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spinal cord 15, 47, 55, 68, 85-86, 92, 108
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245, 257, 288, 307, 313, 317, 344

startle disease 113

steroid 88, 144, 208, 363

stomach 115, 188, 235-238, 268-269, 313,
329

stress 73, 85, 106-107, 120, 126, 130-131,
147, 159, 173, 182, 192, 195-197, 204,
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