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Preface

Astrocytes were the original neuroglia that Ramén y Cajal visualized in 1913 using
a gold sublimate stain. This stain targeted intermediate filaments that we now know
consist mainly of glial fibrillary acidic protein, a protein used today as an astrocytic
marker. Cajal described the morphological diversity of these cells with some astro-
cytes surrounding neurons, while the others are intimately associated with vasculature.
We start the book by discussing the heterogeneity of astrocytes using contemporary
tools and by calling into question the assumption by classical neuroscience that
neurons and glia are derived from distinct pools of progenitor cells. Astrocytes
have long been neglected as active participants in intercellular communication and
information processing in the central nervous system, in part due to their lack of
electrical excitability. The follow up chapters review the “nuts and bolts” of astro-
cytic physiology; astrocytes possess a diverse assortment of ion channels, neuro-
transmitter receptors, and transport mechanisms that enable the astrocytes to
respond to many of the same signals that act on neurons. Since astrocytes can detect
chemical transmitters that are released from neurons and can release their own
extracellular signals there is an increasing awareness that they play physiological
roles in regulating neuronal activity and synaptic transmission. In addition to these
physiological roles, it is becoming increasingly recognized that astrocytes play
critical roles during pathophysiological states of the nervous system; these states
include gliomas, Alexander disease, and epilepsy to mention a few. The goal of this
book is to integrate the body of information that has accumulated in recent years
revealing the active role of astrocytes in physiological processing in the central
nervous system and to use this as a basis for identifying pathological roles for these
glial cells in the brain.

Birmingham, AL Vlad Parpura
Boston, MA Phil Haydon
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Chapter 1
Astrocyte Heterogeneity or Homogeneity?

Harold K. Kimelberg
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The history of the morphology and electrophysiology of the neuroglia, which was
the historical term used for what are now termed astroglia or astrocytes, is briefly
reviewed. The interpretation of these data around 1970 was that astroglia in situ
represented a homogeneous electrophysiological phenotype with a major function,
based on this, in maintaining a constant extracellular concentration of potassium
ions ([K*] ). It was soon found that astroglia in situ played a major role in the
uptake and inactivation of the synaptically released amino acid transmitters gluta-
mate and y-aminobutyric acid. Subsequent studies in isolated systems, such as
primary astrocyte cultures, greatly expanded this view to a more protean cell, with
much wider properties in terms of transmitter uptake systems and release, a variety
of voltage-dependent ion channels and varying membrane potentials and electro-
physiological behaviour, and receptors for a large number of neurotransmitters.

H.K. Kimelberg
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2 H.K. Kimelberg

Thus, it seemed quite reasonable that the astroglia would form a functionally as
well as morphologically heterogeneous population, with far more varied properties
reflective of different roles in different brain regions and sub-regions. However, our
recent in situ data has suggested, at least for astrocytes in the stratum radiatum of
the hippocampus of the adult rat, that the original homogeneous electrophysiologi-
cal phenotype for mature astrocytes is likely correct, or at minimum provides a
characteristic signature for mature astrocytes because of several interpretative
problems inherent in applying the whole-cell voltage-clamp technique to these low
resistance cells, which are discussed. It remains to be seen whether such cells rep-
resent the true mature astrocyte population in other brain regions, but if so then
these electrophysiologically defined astroglia can be systematically examined as a
function of region for a number of other important characteristics to accurately
determine the degree of heterogeneity within this defined cell population in situ.

1.1 The Classification Problem

1.1.1 Morphology and Classification

The discovery of a non-neuronal element, the neuroglia, in the central nervous
system (CNS) is generally attributed to Rudolph Virchow around 1850, but in real-
ity should be attributed to anatomists such as Golgi, Ramén y Cajal and others who
applied the Golgi potassium dichromate/silver staining method (reazione nera)
(Golgi, 1985) to brain tissue in the last two decades of the nineteenth century
(reviewed in Kettenmann and Ransom (2005), Somjen (1988) and Kimelberg
(2004)). This staining revealed a considerable morphological heterogeneity among
these neuroglia as illustrated for the mammalian cerebellum in Fig. 1.1 and for the
cerebral cortex in Fig. 1.2a. Two decades later other glial classes, the oligodendro-
glia and microglia, were identified and the astroglia with oligodendroglia were
classified as the macroglia (reviewed in Kettenmann and Ransom (2005), Somjen
(1988) and Kimelberg (2004)). All the cells illustrated in Figs. 1.1 and 1.2a and the
green glial fibrillary acidic protein (GFAP)(+) cells in Fig. 1.2b are now referred to
as astroglia based on the fancy that the morphology of the most dominant types,
classically referred to as protoplasmic (grey matter) and fibrous (white matter)
resembled stars seen in the night sky, whereas before 1920 they were more usually
referred to as neuroglia, although the term astroglia had been used sporadically
since around 1890 (reviewed in Kettenmann and Ransom (2005)). Why some of
these cells with an obviously different morphology, namely the Bergmann glia (or
originally the Bergmann fibres plus Golgi epithelial cells) are also included as
astroglia is treated in detail in other reviews (Kettenmann and Ransom, 2005;
Somjen, 1988; Reichenbach and Wolburg, 2005), but is often used to support mor-
phological heterogeneity. This is logically an unacceptable circular argument,
unless there are other criteria that define these cells as astroglia.
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Cerebellar surface

Bergmann glia

Smooth
protoplasmic
astrocytes

{ velate astrocytes

Fibrous astrocytes

Fig. 1.1 Golgi staining of astroglia in the human cerebellum. M, molecular layer; P, Purkinje-cell
layer; G, granule-cell layer; W, white matter. From Ramén y Cajal (1913).

Fig. 1.2 Glial cells in the human and rat brains are morphologically heterogeneous. (a) Astrocytes
in the cerebral cortex of a 2-month-old infant stained with the Golgi method. (A-D) are cells in
the first cortical lamina and (E-H) are cells in the second and third lamina. (I-J) are cells with
end-feet contacting blood vessels. V, blood vessel. From Ramon y Cajal (1913). (b) Staining of
cerebral cortex from adult rat. Top is surface of cortex showing intense GFAP (green) staining due
to the glia limitans. Red is for NG2, which stains both NG2(+) cells and blood vessels. Scale bar, 100
um. Unpublished work of G. Schools. (See Color Plates)
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Fig. 1.3 (a) Picture from a chapter on sleep in a book on anesthesia published in 1894 by Carl
Ludwig Schleich (1859-1922) in which the author proposed modulation of neuronal currents by
swelling and contraction of glia into and out of synapses. A neuron (a), likely a pyramidal cell, in
black in close contact with a glial cell, presumably an astrocyte, in red. See (Dierig, 1994) for
further details. (b) Two filled hippocampal astroglial cells from adult rat hippocampus illustrate
the domain concept of astroglia. Yellow shows GFAP staining, while blue and red are two dye-
filled contiguous astrocytes. From Bushong et al., 2002. (See Color Plates)

To break this circular reasoning one needs to know how other more functionally
related biochemical and physiological properties define the astroglia, but up to the
present there is an insufficient body of systematic work leading to a resolution of this
question. There was a gap of around 40 years from 1920 before any physiological
studies on glia were done to flesh out the morphological studies, and these were in
the amphibian optic nerve where the only penetratable cell bodies were glia (Kuffler
et al., 1966). This was due to methodological limitations for studying CNS tissue of
other regions of vertebrates as these nervous systems are an extremely intricate
mosaic of neurons and glia and their processes. Apart from histology there was little
more that could be done on a cellular basis, for the current cell-specific methods of
antibody staining, imaging of dye-filled cells and electrophysiological methods for
small cells in a complex tissue mosaic were yet to be developed. Parenthetically,
when these more advanced imaging techniques were applied they confirmed in
greater detail what was apparent from the original Golgi staining; that the radiating
processes form an extremely complex framework of processes that ends in finer and
finer extensions, as shown in Fig. 1.3b, to compare with older Golgi staining shown
in Figs. 1.1, 1.2 and 1.3a. It was also known that the end of these processes sur-
rounded many synapses and surrounded all blood vessels in the mammalian CNS,
which early on led to hypotheses of function, such as taking up transmitters (Lugaro,
1907), affecting synaptic activity (see Dierig, (1994)) and bringing nutrients from
the blood to neurons (Golgi, 1885); themes echoed today but now with more accu-
rate details and the essential experimental support.

Rather than drawing up detailed competing balance sheets showing how differ-
ent properties vary between astroglia in different experimental systems I will concern
myself with major issues and techniques that bear on this question. I do not
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consider heterogeneity or homogeneity in regard to developmental changes within
the astrocyte population, i.e. I am excluding immature and developing astrocytes,
since this is a separate issue. Also cells positive for NG2 (see red cells in Fig. 1.2b),
which morphologically resemble astroglia to the extent that they were initially
termed smooth protoplasmic astrocytes (Levine and Card, 1987) but are not now con-
sidered astrocytes as they do not show a number of defining properties of astrocytes
such as excitatory amino acid (EAA) transporters and are not gap-junction-coupled
(Nishiyama et al., 2005) (also see below).

1.1.2 Functional Properties and Classification

The intricate process-bearing structure of astroglia cannot per se be taken to indi-
cate functional complexity, in the sense for the CNS of involvement in information
processing. Certainly morphology can give clues for basic physiological processes
and the speculations of Golgi and Lugaro noted above have been borne out by later
more defined hypotheses and experiments (Magistretti et al., 1999; Berl et al.,
1961; Rothstein et al., 1996; Danbolt et al., 1992). One clear feature from Figs.
1.1-1.3 is that astrocytes have massive arborizations of finer and finer processes.
Thus when one considers the question of heterogeneity or homogeneity it is actu-
ally far from clear whether there is a greater heterogeneity within cells in regard to
varying properties among the multitudinous processes of single astrocytes com-
pared with the aggregate properties of individual astrocytes, and therefore is it
really meaningful to speak of aggregate properties? There could well be spatial
segregation between different processes or between the processes and the soma, so
that this variation is greater than the differences of aggregate properties between
different astrocytes. One of the drawbacks of cell-selective patch-clamp electro-
physiology is that it will mainly record the membrane electrophysiological proper-
ties of the cell soma as the command voltage and dependent currents likely will not
penetrate far and rapidly enough into the processes for the electrophysiological
properties of the process tips to be measured. This is still a major technical draw-
back and we cannot be confident that electrophysiology can see the processes,
although recently effective cell-cell current transfer has been reported for mature
astrocytes in situ (D’ Ascenzo et al., 2007). On the other hand, fluorescent imaging
can now discern differences in the Ca?* responses in different processes of
Bergmann glia to stimulation of the parallel fibres, and these have been referred to
as functional microdomains (Grosche et al., 1999).

1.2 Neurons and Glia

Of course the most fundamental cellular classification in the CNS is into neurons
and glia. The true structure of neurons is due to the work of Ramén y Cajal and
others in the last decades of the nineteenth century, again using Golgi’s stain.
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The attribution to their axons of excitability was an extension to these cells (see Katz
(1966)) of studies of the injury potentials of nerve tracts by du Bois-Reymond,
Bernstein and others from 1850 to 1900, and the elucidation of the ionic basis of the
action potentials worked out for the large axons of the giant squid by Hodgkin and
Huxley in 1939. This of course has been amply justified by the large body of data
acquired since then, and it seems rationally unchallengeable, i.e. beyond reasonable
doubt, that the regenerative passage of the polarity change of the axonal membrane
potential of neurons (the “action potential”) is the fundamental currency of brain
information processing. But this “information processing” is so varied, from control
of motor function and processing of the activity of our sensory apparatus, through
emotions to abstract thinking and “consciousness,” that real understanding of how
this neuronal electrical activity forms a general substrate for the higher brain func-
tions eludes us (Koch, 2004). Much of cellular neuroscience related to this topic is
devoted to how neuronal electrical activity is controlled by the action of transmitters
at the circuits’ switches, the synapses, to activate or inhibit the switches and thereby
control the existence or frequency of trains of action potentials.

1.3 Some Basic Principles of Astroglial Classification

Within the context of the last two sections how can we approach classification and
the roles of the astroglia, which bears on the question of homogeneity or heteroge-
neity? First, we must absolutely distinguish between their roles in the embryological
and postnatal development of the nervous system and their roles in the mature
nervous system. Then, how can we experimentally explore the functional properties
of astroglia, identified morphologically and by markers. Finally, how do we use
these properties to reasonably classify these cells so that we will all be talking about
the same entities? What number of properties is sufficient to define a cell as astro-
cytic will be unclear until we study their properties and, because of the empirical
nature of the scientific method, will always be a work in progress because, simply
put, it depends on observations. This process should be no different from classical
classification systems for plants and animals and perhaps we are simply in the early
days of our observations. But those classifications are for macroscopic, unmodified
characteristics. For cellular classification we always have to select and amplify
the characteristics we will use. We generally start with staining or filling for
morphology and try to correlate this with selected proteins, which we hope are
specific markers and with cellular physiological measurements to arrive at some
idea of function. For individual organisms we also have the guiding principle of
evolution that all their characteristics have evolved towards survival and procrea-
tion. For individual cells this is the larger objective but their specific tasks are to
enable the tissue community of which they are members to function optimally so
that the organism of which the tissue is a part can survive and procreate.

The issue of the characteristics needed to define astrocytes can be illustrated in
the form of a Venn diagram (see Fig. 1.4). The area A is the total of the basic
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Fig. 1.4 Venn diagram of the astrocyte properties. “A” represents the core astrocyte properties.
See text for details.

properties that are needed to define a cell as an astrocyte and will be shared by all
astrocytes. For convenience I depict three different subclasses of astrocytes but
these could be more numerous. The partially overlapping parts depict properties
that are shared by some astrocytes and the non-overlapping areas depict properties
that are unique to only one subclass of astrocytes. At the start there has to be agree-
ment whether we wish to define the class of astrocytes in this way or as a class of
cells that all share the same properties. I propose the former because I think it is
more realistic. Thus if all the cells shown in Figs. 1.1 and 1.2 are classified as
astroglia they can be divided, rather crudely, into different subclasses based on
morphology.

Astrocytes are also often defined on a biochemical basis as expressing an
astrocyte-specific protein such as (to date) GFAP, glutamine synthetase (GS), the
astrocyte specific EAA transporters GLAST or GLT-1 and the calcium binding
protein S100p (also see Reichenbach and Wolburg (2005)). These are very practical
because one can use immunocytochemistry to identify the cell more precisely. But
even long-used markers such as GFAP are not shared by all cells (Bignami and
Dahl, 1974), that would otherwise on the basis of morphology and that their proc-
esses abut blood vessels and other distinctive relationships, be characterized as
astroglia (Walz, 2000). Also immunohistochemical identification of a cell as being
positive is a matter of subjective visual judgment and the sensitivity of the tech-
nique, such as whether one uses an amplified or non-amplified antibody-based
detection system. Now use of these proteins is being extended to use of DNA
constructs artificially incorporated into the cell’s genome, which include pre-
sumed cell-specific promoters for these proteins linked to a gene expressing a
fluorescent protein to define and to mark living cells for further study. Further
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extension of such genetic engineering includes promoter-specific knockin and
knockout of proteins to determine their functions in astrocytes. See Slezak et al.
(2007), Djukic et al. (2007) and Chap. 14 for recent references on these topics,
which are also beginning to uncover to-be-expected problems in the outcomes of
these complex genome-altering procedures.

Likely, morphology nor markers will be sufficient to characterize A in Fig. 1.4.
A list was drawn up by the organizer and audience at the 2006 American Society
of Neurochemistry in a workshop organized by Dr. Steven Levinson, which I repro-
duce in Table 1.1, as best I can from my notes with some additions (see also Table
2.1 in Reichenbach and Wolburg (2005)). It also compares immature and mature
astrocytes and also mature NG2(+) cells with which astrocytes are still sometimes
confused. Obviously, neurons, oligodendroglia and microglia are so different that
there would seem to be no useful purpose in including them. Logically we need at
least one characteristic and preferably more in region A (Fig. 1.4) to define astro-
cytes; otherwise if the class of astrocytes is heterogeneous what is it that makes
them all members of the astrocyte class? Some might say that it would comprise all

Table 1.1 Some astrocytic and NG2(+) cell characteristics

Cell type

Young astrocytes

Mature astrocytes

Mature NG2(+) cells

Property

A) Electrophysiology

Varied V|
VDCs

Varied input resistances
Varied degree of cell—cell
coupling

Vm=FE -

VDCs not apparent; linear
I-V plot

Very low input resistance
Extensive cell-cell coupling

Vm always < E -
VDCs

High input resistances
No cell-cell coupling

B) Markers

AOs

No Glutathione transport
No D-serine racemase
EAA transporters (e.g.,
GLAST)

GFAP sometimes

GS

AOs

Glutathione transport
D-serine racemase
EAA transporters

Some strongly GFAP (+)
GS

AOs not excessive

No Glutathione transport
No D-serine racemase
No EAA transporters

No GFAP
No GS

C) Morphology

Extensive processes

Processes contact blood
vessels and partition the
CNS, e.g., glial limitans, or
parts thereof

Ionotropic and metabotropic
receptors for EAAs and other
transmitters

No direct synaptic inputs

More extensive processes
and arborizations

More extensive processes
and arborizations and also
contact mature synapses

Mainly metabotropic
receptors

No direct synaptic inputs

Extensive, but less-branched
processes

Processes directly contact
nodes of Ranvier

As for young astrocytes

Receives direct synaptic inputs

AOs antioxidants, E_. Equilibrium potential for K GFAP glial fibrillary acidic protein, VDCs voltage-
dependent channels, V. membrane potential, FAA excitatory amino acid, GS glutamine synthetase
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cells that are not neurons, oligodendroglia, microglia or ependyma. But such a defi-
nition by exclusion is not satisfactory and not acceptable to taxonomists. The first
problem is to identify the core characteristic or characteristics that represent A. A
combination of properties is safer from Bayesian logic, as the author pointed out in
a previous publication (Kimelberg, 2004). For example if there are two character-
istics instead of one, each with an independent 95% probability of being expressed
in astrocytes in a population of cells of which the astrocytes represent 25%, this
raises the probability that the dual stained cell is an astrocyte from 86.4% for each
of the single characteristics, to 99.2% for both characteristics. The increase in
probability becomes greater as astrocytes represent a progressively smaller propor-
tion of the total cell population; if the astrocytes represent 10% of the total cell
population the probability that expression denotes an astrocyte is 67.8% with one
marker vs. 97.6% for two markers.

A multi-properties definition, as an example three groupings from Table 1.1, groups
A, B and C, could be used as a current working definition of a cell as an astrocyte. The
morphology would be that some of the processes contact blood vessels and the exten-
sive arborization of processes is contained within a limited volume of tissue; i.e., no
projections beyond this volume termed the domain of each cell (Bushong et al., 2002;
but see Oberheim et al. (2006) and references therein for extradomain projection of
some processes in the human brain). Electrophysiology would be a low membrane
resistance and a linear current—voltage (I-V) relationship (see section 1.4.2.3 for a dis-
cussion of what this means for low resistance astrocytes). Markers to date would
include GFAP, GS, GLAST and serine racemase. However, these markers will be
expanded or modified by the new emerging microarray work on freshly isolated astro-
cytes and other neural cells, which for example, has unexpectedly shown that message
for an aldehyde dehydrogenase 1 family, member L1 (Aldh1L1), is one of the messages
most widely expressed in astrocytes (Cahoy et al., 2008).

1.4 Experiments Relevant to Heterogeneity
or Non-Heterogeneity

To answer the question “are astrocytes heterogeneous,” the first order of business is
to determine what properties should be considered common or homogeneous to all
astrocytes, which is no means a simple task as just discussed. Then what other
properties will we examine to see if they vary enough to conclude that the class is
heterogeneous, and can be divided into subclasses. This is the basic issue in the
logic of the method of classification, as illustrated in the Venn diagram in Fig. 1.4.
As noted in the preceding sections both issues and the defining characteristics are
still being debated and therefore ongoing; so here, as an example, I discuss mainly
how the electrophysiological properties of astrocytes have been shown to vary.
These were the first studies that were not purely morphological and were the first
used to attempt to define astroglia on other than morphological grounds.
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1.4.1 Early In Situ Electrophysiology Studies

These first studies were those of Kuffler and colleagues on glial cell bodies in the
amphibian optic nerve (Kuffler et al., 1966; Orkand et al., 1966). This was followed
by work using sharp electrode impalements in living mammalian brains as shown
in Fig. 1.5 (Picker et al., 1981), and here the cells were post-stained using an injec-
tion of horseradish peroxidase from the pipette and visualizing with benzidine, an
important step as you can check the morphology of the cell that you recorded. It
was therefore hypothesized that the following properties were basic characteristics
of all astrocytes. Namely, that all these cells were electrically non-excitable with no
capacity for generating action potentials upon injection of positive current, but
rather showed a linear relationship between injected current and the change in
membrane potential. This was likely due to K* channels as a Nernstian relationship
between the measured membrane potential and changes in [K*] , in both amphibian
and mammalian tissues, was found (see Fig. 1.5 for mammals) and the membrane
potential measured at zero current was close to the K* equilibrium (Nernst) poten-
tial. This was a considerable advance. Further blind impalements of glia in the
cortex of anesthetized mammals, which were defined by the general criterion of
lack of electrical excitability, also responded to the limited range of endogenous
[K*] increases due to neuronal stimulation, by a Nernstian relation (Somjen, 1995).
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Fig. 1.5 (A) Typical appearance of bushy protoplasmic astrocytes. Cells were visualized after
electrophysiological recordings (B) by injecting horseradish peroxidase from the electrode and
subsequent histochemistry. Arrow indicates an astrocyte process touching a capillary. (B) A Nernst
plot of the changes in membrane potential in millivolts (y axis) plotted against the logarithm of
imposed K* concentrations in the bath solution, in astroglia in normal or epileptic (reactive)
human biopsy, and guinea pig cerebrocortical, slices. For this type of plot a slope of 60 shows that
the changes in membrane potential can be completely explained by only K* carrying the trans-
membrane currents according to the Nernst equation V=60 mV x log ([K*] /[K*]). Also when V
=0 mV external [K*] = internal [K*]. The slopes from normal human and guinea pig tissue were
~60 with [K*], = 120-130 mM. Recordings from epileptic tissue showed a smaller slope (~40)
indicating some permeability to other ions. From Picker et al. (1981).
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Because post-staining was usually not done these cells can only be referred to as
“glia.” On these bases the K* channels were termed leak channels, showing no volt-
age and time-dependent changes, and showing a linear voltage response to injected
current. Therefore these neuroglia, which were presumably often astroglia, were
homogeneous by electrophysiology but there was always the problem of selection
since cells with a membrane potential equal to —50 mV or less were excluded, as
there was no independent way of establishing that this was not due to a low elec-
trode seal resistance or even other damage. These were, however, reported to be a
minority of the cells sampled, and so damage and/or imperfect seals were a reasonable
explanation for such low potential cells. When separate electrodes were used for inject-
ing current and measuring voltage a contribution of the high resistance of the sharp
microelectrodes to the linearity of the membrane voltage change was not a factor. 1
will discuss this issue later in relation to current injection using a single low resistance
patch electrode where it is a problem because the membrane voltage change in
response to injected current is measured at the top of the electrode and the voltage drop
is therefore across both the electrode and membrane resistance (Sontheimer, 1995).

Other defining characteristics soon followed, and since in these microscope-
based studies the morphology was checked, they could more safely be referred to as
astroglia. Astroglia were found to be a major site of uptake of synaptically released
glutamate and its conversion to glutamine based on GS being astrocyte-specific
(Martinez-Hernandez et al., 1977). Also that they were extensively linked by gap
junctions (Massa and Mugnaini, 1982), which prima facie seemed to fit Kuffler and
colleagues’ (Orkand et al., 1966) hypothesis of K* spatial buffering. However, the
short space constant of the cells (=60 to 200 um) because of their low membrane
resistances was always considered to limit the process to only localized increases in
extracellular K* for most astrocytes, and spatial buffering over limited distances over
which K* can be transferred of only a few hundred micrometers (Newman, 1995;
Gardner-Medwin, 1983). However, regional localization of K* channels and the thin
planar structure of the retina allowed a form of spatial buffering localized to operate
in the more cylindrical and less-branched retinal Muller cells (Newman, 1984). This
again is a topic that needs further clarification and may be better resolved when the
K* channels of astrocytes and their spatial segregations within the cell body and its
processes are fully resolved. Other characteristics of the astrocytic processes is that
they surround synapses and collections of synapses (glomeruli), and blood vessels
and form limiting interfaces, such as the glial limitans that is the last region between
the CNS and the meninges, as has already been mentioned.

1.4.2  Studies in Different Astroglia Cell Preparations
Subsequent to the Early In Situ Studies

1.4.2.1 Cultured Astroglia

Because of the methodological difficulties inherent to work in tissue, the small field
of “astrocytology” from the late 1970s, adopted the use of primary cultures pre-
pared from 1- to 2-day-old rodent brains for more detailed electrophysiological,
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imaging and biochemistry studies. Such cultures grow as monolayers that express
GFAP, show glutamate uptake and GS activity, and still have predominantly K*-
based membrane potentials. With studies such as transmitter-receptor effects the
omnipresent and vexing problem of indirect effects via neurons was neatly side-
stepped. They quickly became the major experimental model for studying astrocyte
properties (Kimelberg, 1983, 2001). In contrast to the earlier in situ data these
astrocytic primary cultures showed a quite different electrophysiological pheno-
type, expressing voltage-gated K* channels, Ca?* channels, Na* channels and CI-
channels among others (Barres et al. (1990a); Barres (1991b); also see Table 9.1 in
Olsen and Sontheimer (2005)). The presence of voltage-gated Na* channels in these
astrocytes was particularly confusing since they are always found to be electrically
non-excitable. The reviews just mentioned can be consulted for the original papers,
where full details of the preparations and techniques are given. The clear discrep-
ancy between the newer and the older in situ data was suggested to be due to limita-
tions with the older electrophysiological techniques (Barres, 1991a). That this does
not appear to be the case will be argued in the following sections, so that much of
the discrepancy is likely due to modified gene expression in the cultures. This is not
surprising since a basic biological principle is that gene expression is plastic and of
course varies with development and responds to environmental cues via receptors
affecting transcription factors. Even the properties of the cultures that were correct
in principle, i.e. such as the expression of a number of transmitter uptake systems
and ionotropic and metabotropic receptors, were wrong in some of the details
(Kimelberg, 2001). Note added in proof: a recent microarray study of cultured and
isolated astrocytes (Cahoy et al., 2008) has confirmed this principle. A more
focused microarray study of gene expression in isolated cells (Lovatt et al., 2007)
makes the same point.

1.4.2.2 Astrocytes Freshly Isolated from Brain Slices

It seemed possible that the atypical gene expression problem of primary cultures,
yet their amenability to precise experimental control and measurements, could be
combined by using acutely isolated astrocytes. This had been done for biochemical
studies as early as 1965 using density gradient centrifugation but these preparations
were impure and appeared quite damaged and were never examined electrophysi-
ologically to see if they were even viable (see Hamberger et al. (1975) and refer-
ences therein).

A method that better preserved the cells’ integrity was simply to triturate an enzy-
matically softened tissue, or in some cases mechanically dissociated to avoid enzy-
matic degradation of exposed surface proteins, and examine the cells individually by
electrophysiology and fluorescence indicators for dynamic measurements, or autora-
diography for uptake, and then immunocytochemistry for identification. Patch clamp
electrophysiological studies on these cells also showed a heterogeneity of electro-
physiological phenotypes and the isolated cells never showed the characteristic linear
I-V curves of astroglia in situ (Steinhauser, 1993; Steinhauser et al., 1994; Verkhratsky
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and Steinhauser, 2000; Barres et al., 1990b; Zhou and Kimelberg, 2000; Zhou et al.,
2000). Figure 1.6a, b shows the two different types found in isolated cells and termed
by Zhou and Kimelberg (2000) as outwardly rectifying (a) and variably rectifying (b)
astrocytes, respectively. These were also termed glutamate receptor and transporter
astrocytes (Glu-R and Glu-T, respectively) on the basis that the former showed
a-amino-3-hydroxy-5-methyl-isoxazole propionate (AMPA)-type currents and not
transporter currents, and the latter the converse. This was taken as evidence of hetero-
geneity but, as I will argue in the next section, mature hippocampal astrocytes in situ
are always Glu-T, and the Glu-Rs are likely to be NG2(+) cells in mature tissue.
Freshly isolated cells were also used to show the presence of metabotropic receptors,
especially metabotropic glutamate receptors by measuring changes in intracellular
Ca* concentration using fluorescent probes, and there was some degree of heteroge-
neity between cells in their responses (Kimelberg et al., 2000). Thus a picture of
emerging heterogeneity based mainly on the expression of voltage-dependent cur-
rents representing different ion channels and glutamate receptor and transporter cur-
rents emerged from the studies on the acutely isolated cells.

1.4.2.3 Recordings from Astrocytes in Brain Slices

The next question was obviously whether even the isolated cells reflected the cells
present in situ. No cells with a purely “passive” (i.e. linear I-V curves) electro-
physiological phenotype (see Fig. 1.6¢) were reported in acutely isolated cells, but
there had been reports of such cells in astrocytes recorded in freshly cut slices
(Steinhauser et al., 1994; Wallraff et al., 2004; D’ Ambrosio, 2004). A dye-filled
cell in situ from which a recording as shown in Fig. 1.6c would be obtained is
shown in Fig. 1.6, which also shows its dye coupling to other astrocytes. There had
been comments that such cells appeared to be more frequent in slices from older
animals (Matthias et al., 2003). However, the only systematic development study
in slices up to the year 2003 excluded such cells on the basis that they could not be
adequately voltage clamped because of their very low input resistances (R) of
10-20 MQ (Bordey and Sontheimer, 1997), and obviously came to different
conclusions than if the passive cells, which have Ri values in the range just men-
tioned, were included. This is the inherent limitation of the scientific method,
which only deals with doable observations and was illustrated in a fable by the
well-regarded astrophysicist and relativist Sir Arthur Eddington (1882-1944).
Namely, that an ichthyologist seeking to classify fishes caught his samples in a
net as a scientist would start off doing, and analyzing them concluded that all fish
have gills but none were less than 2 inches long (Taylor, 1949)!

It seems reasonable to ask that if the voltage clamp technique has problems for
mature, passive, low-resistance astrocytes why use it? In brief, the whole-cell voltage-
clamp technique is an excellent way of studying electrophysiological changes in
small, high-resistance cells, especially rapidly changing voltage-dependent currents.
As is well-known, the techniques involve a relatively large diameter open-tip glass
microelectrode, which first requires a high-resistance gigaOhm seal (~10°Q ) to be
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Fig. 1.6 (a—) show the whole-cell recordings in response to the voltage steps (d, -180 to -40 mV
in 10 mV increments) shown in (d) for the three types of electrophysiological phenotype using the
nomenclature of Zhou et al. (2000, 2006) (also see text). (e—g) show the resultant /-V plots. Only (a)
and (b) were found in cells isolated from the hippocampus of 1-35 PN rats (Zhou et al., 2000).
(a) also shows Na* channels (inset).
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formed on the intact cell surface. Then suction is applied to break this patch of mem-
brane to access the interior of the cell, with a resultant electrode access resistance
(R) of ~10 MQ . This was first applied to neurons and it showed that action poten-
tials, and even synaptic potentials, could be measured in the cell body, which is the
only part of the cell big enough to be routinely recorded from (Neher and Sakmann,
1984). The cell’s membrane resistance (R, ) had to be at least 100 MQ for 90% of
the changes in potential to be across the cell membrane because it is in series with
the R of ~10 MQ and V, the clamp (command) potential, is across the total voltage
drop (V) of R+ R (Sherman-Gold 1993; Sontheimer, 1995). Therefore the voltage
drop across R _is (V, - V), where V_ is the voltage drop across R and V, is the total
voltage drop. The current pCLAMP 9 program has a membrane test protocol that
estimates values for R, R and membrane capacitance (C, ) based on the value for
the total charge (Q) delivered to the capacitance, taking into account the offset of
the steady-state current, which will rapidly begin to flow across R = R _+ R _, where
R is total resistance. R_is initially estimated from the time constant of the decay of
the capacitance transient, which is small (see Fig. 1.6c) because of the rapidly
developing and substantial current flow across the low R + R_. Values for R and R |
from this analysis have been reported as ~15 and ~5 MQ, respectively
(D’ Ascenzo et al., 2007; Djukic et al., 2007), and we find the same values (Zhou
et al., in preparation). Since V. is V+V .,V is considerably less than v but if the
channels are not voltage dependent, then V_ can be calculated from the R_estimates.
Such analysis needed to parse the continuous single electrode whole cell I-V data
does not preclude some reasonable interpretations. It also adds to the characteristics
that are diagnostic of the mature astrocyte and raises the important question of what
the extraordinary low R _is due to. Potentially, these include a large surface area
extended to other cells by gap junctions and/or a high density of leak K* channels.
In terms of the former a critical question is how far does the current and voltage
changes spread, i.e., the space clamp problem, and in terms of the latter what are the
K* channels that could contribute to this extraordinarily low R . Continuously open,
voltage-independent (leak) potassium channels seems a good bet. Parenthetically,
one could also note that freshly isolated GFAP or EAA transporter current positive
cells (i.e. characteristics of the passive astrocyte when isolated from older animals)
have much higher mean R, values of several hundred megaOhms (Lalo et al., 2006;
Zhou and Kimelberg, 2000). This means either there is a major loss of processes
upon isolation, which seems likely and/or loss of the syncytium if the currents
indeed travel that far (D’ Ascenzo et al., 2007).

<

Fig. 1.6 (continued) The passive cell that gives a linear /-V plot (g) is only observed when astro-
cytes are recorded in slices (see Fig. 1.7 for how these different phenotypes change with age of the
animal from which the slices were obtained). The lines intercepting the voltage coordinate at 0
current, and therefore called the reversal potential (reverses from inward to outward at O current)
corresponds to the membrane potential under the ion gradients of the experiment, which are
designed to duplicate the physiological ion concentrations. (h) shows an isolated astrocyte, dye-filled
from the recording pipette while (i) is a cell in a hippocampal slice showing dye spread to other
astrocytes. Scale bar, 10 um (h).
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As already noted sharp electrode recordings, where a high seal resistance is
obtained by penetrating the cell, were first used for glial cells (the patch-clamp system
had not yet been invented) and they were found to be electrically non-excitable. The
patch clamp came up with the same thing but could also record voltage-dependent
currents (but not in the mature passive astroglia). It is important to understand the
problems of this technique applied to low-resistance cells when one is trying to clamp
them at a potential and measure the current required to do that, if anything is to make
sense. When the resistance is low it might take more time to deliver the current than
the time frame in which the channel activates. More likely, when the resistance at the
tip of the electrode is also around 10 MQ, and so the voltage drop is about equal across
both the electrode resistance and the cell membrane, and therefore, V. is around 2-fold
greater than the voltage drop across the cell membrane. Third, it may be only the cell
body and proximal processes that are clamped, as the current has to pass through
1,000-10,000 processes (Bushong et al., 2002, 2004) that get smaller and smaller, i.e.
their cross-sectional resistance gets larger and larger, which will also, of course, limit
spatial buffering. In the current-clamp mode (with / = 0) one is using the system as a
voltage follower as in sharp electrodes (Purves, 1981), and so there is no problem.
Further, if the pPCLAMP 9 analysis gives reasonably accurate R_values for these cells
then they can be studied with suitable corrections. The discontinuous single electrode
voltage-clamp technique should avoid the R problem in measuring V_ (Sherman-
Gold, 1993), but is not widely used now. Recordings with two electrodes, one for
passing current and the other for measuring V_, are possible but technically difficult
given the small size (diameter, ~10 um) of the astrocyte cell body in situ.

Our group decided to systematically study passive cells by whole-cell voltage
clamp, by including all the cell bodies seen with differential interference optics as
likely be “glia” from the stratum radiatum in hippocampal slices (cell bodies of
~10-um diameter) from 1- to 105-day-old animals. Their “glial” nature could then
be confirmed by their non-excitability in current clamp passing sufficient current to
cause activation of voltage-gated Na* channels. It turned out that although cells
with voltage-dependent currents could be recorded in slices from younger animals
some passive cells could also be seen but most significantly, as the age of the ani-
mals increased, these represented about 90% of the glial cells in the adult stratum
radiatum. The original paper (Zhou et al., 2006) can be consulted for the details and
the major results are reproduced in Figs. 1.7 and 1.8. There is clearly a development
transition around post-natal day 20 (P20), which corresponds to the completion of
synaptogenesis in this region, a reasonable criterion for maturity (see Fig. 1.7). This
was supplemented by post-recording staining of a separate and smaller group of
cells (Fig. 1.8), which showed that we had recorded a shifting population of
GLAST + astrocytes and NG2 + glia (cells) that led us to propose the developmen-
tal relationships shown in Fig. 1.9.

Thus the mature protoplasmic astroglia does seem to be homogeneous in terms of
their electrophysiological characteristic, with the necessary caveat of what is meas-
ured in the CAl region of mature rats. It is interesting that this corresponds to the
original model after a 40-year digression into the electrophysiology of primary cul-
tures, acutely isolated cells and astrocytes recorded in slices from immature rats as
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Fig. 1.7 The percentage of glial cells recognized by differential interference contrast optics in a
living hippocampal slice, which corresponded to the three electrophysiological phenotypes shown
in Fig. 1.6. The numbers under the x axis show the post-natal age in days and the number of cells
recorded (n). On fop the ages are broadly classified into newborn, juvenile and adult groups. From
Zhou et al. (2006). (See Color Plates)

models for the mature protoplasmic astrocyte. Of course a huge number of questions
remain, and perhaps instead of me laying these down like some litany, which in any
case will be my views, the interested reader can think of them for themselves.

However, an obvious one to start the ball rolling is does this emergence of
passive astrocytes upon maturity apply to all brain regions? For the purists, and
we should all be purists in scientific studies, this will need to be systematically
studied in the different regions. In spite of the interpretative problems, the linear
I-V plots seen by continuous single electrode voltage clamp are a signature of
the mature cells, but the V_is greater (by a factor of at least 2) than the actual
V_, as discussed above. The reversal potential (E), at I = 0 current, will equal
the membrane potential (see Fig. 1.6e—f), but the effect of inhibitors on conduct-
ance will need to be corrected for the fact that one is measuring both an affected
R and an unaffected R_in series. An interesting aspect of this is that if we can
identify the channels we can selectively inhibit different ones to get a “clampa-
ble” cell because R will increase relative to R. To what extent, if at all, the
channels in the end-feet will be measured by an electrode located in the cell
soma is unknown, and until this technical question is resolved by measuring
directly from the processes we will be restricted to describing what is there by
immunocytochemistry, for some time.
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Fig. 1.8 Correlation of electrophysiological phenotype with cell type by immunocytochemical
identification of recorded cells. This continues the study shown in Fig. 1.7 by post-recording stain-
ing a smaller number of cells (given by n for each case) within the three broad age groups identified
in Fig. 1.7. The cells were stained for GLAST to identify astrocytes and NG2 to identify this non-
astrocytic glial class. (a)—(d) shows examples of staining in a GLAST(+) (cell 1) and an NG2 (+)
cell (cell 2). Green is the filling dye and red represents either antibody staining. White represents
colour-coded colocalization. As shown in (e), NG2(+) cells shown as yellow bars represent out-
wardly rectifying glial cells (ORGs) equally in the newborn stage and predominantly in the juve-
nile. Red represents GLAST(+) cells. There are no ORGs in the adult. (f) shows that variably
rectifying glial cells (VRGs) are all and then predominantly astrocytes, but are only NG2(+) cells
in the adult. (g) shows that passive cells are only seen in the juvenile and adult animals and repre-
sent mainly astrocytes, although 5-10% are NG2(+) in the adult, but unlike the passive astrocyte
these have small Na* currents (not shown). See Zhou et al. (2006) for further details. (See Color
Plates)

Possible relationships between electrophysiological astroglia phenotypes and
GLAST and NG2 lineages during development
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(P1-3) (P4-21) (2P22 till P106)

@
@

Fig. 1.9 Possible relationships between electrophysiological astroglia phenotypes and GLAST
and NG2 lineages during development. From Zhou et al. (2006); based on data in Fig. 1.8. (See
Color Plates)
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A study from our laboratory (Schools et al., 2006) showed that passivity cor-
related with the extent of cell-cell coupling, and membrane patches pulled from
the cell showed a linear -V relation that corresponded more to the parent cell but
a minority of around 30% were variably rectifying (Schools et al., 2006). In an
excised patch of several hundred megaOhm resistance V_ essentially equals V.
The issue of different electrophysiological types seems to have been partially
solved by the above studies in the hippocampus, where the heterogeneous cells
were restricted to earlier development, and mature astrocytes after ~20 days were
electrophysiologically passive, but there are at least three characteristics that
develop in parallel that could contribute to such behaviour; open K* channels,
increased syncytium and R > R _. Note that the first two also contribute to the
third characteristic, and so they are all interrelated. There were also around 20%
NG2(+) cells that either showed a variably rectifying or passive electrophysiolog-
ical phenotype, but with small Na* currents that were never seen in passive
astrocytes.

The electrophysiologically passive, mature astrocytes can then be individually
studied to determine whether they are heterogeneous for transporters and different
enzymes and other components that are important for astrocyte functions. To exam-
ine these systematically also means defining age, lamina and region from which the
cells are obtained. On the basis of such data the field should be reasonably able to
answer the question posed in the title of this chapter.

1.5 Envoi

For the question posed in the title we do seem to be at the beginning of a journey
rather than even well on our way. We need to correlate the well-defined morpho-
logical heterogeneity with other properties. With respect to electrophysiology we
seem at least to know where we need to go; see if the linear I-V curve correlates
with maturity in all astrocytes and what does it represent. For biochemical properties
we seem to be restricted to establishing the occurrence by immunocytochemistry as
we cannot rely on isolated cells due to likely massive cell process loss plus other
still-to-be-defined damage. Genetic engineering techniques linked to specific
promoters for astrocytes using so far the GFAP promoter are still in their infancy
(e.g., see Pascual et al. (2005), Chap. 14) and will require a large amount of
preliminary work with different promoters to understand their specificities (Slezak
et al., 2007). A classification could well emerge from these studies of astrocytes
defined by a particular promoter-construct activity. Some illustrative and experi-
mentally addressable questions are as follows:

1. Does development of the linear /-V characteristics of mature astrocytes differ in
different regions and lamina and what precisely does this linear /-V curve
mean?

2. Does morphological or physiological heterogeneity depend on species?
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3. Is there spatial segregation of transporters and channels within the astrocyte, much
as in epithelial cells? If these are mainly on the ends of the processes that surround
blood vessels and synapses, one cannot study these electrophysiologically, at
present, but can do so histologically and dynamically by calcium imaging.

The ultimate aim, of course, is to uncover the functions of astrocytes in the
brain; support or an integral part of the information-processing system and how one
can tell the difference. The latter has been theoretically ruled out by some scientists
interested in information processing, consciousness and other such like big questions
on grounds that the astroglial responses lack sufficient “specificity and celerity”
(Koch, 2004). Whether these objections are valid underlies a lot of current work on
astroglia (rather than “glia” in general, a term neuroscientists really should no
longer use; see also Cahoy et al. (2008)) and no doubt increasingly in the future.
One message of this chapter is really that we should first adequately define what
the term astroglia represents.

1.5.1 Experimental Approaches to Heterogeneity of Mature
Astrocytes

What other approaches can we use to study astrocyte heterogeneity? If one cata-
logues all the gene messages significantly expressed by mature astrocytes (Note
added in proof: the first studies in this area have just been published for sorted,
isolated astrocytes from different aged animals (Lovatt et al., 2007; Cahoy et al.,
2008), and the major mRNAs do correspond to the major proteins known to be
expressed by immunostaining of functional studies.), will this enable us to say
whether they are heterogeneous, and give us insight to the outstanding questions for
astrocytes in the mammalian brain? However, this would be an example of data-
gathering, fishing expeditions and all the other pejorative descriptors applied to what
was once considered fundamental to scientific inquiry but is currently non-fashion-
able; the systematic acquisition of data that precedes hypotheses to explain the
phenomena observed, an approach Isaac Newton advocated as the “safest method of
philosophizing” (Christianson, 1984). But there are also significant methodological
problems to this approach. For example the mRNA microarray approach allows one
to assess at one time all the mRNAs expressed by the genome. However this requires
an amount of RNA that is about 1,000 times that expressed by a single cell. Thus,
we would only get an average and this would not then address the question of cel-
lular astrocyte heterogeneity below the microregional level. Nonetheless, with this
type of information we would obtain clues about which proteins to look for, and by
using immunocytochemistry we could determine cell-to-cell heterogeneity and just
as importantly heterogeneity of location within a single astrocyte, but only at present
confidently at the electron microscope level. It is quite likely that improvements in
techniques, including the use of linear RNA amplification will, hopefully in the not
too distant future, make it possible to perform microarray studies at the single-cell
level, and this will solve that problem at the message level.



1 Astrocyte Heterogeneity or Homogeneity? 21

At present then the question raised of whether mature astrocytes are hetero-
geneous in the sense of Fig. 1.4, that there is a core constellation of properties
“A,” which defines astrocytes and then a varying degree of partially overlapping
and non-overlapping properties that confers heterogeneity, still needs to be
determined. If we ascertain that mature astrocytes in every brain region show
linear /-V relations, then using this as a signature, together with positivity for
unambiguous astrocyte markers such as GLAST, GFAP and others (Note added
in proof: see Cahoy et al. (2008) for other markers disclosed by global gene
expression.), we can see whether there is heterogeneity of protein expression and
mRNAs between different brain regions. Finally, as I think is likely and partially
supported experimentally, there should be clear spatial heterogeneity such as
between the astrocyte membranes that surround blood vessels and/or synapses
and other regions, at a minimum. One might assume all such processes equiva-
lent and then test that null hypothesis. This can only be disclosed by very precise
microscopic studies the very technique, but of course now far more advanced,
with which the cellular nature of the neuroglia was revealed by application of
the Golgi staining technique over 100 years ago. In the absence of strong evi-
dence to the contrary I would also propose that another and more basic null
hypothesis to be disproved for the fundamental function of astrocytes is that it is
limited to homeostasis; to provide a controlled environment that allows the
information-processing part of the CNS, the different neuronal circuits made
from the heterogeneous neuronal populations, to function optimally. However,
other current hypotheses concerning astroglial function that they can influence
synaptic activity on the basis that they may show exocytotic release of neuro-
transmitters, supported by the presumed astrocyte-specific elimination of a vesi-
cle fusion protein resulting in suppression of synaptic transmission and
increasing the dynamic range of long-term potentiation (Montana et al., 2006;
Volterra and Meldolesi, 2005; Haydon and Carmignoto, 2006; Pascual et al.,
2005), can be tested further in the sense that the proteins and such-like needed
for this process are present in mature astrocytes (Cahoy et al. (2008) did not find
mRNA for many of these). Another hypothesis is that the greater complexity of
astroglial structure in different lamina of the human cortex, compared with a
much simpler pattern for the rat cortex, but the comparable structure of neurons
in the two very different mammals, supports an hypothesis that some of the
indisputable greater complexity of function of the human brain compared with
the rodent may, in part, reside in the astroglia (Oberheim et al., 2006). Here it
would be useful to do cross-species studies.

1.5.2 Domain Concept for Mature Astroglia

The morphological complexity that allows one protoplasmic astrocyte to control a
wide expanse of territory, the cellular domain concept first put forward by Bushong
et al. (2002, 2004), and the independent functioning of individual processes as
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shown by calcium imaging (Grosche et al., 1999) can be explained on the basis of
cell theory where each part of a cell has to be linked to a cell body containing the
cell nucleus. These linkages are the processes emanating from the cell body and
target to synapses and blood vessels where they develop systems specialized to
sustain, modulate or maintain these targets. When these processes meet other astro-
cytic processes they form gap junctions, perhaps not so much as a method of com-
munication at all, but as a way of preventing further growth of these processes,
defining their boundaries and thus leading to the separate domains (Bushong et al.,
2004). On this basis each process ending has to be autonomous and operate inde-
pendently by simple feedback or feedforward principles. This is further required by
there so far being no polarity or clear differences in astrocytic processes, as is
known for neurons. More so than other tissues the mammalian brain has limited
space, being encased in rigid bone for protection, and the process boundary design
prevents the unnecessary multiplication of astrocytic cell bodies beyond what is
needed to most parsimoniously perform their functions. Thus we come back (see
section 1.1.2) to more heterogeneity within an individual astrocyte than between
astrocytes.
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2.1 Identification of Neural Stem Cells in the Central
Nervous System

2.1.1 Astrocytes and Neurogenesis in the Adult Brain

As a major subclass of glial cells, astrocytes fulfill a diverse array of functional and
architectural roles in the brain. These cells were originally classified as “support
cells” of the nervous system. A common assumption of classical neuroscience was
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that neurons and glia are derived from distinct pools of progenitor cells (His, 1889).
This idea arose partly due to the sequential developmental patterning of the nervous
system; during cortical development, neurons are generated prior to glial cells. The
supposed division between neuronal and glial lineages was also employed to
explain observations of rare proliferating cells in the adult brain: It was thought that
proliferation in the mature brain reflected the generation of new glial cells, and did
not correspond to the production of new neurons. However, a number of experi-
ments have now demonstrated ongoing neurogenesis in the adult brain and called
into question the idea of separate developmental lineages for neurons and glia
(Goldman and Nottebohm, 1983; Galileo et al., 1990; Alvarez-Buylla et al., 2001;
Temple, 2001; Gage, 2002).

The disproving of the “no new neuron” dogma suggested that a reservoir of
multipotent stem cells might exist within the adult central nervous system (CNS)
and support ongoing neurogenesis. The identification and isolation of mammalian
neural stem cells was therefore the focus of intense investigation. Tritiated thymi-
dine incorporation studies in multiple animal models demonstrated that prolifera-
tion persists in specific regions of the adult brain, suggesting that these regions
might contain immature progenitors of neurons or glia (Altman, 1962, 1963;
Altman and Gopal, 1965; Altman and Das, 1966). Two germinal regions within the
adult mammalian brain have since been shown to contain neural progenitor cells:
the subventricular zone (SVZ), along the walls of the lateral ventricles, and the
subgranular zone (SGZ) within the dentate gyrus of the hippocampus (Doetsch
et al., 1997; Seri et al., 2004). Surprisingly, when the primary progenitors of the
new neurons in these regions were identified, they exhibited structural and biologi-
cal markers typical of differentiated astrocytes (Doetsch et al., 1999b; Seri et al.,
2001). Why the stem cells of the CNS closely resemble differentiated glia, and how
the proliferation and differentiation of these cells is controlled, continues to be an
avenue for many exciting investigations.

2.1.2 Neural Stem Cells and the Architecture of Germinal
Regions

2.1.2.1 The Subventricular Zone

The SVZ is located mostly on the lateral walls of the lateral ventricles and is the
largest germinal region in the adult brain (Fig. 2.1). The cellular composition of
this region has been described through both immunohistochemical studies and
electron microscopic analysis (Doetsch et al., 1997, 1999b, 2002; Peretto et al.,
1999). The SVZ contains relatively quiescent neural stem cells, known as type B
cells, which give rise to actively proliferating type C cells. Type C cells in turn
give rise to immature neuroblasts, also called type A cells. These neuroblasts
migrate to the olfactory bulb, where they differentiate into interneurons.
Remarkably, type B cells, despite their stem-like properties in vitro and in vivo
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(discussed later), express the intermediate filament component glial fibrillary
acidic protein (GFAP), a marker that typically distinguishes mature astrocytes in
other brain regions. These cells, when examined via electron microscopy, also
have the ultrastructural characteristics typical of astrocytes, including bundles of
intermediate filaments, multiple processes intercalating between other cells, and
gap junction complexes.

In the SVZ, type A neuroblasts form a network of tangentially oriented chains,
many of which join in the anterior and dorsal SVZ to form the rostral migratory
stream (RMS) (Lois and Alvarez-Buylla, 1994; Jankovski and Sotelo, 1996; Lois
et al., 1996; Peretto et al., 1997). These chains of A cells are ensheathed by the
processes of type B cells. Interestingly, some type B cells also contact the ventricle
via a process extended between ependymal cells. This process includes a short
primary cilium extending into the ventricle (Doetsch et al., 1999a and Mirzadeh
et al., 2008). The SVZ also contains blood vessels and a substantial extracellular
matrix (Mercier et al., 2002), and is adjacent to the layer of ciliated ependymal cells
that line the ventricle. The architecture of this specialized germinal zone allows for
extensive cell—cell interaction as well as the propagation of signals from the cere-
brospinal fluid in the ventricle, the surrounding extracellular matrix, and local
blood vessels. As discussed below, the specialized environment of the SVZ, and
signaling within the local niche, is likely to be an important determinant of the
proliferative and regenerative potential of the astrocytes that act as neural stem cells
in this region.

Fig. 2.1 The architecture of the subventricular zone in mouse brain. The SVZ is localized to the
walls of the lateral ventricles (LV) in the brain, indicated at left and shown in detail at right. The
SVZ contains type B cells (shown with dark nuclei), which are astrocyte-like neural stem cells.
Also present are rapidly dividing type C cells, the transit-amplifying progeny of B cells. C cells
in turn give rise to neuroblasts, or type A cells, which migrate to the olfactory bulb and give rise
to neurons. The cells of the SVZ have extensive contact with the basal lamina (BL, indicated with
arrow) and are also near blood vessels (BV). SVZ cells also have contact with the ciliated epend-
ymal cells (E) that line the lateral ventricle.
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2.1.2.2 The Subgranular Zone

The primary precursors of new neurons in the SGZ within the dentate gyrus have
been described using methods similar to those used in the SVZ (Fig. 2.2). It remains
controversial whether these cells are bona fide neural stem cells, as experiments in
vitro have failed to demonstrate multipotentiality and self-renewal capabilities in
isolated SGZ cells (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005).
However, similar to their counterparts in the SVZ, the primary precursors of new
neurons in the dentate gyrus express GFAP and exhibit ultrastructural characteris-
tics that are typical of astrocytes (Seri et al., 2001). The cytoarchitecture of the SGZ
is also reminiscent of the SVZ, with the primary progenitors appearing to interact
closely with their progeny (Seri et al., 2004). In the SGZ, radially oriented astro-
cytes extend a process across the granule cell layer (GCL), as well as tangentially
oriented processes at the base of the SGZ. These latter processes appear to act as a
“nest” for the immature progeny generated by the division of these astrocytes.
Radial astrocytes have also been identified as primary progenitors in additional
recent studies (Filippov et al., 2003; Fukuda et al., 2003; Steiner et al., 2006), and
are also called type I progenitors. The immature progeny of radial astrocytes are
known as type D cells or type II progenitors. These cells form clusters that are
closely associated with the processes of radial astrocytes. However, unlike the cells
of the SVZ, the progeny of SGZ astrocytes do not migrate a long distance through
the brain before maturation. Instead, maturing type D cells migrate a short distance
into the GCL to form new granule neurons (Seri et al., 2004). The SGZ also differs
from the SVZ with respect to its location within the CNS: The dentate gyrus does
not have substantial contact with the ventricles or cerebrospinal fluid.

Fig. 2.2 The architecture of the subgranular zone in mouse brain. The SGZ is located within the
dentate gyrus of the hippocampus, shown in coronal section at left and in detail at right. The SGZ
contains radial (rA) and horizontal astrocytes (hA). Radial astrocytes (rA) have long radial processes
that penetrate the granular layer as well as tangential ones that parallel this layer. These astrocytes
give rise to type D immature precursors, which divide and mature into new granule neurons (G).
D cells develop apical processes that become the dendrites of the new granule neurons.
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Intriguingly, in addition to radial astrocytes, the SGZ also contains astrocytes
that lack a radial process, termed horizontal astrocytes (Filippov et al., 2003; Seri
et al., 2004). It is unclear whether these astrocytes can also act as primary precur-
sors for new neurons. The protein nestin, a marker of immature neural precursor
cells, is expressed in radial astrocytes and not in horizontal astrocytes in the SGZ,
while S100p, a calcium-binding protein expressed in some astrocytes, exhibits the
opposite pattern (Seri et al., 2004). Direct targeting of the nestin-expressing cells in
the SGZ, the radial astrocytes, shows that these cells generate new neurons. Recent
evidence indicates that S100B expression is present in oligodendrocyte progenitors
(Deloulme et al., 2004; Hachem et al., 2005) and these could perhaps function as
precursors for new oligodendrocytes in the hilus. However, in the absence of
experimental methods for selectively marking horizontal astrocytes, the potential
functional differences between these populations have not yet been investigated.

2.1.3 Experimental Identification of Stem Cells

A series of experiments in vitro and in vivo have determined that the astrocytes
present in the SVZ and SGZ function as primary progenitors for the generation of
new neurons in the adult brain. The first evidence that some of these progenitors
had characteristics of stem cells came from reports that SVZ cells, when cultured
with high concentrations of growth factors under nonadherent conditions, could
form self-renewing colonies called neurospheres (Reynolds and Weiss, 1992;
Morshead et al., 1994; Gage et al., 1995; Weiss et al., 1996). These cells, if sub-
jected to growth factor removal, formed neurons, astrocytes, and oligodendrocytes,
suggesting that these self-renewing cells were also multipotent. This ability to
behave as a stem cell in vitro was later demonstrated specifically with astrocytes
derived from the SVZ in rodents and humans (Doetsch et al., 1999b; Laywell et al.,
2000; Sanai et al., 2004). However, formation of neurospheres may not necessarily
reflect a role as a primary progenitor in vivo: Multiple neurospheres can also be
derived from transit-amplifying (type C) progenitors (discussed in Sect. 2.2.3) and
oligodendrocyte precursors (Kondo and Raff, 2000; Doetsch et al., 2002; Nunes et
al., 2003). These experiments indicated that both primary (type B cells) and sec-
ondary progenitors (type C cells and oligodendrocyte precursors) could function as
neural stem cells in vitro when exposed to exogenous growth factors. As indicated
earlier, whether similar cells exist in the adult SGZ remains controversial (Gage et
al., 1998; Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005).

SVZ and SGZ astrocytes were shown to be primary precursors in vivo through the
following experiments: (1) long-term proliferation marker retention; (2) retroviral
labeling and fate mapping; (3) survival of antimitotic treatment and regeneration of
the germinal layer; and (4) ablation via genetic targeting of astrocytes. Doetsch et al.
examined the cells within the SVZ that retain markers of DNA synthesis over long
periods of time, indicating the relatively slow cycling time expected of stem cells
(Doetsch et al., 1999b). By coupling the administration of tritiated thymidine with
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electron microscopy analysis, they demonstrated that the only label-retaining cells in
the SVZ at long time intervals after administration were GFAP-positive astrocytes. To
further demonstrate that these astrocytes can act as neuronal precursors in normal
brain, the authors carried out lineage tracing experiments using adult GFAP-Tva
mice, which express the receptor for avian leukosis virus under the GFAP promoter.
In these mice, the injection of replication-competent avian leukosis virus encoding
alkaline phosphatase (RCAS-AP) resulted in specific labeling of GFAP-expressing
cells. The subsequent progeny of these cells could then be studied via their expression
of alkaline phosphatase. After the administration of this virus, AP-positive SVZ astro-
cytes were observed at 1 day after infection, suggesting that initial infection was
limited to this astrocytic cell population. AP-positive migrating neuroblasts and olfac-
tory bulb interneurons were found at 3.5 and 14 days after infection, respectively,
showing that SVZ astrocytes can give rise to new neurons in the adult brain.
Additional experiments utilizing the antimitotic treatment cytosine-j3-
d-arabinofuranoside (Ara-C) also showed that SVZ astrocytes are capable of regener-
ating this germinal region after injury. The administration of Ara-C results in the
elimination of fast-dividing precursor cells (type C cells) and neuroblasts (type A
cells), leaving the ependymal cells and slow-dividing astrocytes (type B cells) (Doetsch
et al., 1999a). After Ara-C administration, GFAP-positive astrocytes in the SVZ divide
and give rise first to type C cells and subsequently to type A cells, regenerating the
germinal zone over a period of 14 days. While SVZ astrocytes and their progeny
incorporate bromodeoxyuridine (BrdU), indicating DNA synthesis and division, the
ependymal cells that remain after Ara-C administration are not BrdU positive, arguing
that these cells do not act as neural stem cells (Doetsch et al., 1999b). Other more
recent studies also indicate that ependymal cells do not divide or function as neural
stem cells (Chiasson et al., 1999; Capela and Temple, 2002; Spassky et al., 2005).
The characterization of SGZ astrocytes was carried out using methods similar to
those described earlier. Seri et al. demonstrated that after antimitotic administra-
tion, dividing type D cells are absent from the SGZ, while some type B astrocytes
remain (Seri et al., 2001). These cells subsequently divide, giving rise to type D
cells, which act as transient secondary precursors for new GCL neurons. In addi-
tion, retroviral lineage tracing studies using the GFAP-Tva/RCAS-AP system
demonstrated that infected GFAP-positive progenitors give rise to immature precur-
sors, which ultimately become fully differentiated granule neurons in the dentate
gyrus. Some SGZ astrocytes also retain proliferation markers at long time intervals
after administration, again suggesting that some of these cells normally divide
slowly to maintain the stem-cell pool. In the SGZ, radial astrocytes were observed in
mitoses; these cells appear to divide asymmetrically with one of the daughter cells (the
putative self-renewing progenitor) retaining the radial process (Seri et al., 2004).
The positive identification of SVZ and SGZ astrocytes as neural precursor cells in
vivo was also complemented by a genetic loss-of-function analysis. Sofroniew and
colleagues generated transgenic mice in which Herpes simplex virus thymidine kinase
(HSV-TK) was expressed under the control of the GFAP promoter (Imura et al., 2003;
Morshead et al., 2003; Garcia et al., 2004). In these mice, administration of the antivi-
ral agent ganciclovir resulted in specific ablation of dividing GFAP-expressing cells.
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Upon daily injections of ganciclovir both the SVZ and SGZ in these mice showed a
progressive decrease in the number of BrdU-positive cells and the number of cells
staining for polysialic acid-neural cell adhesion molecule (PSA-NCAM), a marker of
neuroblasts. After 21 days of ganciclovir administration and a 14-day recovery period,
the total number of newly generated mature neurons was reduced to 0% and 1.8% of
normal levels in the SVZ and SGZ respectively. These results demonstrate that the
GFAP-positive cells in these regions are required for constitutive neurogenesis, again
suggesting that these GFAP-expressing cells are the progenitors of new neurons.

The identification of GFAP-expressing cells as the progenitors of new neurons
in the adult brain was surprising in part because of the many characteristics these
cells share with astrocytes in other regions of the brain. It was initially expected that
these multipotent cells might instead resemble immature, undifferentiated cells.
However, as previously noted, B cells in both the SVZ and SGZ appear to have
many of the classical features of astrocytes, including the expression of GFAP and
the ultrastructural details that distinguish these cells. What differences exist
between the astrocytes in germinal regions and those in nonneurogenic regions of
the brain, how these apparently differentiated cells generate their transit-amplifying
progeny, and the other structural roles these astrocytes may fulfill in the germinal
zone are discussed in the following section.

2.2 Interactions Within the Stem-Cell Niche

2.2.1 Generation of Intermediate Progenitors

Although neural progenitors resemble developmentally committed astrocytes, they
are capable of giving rise to transit-amplifying progeny, which can (in the SVZ)
divide rapidly to expand the available pool of neural precursors. How this process
occurs is unclear. Do these astrocytes dedifferentiate to divide and produce immature
precursors? Alternatively, can these cells divide while retaining their processes within
the SVZ or SGZ? The answers to these questions have not yet been fully investigated.
It has been suggested that astrocytes that function as neural progenitors are smaller,
have fewer processes or have a less electron-dense, lighter appearance under the
electron microscope (Alvarez-Buylla and Garcia-Verdugo, 2002; Garcia et al., 2004).
Immunostaining of germinal region astrocytes after Ara-C administration, when
higher numbers of these cells incorporate proliferation markers, finds that these pro-
genitors have many morphological characteristics (Doetsch et al., 1999a; Seri et al.,
2001) previously considered markers of mature astrocytes (Privat, 1977). Electron
microscopic analysis in the SGZ by Seri et al. indicates that radial astrocytes retain
their long processes, as well as their contacts with blood vessels and neighboring
cells, upon division (Seri et al., 2004). The ability to divide while maintaining a spe-
cialized morphology is reminiscent of radial glia, the cell type that serves as the stem
cell of developing forebrain and gives rise to the stem cells of the adult SVZ (dis-
cussed in Sect. 2.3). The pattern of division of adult neural stem cells is also unclear
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— unlike studies delineating the pattern of division of embryonic neuroepithelial cells,
it is not known whether astrocytes in the SVZ or SGZ undergo symmetric division to
expand the stem or transit-amplifying cell pool, asymmetric division to produce a
single stem and single transit-amplifying cell, or both.

2.2.2 Effects of the Niche on Proliferative Potential

Cell-extrinsic factors within the niche are thought to have significant effects on the
proliferation and self-renewal of neural stem cells (Alvarez-Buylla and Lim, 2004).
A large number of pathways regulating proliferation and differentiation are thought
to be active in the SVZ and/or SGZ and play various roles in the lineage commitment
and proliferation of primary progenitors, transit-amplifying cells, or neuroblasts. The
precursor cells of the SVZ were first identified by their ability to proliferate in culture
when exposed to high concentrations of epidermal growth factor (EGF) and fibroblast
growth factor (FGF) (Reynolds and Weiss, 1992; Gage et al., 1995; Craig et al., 1996;
Weiss et al., 1996; Gritti et al., 1999). Subsequently, multiple growth factor receptors
have been shown to be expressed in different cell types in the SVZ. The receptors for
FGF and platelet-derived growth factor (PDGF) are thought to be expressed by stem-
cell astrocytes, while the EGF receptor (EGFR) is primarily expressed by transit-
amplifying C cells (Doetsch et al., 2002; Zheng et al., 2004; Jackson et al., 2006).

Other pathways with important functions in development have likewise been
implicated in control of neural progenitor proliferation. Lim et al. demonstrated that
specific bone morphogenetic proteins (BMPs) and their cognate receptors are
expressed by cells in the SVZ. Interestingly, ependymal cells that interact closely with
SVZ Type B cells, and SVZ astrocytes themselves, produce the BMP antagonist
Noggin (Lim et al., 2000; Piccirillo et al., 2006). As BMP signaling appears to inhibit
neurogenesis, the presence of Noggin and BMPs in the SVZ provides a potential
mechanism for controlling the balance between neuronal production and glial dif-
ferentiation by neuronal precursors. In the dentate gyrus, signaling via secreted Wnt
proteins has also been suggested to control neuroblast proliferation and commitment
to a neuronal fate (Lie et al., 2005). Recent studies have also implicated the Notch
and Sonic hedgehog (Shh) pathways in the control of SVZ and/or SGZ cell prolifera-
tion, but the cell type-specific pattern of expression for components of these pathways
has not been fully described (Machold et al., 2003; Ahn and Joyner, 2005; Palma
et al., 2005; Androutsellis-Theotokis et al., 2006; Givogri et al., 2006).

2.2.3 Prolonged EGF Signaling Confers Stem-Like
Characteristics on Transit-Amplifying Cells

Experiments in which EGF was infused into the lateral ventricle had two distinct effects
on the cells in the SVZ, and offer some insight into how the properties of neural
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precursors may be altered in response to elevated mitogenic signaling (Kuhn et al., 1997;
Tropepe et al., 1999; Doetsch et al., 2002; Aguirre et al., 2005). First, EGF infusion
resulted in a significant increase in the proliferation of type C transit-amplifying cells, the
primary EGFR-expressing cell type in this region. This increase in proliferation was
accompanied by an arrest in neuroblast production and the invasion of labeled SVZ
precursors into adjoining tissue along blood vessels and white matter tracts. Contrary to
the assumption that only SVZ stem cells can form neurospheres in culture, dividing
EGFR-expressing precursors were further shown to be responsible for the majority of
neurosphere production upon culture (Doetsch et al., 2002). These results suggested that,
upon prolonged exposure to elevated EGF, the transit-amplifying cells of the SVZ
undergo self-renewing divisions rather than neuroblast production and more closely
resemble the astrocytic stem cells of this region. In addition to these effects on type C
cells, EGF infusion had a second noticeable effect in the SVZ. Although most EGFR-
expressing cells correspond to type C cells, a limited number of GFAP-expressing cells
also appear to express this receptor. Although GFAP-positive B cells do not exhibit
enhanced proliferation upon EGF infusion, in coronal sections a greater number of
B cells appear to extend processes to touch the lateral ventricle. More recent data from
en-face imaging of the ventricular surface has demonstrated that many B cells normally
extend a small apical process to the ventricular surface (Mirzadeh et al., 2008). These
new observations suggest that the perceived increase in ventricle-contacting astrocytes
may be due to an expansion of the existing apical surface areas of B cells, rather than the
formation of new contacts with the ventricle. The ability of a secondary progenitor-like,
transit-amplifying type C cell to generate neurospheres and behave like a stem cell in
vitro is interesting. It suggests that the transition from type B cell to C cells may not
represent irreversible changes in cell-fate determination. This may also occur with other
secondary progenitors like those present in white matter or in the oligodendrocyte line-
age (Kondo and Raff, 2000; Nunes et al., 2003).

2.2.4 Can All Astrocytes Act as Progenitors?

These studies of the germinal niche environments raise the question of whether the
ability of SVZ and SGZ astrocytes to act as primary progenitors in the generation
of new neurons is due primarily to the effects of their microenvironment. Do all
GFAP-expressing glial cells have latent multipotent potential that can be unlocked
given the proper environmental cues? Experimental evidence indicates that this
prospect is unlikely. While the architecture of the stem-cell niche clearly has sig-
nificant effects on stem-cell proliferation and differentiation, niche-derived signals
do not appear to be sufficient to confer progenitor-like capabilities on nongerminal
astrocytes. Transplantation of parenchymal tissue to the SVZ of adult mice does not
cause these astrocytes to become neurogenic (A. Alvarez-Buylla, unpublished).
Recent evidence also indicates that specific cell-intrinsic differences between ger-
minal center astrocytes and other astrocytes may exist (Imura et al., 2006). Imura
and colleagues demonstrated heterogeneity in marker expression and neurogenic
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potential between two populations of GFAP-expressing cells: astrocytes derived
from the adult SVZ, and astrocytes derived from the cerebral cortex. While SVZ
astrocytes were able to form multipotent neurospheres or exhibit neurogenic poten-
tial under the appropriate culture conditions, astrocytes derived from the cerebral
cortex lacked these capabilities. A similar observation has been made with astrocytes
derived from adult human brain (Sanai et al., 2004). A subpopulation of germinal
zone GFAP-positive astrocytes expresses the cell-surface marker Lewis antigen
(LeX), also known as CD15, a marker previously associated with SVZ neural stem
cells (Capela and Temple, 2002). This LeX-positive, GFAP-positive subpopulation
appears to be the primary source of multipotent NSCs, as sorted populations of
LeX-negative GFAP-expressing astrocytes form few multipotent neurospheres in
culture when compared with LeX-positive, GFAP-positive astrocytes (Imura et al.,
2006). LeX-expressing astrocytes were not found in the cerebral cortex, suggesting
that this marker may serve as a means to identify astrocytes with multipotent neu-
rogenic potential and distinguish further functional or phenotypic differences
between germinal zone astrocytes and the larger population of CNS astrocytes. In
addition to LeX, other proteins are also emerging as potential markers of germinal
zone astrocytes, including brain-lipid-binding protein (BLBP), Nestin, and Sox2
(Filippov et al., 2003; Steiner et al., 2006). However, as with stem-cell niches in
other tissues, a combination of markers may be required to define the subpopulation
of adult astrocytes that function as neural stem cells.

2.2.5 Functional Heterogeneity Within Germinal
Astrocyte Populations

It is possible that further subdivisions within the population of neural stem cells may
exist, and that the cell fates of the astrocytes within these germinal regions may be
restricted. There is clear heterogeneity in the pool of intermediate precursors within the
SVZ. Most (or all) C cells are marked by their expression of the transcription factor
Mashl1, and go on to produce neuroblasts (Parras et al., 2004). Apparently, a subpopula-
tion of B cells also express Mashl. A smaller subpopulation of B cells and C cells
express Olig2, a basic helix-loop-helix transcription factor required for the production
of oligodendrocytes and motor neurons (Hack et al., 2005; Menn et al., 2006).

The progenitors of the SVZ normally give rise to multiple types of interneurons
that integrate into different layers in the olfactory bulb. By combining lineage trac-
ing techniques with markers for distinct olfactory interneurons, investigators have
begun to address the question of how different neuronal subtypes are specified in
neuronal progenitors. To date, these studies have focused primarily on Pax6, a
transcription factor that is important in the developmental patterning of multiple
tissues (Gotz et al., 1998; Kohwi et al., 2005). In adult mice, Pax6 is expressed by
a subset of olfactory interneurons, and is also present in the SVZ and RMS.
Intriguingly, SVZ cells lacking Pax6 or expressing a dominant-negative Pax6/
engrailed chimeric protein are largely unable to form dopaminergic periglomerular
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cells (PGCs) in the olfactory bulb. Conversely, overexpression of Pax6 in neuronal
precursors results in the formation of greater numbers of PGCs. It appears that Pax6
has an instructive role in directing neural precursors toward this neuronal fate, sug-
gesting that other factors may exist that lead to the generation of other neuronal
subtypes. The heterogeneous expression of Pax6 in the SVZ and RMS suggests that
neuronal fate specification may occur relatively early in the stem cell — transit
amplifying cell — neuroblast lineage, and is complemented by work showing that
the location of particular SVZ cells within the brain affects the type of neurons they
produce (Merkle et al., 2007). How the location and specific genetic makeup of
particular neural stem cells may affect the fate of their progeny is an exciting area
for future investigation.

In addition to the regulation of cell fate by transcription factors, external signal-
ing may also affect the cell fate of stem cells and their progeny. It has recently been
shown that a subpopulation of SVZ B cells expressing PDGF receptor alpha
(PDGFR) can generate neurons and oligodendrocytes (Jackson et al., 2006).
Interestingly, these PDGFRo+ cells are capable of hyperproliferation upon the
introduction of ectopic PDGF ligand, generating large masses of Olig2-positive
intermediate progenitor-like cells. Upon withdrawal of PDGF, these masses regress
and an increase in oligodendrocyte production is observed, suggesting that PDGF
signaling may affect the balance between neuroblast production and oligodendrocyte
precursor cell production in specific SVZ astrocytes.

2.3 Developmental Lineage of Neural Stem Cells

The origins of adult CNS stem cells, and their relationship to earlier progenitor
cells in the brain, may offer clues to the unique characteristics that distinguish these
germinal astrocytes from other astroglial cells in the brain parenchyma. In addition,
the mechanisms controlling the multipotency and proliferation of these cell types
may suggest how these processes are disrupted in the development of brain tumors,
which exhibit many phenotypic similarities to neural precursor cells.

2.3.1 Stem Cells of the Immature Brain Give Rise
to SVZ Astrocytes

The CNS is generated from the neuroepithelium, which begins as a sheet of primary
progenitor cells that folds together at its edges to form the neural tube. The center
of the neural tube later becomes the ventricular system and spinal canal, and suc-
cessive divisions of neuroepithelial cells at the ventricular surface thicken and
expand the developing brain. Throughout this process, neuroepithelial cells main-
tain contacts with both the ventral and pial surfaces, resulting in radial stretching of
these cells as the brain develops (Haubensak et al., 2004) (Fig. 2.3). At this point
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Fig. 2.3 Neural stem cells throughout development. The stem cells of the developing brain
change their shape and produce distinct progeny as the brain develops. Neuroepithelial cells
(shown at left) are the principal progenitors of the early developing brain. These cells are thought
to give rise to radial glia (center), which begin expressing GFAP during neurogenesis. Radial glia
in turn give rise to the germinal zone astrocytes of the mature brain (shown at right) in addition to
parenchymal astrocytes, oligodendrocytes, and ependymal cells. The astrocytes of the SVZ,
whose architecture has been characterized in the greatest detail, are shown here. Both neuroepi-
thelial cells and radial glia maintain contacts with both the ventral surface (solid line) and pial
surface (dashed line) of the brain, and project a single cilium into the developing ventricle. In
contrast, SVZ astrocytes, which also often project a single cilium, do not contact the pial surface,
although many appear to extend a radial process into adjoining tissue. Instead, as shown in Fig.
2.1, these cells often contact the basal lamina of blood vessels.

in development, the progenitor cells do not express GFAP. At the time of neurogen-
esis, the neuroepithelial cells are thought to gradually transform into radial glial
cells, the principal progenitor of the forebrain. These cells also have a long radial
process that contacts the pial surface of the brain, and divide in the ventricular zone
much like neuroepithelial cells (Noctor et al., 2001, 2002, 2004; Anthony et al.,
2004; Gotz and Huttner, 2005). During the onset of neurogenesis, these cells also
begin to express cytoskeletal and cell-surface markers typical of astrocytes, includ-
ing GFAP (Imura et al., 2003). Radial glia and neuroepithelial cells share many
characteristics, including the maintenance of some features of apical-basal polarity
and the expression of the intermediate filament protein nestin (Alvarez-Buylla et
al., 2001). Because of these shared characteristics and similar patterns of division,
it is likely that neuroepithelial cells transform directly into radial glial cells.
However, this transformation has not yet been experimentally demonstrated.
Radial glial cells also share many features with germinal zone astrocytes, particu-
larly the astrocytes of the SVZ. Both radial glia and germinal astrocytes occupy the
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same region of the brain at different developmental times, and some SVZ astrocytes
maintain a long radial process similar to that of radial glia. In songbirds and other
organisms, a subset of radial glia remain neurogenic during adult life (Alvarez-Buylla
et al., 1990; Garcia-Verdugo et al., 2002; Russo et al., 2004; Zupanc, 2006). In mam-
mals, this function appears to be carried out instead by the germinal zone astrocytes,
which are derived from radial glia. Experiments using a Cre-lox-based strategy to
specifically label neonatal radial glia showed that these cells give rise to multiple cell
types, including the astrocytes of the SVZ (Merkle et al., 2004). These results suggest
that adult neural stem cells are part of a continuous lineage that begins with neuroepi-
thelial cells, continues through radial glia, and results in germinal zone astrocytes.

The origin of SGZ astrocytes that function as neural progenitors in the adult
brain has not been determined experimentally. However, here too a connection to
radial glial cells has been hypothesized (Seri et al., 2004). In fact work in the 1970s
and 1980s, when the astrocytic nature of primary precursors in the postnatal brain
had not been yet recognized, suggested that radial astrocytes in the dentate gyrus
are derived from radial glia within the part of the ventricular zone that contributes
to the hippocampus (Eckenhoff and Rakic, 1984).

2.3.2 Restriction of Stem-Cell Potential Over Time

Although neuroepithelial cells and radial glia have common characteristics with
adult neural stem cells, one fundamental question with significant therapeutic
implications is whether adult stem cells retain the capacity to generate earlier-born
cell types. Throughout development, the various neural stem-cell types change their
morphology and give rise to different types of progeny. At least some of this com-
mitment appears to be specified by an intrinsic developmental program, as progeni-
tors grown in culture proceed along a schedule of development that is synchronous
with what has been described in vivo (Shen et al., 2006). This program does appear
to be unidirectional, as coculture of older progenitors with younger cells does not
allow these progenitors to generate earlier-born cell types. Likewise, older progenitors
appear to produce a more limited repertoire of cell types than younger progenitors
upon transplantation into the embryonic brain. The mechanisms that contribute to
restriction of neural stem-cell potential over time are largely unknown, but likely
include both genetic and epigenetic changes as well as potential cell-extrinsic cues.
In Drosophila, a series of transcription factors that are sequentially expressed dur-
ing neuroblast lineage development have been identified, illuminating a potential
cell-intrinsic mechanism for restricting progenitor fate over time (Pearson and Doe,
2003, 2004). However, in the development of the mammalian cortex, heterochronic
transplants of younger progenitors into older tissue indicate that the specification
of particular neural progeny is controlled at least in part by environmental, cell-
extrinsic factors (reviewed in Pearson and Doe (2004)). How the fate specification
of adult germinal zone astrocytes might be reprogrammed for therapeutic use is a
question that is open to investigation.
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Fig. 2.4 Neural precursors and tumorigenesis. Although the cell-of-origin for adult neural tumors
has not been identified, the identification of “tumor stem cells,” which share many characteristics
with neural precursors, has led to speculation that neural tumors (center), such as astrocytomas or
oligodendrogliomas, may occur when oncogenic events affect cells in the neural precursor lineage
(B,C, and NG2+ precursors). At present, it is unclear whether tumors may arise from mutations
affecting primary precursors (such as type B cells in the SVZ), secondary precursors (such as type
C or NG2+ cells), or both. It is also possible that these tumors are derived from mature cells in the
brain (i.e., astrocytes and oligodendrocytes), which “dedifferentiate” as a result of oncogenic
events leading to tumor development, and therefore resemble precursor cells. To date there is little
direct evidence favoring either of these two models, and both therefore remain speculative.

2.3.3 Astrocytic Stem Cells and Tumor Stem Cells

Tumors of the CNS share several characteristics with adult neural stem cells and
their immediate progeny, transit amplifying cells: expression of similar immunohis-
tochemical markers, high proliferative potential, and the ability to migrate and
invade tissue adjacent to the germinal zone (Sanai et al., 2005; Vescovi et al., 2006)
(Fig. 2.4). The identification of SVZ and SGZ astrocytes as neural precursors
within the adult brain introduced the possibility that, rather than involving dedif-
ferentiation of mature cells, brain tumors might arise when neural stem or precursor
cells sustained mutations that resulted in uncontrolled proliferation. Infusion of
EGF or PDGF into the lateral ventricle of the adult brain, as noted above, results in
elevated proliferation of progenitor cells and the production of highly invasive cells
or glioma-like masses (Doetsch et al., 2002; Jackson et al., 2006). In addition,
mouse models in which progenitor cells express high levels of PDGF or EGF
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result in the formation of tumors that resemble human gliomas (Holland et al.,
1998; Dai et al., 2001; Assanah et al., 2006). Finally, it has been observed that mice
lacking the tumor suppressors p53 and Nfl in the CNS develop early lesions associ-
ated with the SVZ that progress to tumors resembling human malignant astrocyto-
mas (Zhu et al., 2005).

Multiple groups have also reported the isolation of a particular subpopulation
of cells from human gliomas. These cells are self-renewing and multipotent in
vitro, and have (somewhat controversially) been named tumor stem cells (Singh
et al., 2003, 2004; Galli et al., 2004; Yuan et al., 2004). This subpopulation effi-
ciently gives rise to tumors when transplanted into mice, suggesting that these
cells may be responsible for tumor growth. Further, traditional therapies such as
radiation, which target rapidly dividing cells, appear to spare this relatively quies-
cent stem-cell population, thereby failing to prevent tumor recurrence (Bao et al.,
2006). In contrast, treatment of this tumor stem-cell population with BMPs, which
limit the proliferation of normal stem cells, also blocks the ability of these cells to
form tumors upon transplantation (Piccirillo et al., 2006). Studies of human
ependymomas also identified a subpopulation of radial glia-like cells within these
tumors that efficiently form tumors upon transplantation. Expression profiling of
these ependymomas suggests that tumors isolated from specific locations retain or
reproduce the developmental profile of radial glia originating from different levels
of the neuroaxis (Taylor et al., 2005). Recent investigations into the effects of
aging on tissue-specific precursor cells, including the astrocyte-like cells of the
SVZ, appear to indicate that adult stem cells may maintain a precarious balance
between proliferation and tumor development. As the organism ages, neural pre-
cursor proliferation appears to be restrained by increased expression of cell-cycle
inhibitors. While cell-cycle inhibition may act to prevent hyperproliferation and
tumor development as oncogenic mutations accumulate in an aging organism, this
inhibition also results in decreased proliferative capacity within the neural pro-
genitor compartment. In aging mice, the cell-cycle inhibitor pl6/INK4A is
expressed at detectable levels in the SVZ, but this expression is absent in younger
mice (Molofsky et al., 2006). Expression of pl6/INK4A has not been observed in
astrocytes in other regions of the brain, although these studies generally have not
focused on samples derived from aging mice. The SVZ precursors in aging mice
deficient for p16 appear to have increased proliferative potential when compared
with wild-type counterparts. pl6/INK4A is frequently lost or mutated in human
gliomas, indicating that disruption of the regulation of proliferative potential,
when coupled with other oncogenic events, can result in cancer (Sanai et al.,
2005). Based on these lines of evidence, it is tempting to speculate that tumor stem
cells may arise from neural precursors that sustain oncogenic mutations. However,
to date no direct evidence about the glioma cell-of-origin exists. It is unclear
whether tumors arise from an aberrant stem cell or whether oncogenic events in
more differentiated progeny endow tumor cells with stem-like characteristics. A
better understanding of the origins and properties of tumor stem cells will be
essential to developing therapies that target these elusive cells.



42 R.A. Thrie, A. Alvarez- Buylla

2.4 Conclusion

Identification of the neural stem cells in the adult brain revealed a surprising fact:
These important progenitors have many of the features of mature astrocytes. In fact,
these cells were identified as astrocytes before their progenitor function was recog-
nized. The astrocytes of the SVZ and SGZ appear to be strongly influenced by their
local microenvironment. Yet, environment alone does not seem to be sufficient to
induce nongerminal astrocytes to behave as neural stem cells, and germinal astro-
cytes also contribute significantly to the niche. Although emerging evidence suggests
that functional differences do exist between germinal zone astrocytes and the larger
population of CNS astrocytes, it is still unclear how these differences are encoded,
and how much heterogeneity exists within the germinal zone population. The
identification of neural stem cells as glia is a significant departure from classical
concepts in neuroscience that separated the glial and neuronal lineages early in
development. The new view of these cells forces us to redraw lineages and place
neural stem cells within what could be considered the core neuroepithelial lineage;
neuroepithelium-radial glia-germinal astrocytes. Our recently improved understand-
ing of neural stem cells should facilitate molecular studies to further characterize
these cells, which escaped identification for many decades with their glial disguise.
The description of the glial properties of neural progenitors raises many interesting
questions: What makes these cells unique? How do these cells change with time?
How is their proliferation and differentiation regulated? Answers to these questions
will likely have important implications for understanding brain development, brain
cancer, and the treatment of neurodegenerative disease.
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Astrocytes are the most numerous glial cells. They fulfill a wide variety of vital
functions, being in essence the wardens and governors of brain homeostasis.
Astrocytes are integrated into a syncytium, being thus able to exchange mole-
cules, and produce long-range signaling in a form of propagating Ca** waves.
Astroglial cells are potentially capable to express virtually all types of neuro-
transmitter receptors known so far. These receptors can be activated by synapti-
cally released neurotransmitters, by “glio” transmitters or by molecules diffusing
in the brain extracellular space (volume transmitters). This chapter provides a
concise summary of the properties of the main types of neurotransmitter recep-
tors operative in astroglial cells.
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3.1 Introduction

The nervous system is built by two cellular circuits represented by synaptically
connected neuronal network and a complex web of glial cells (Retzius, 1890-
1916; Golgi, 1903; Ramon y Cajal, 1909; Kettenmann and Ransom, 2005;
Volterra and Meldolesi, 2005; Verkhratsky, 2006a). Neurons communicate via
rapidly propagating electrical signals, the action potentials, which are generated
by their excitable plasmalemma. At the level of synaptic contacts action poten-
tials are converted into chemical signals; this process is accomplished through
Ca?*-dependent vesicular release of neurotransmitters from the presynaptic termi-
nal (Katz and Miledi, 1967a, b, 1970). On the postsynaptic level this chemical
signal carried by neurotransmitter is once more converted into either electrical
excitation or into metabolic cytoplasmic signals, thus realizing information trans-
fer in neuronal networks.

Glial cells, although being unable to generate plasmalemmal action poten-
tials, communicate through intracellular routes, utilizing excitability of endo-
plasmic reticulum (ER) membrane, which underlies propagating Ca** waves
(Verkhratsky and Kettenmann, 1996; Verkhratsky et al., 1998; Verkhratsky,
2006b; Verkhratsky and Toescu, 2006) or else directly communicating through
gap junctions, which integrate glia into three-dimensional web (Dermietzel and
Spray, 1993; Dermietzel, 1998). At the same time, glial cells are endowed with
a full complement of membrane channels and neurotransmitter receptors
(Verkhratsky and Steinhauser, 2000); further, glia are capable of releasing neu-
rotransmitters via several regulated pathways, including exocytosis (Volterra
and Meldolesi, 2005). These mechanisms are central for integration within
neuronal—glial circuits.

Astrocytes are the most numerous cells in the human brain. The evolution of the
central nervous system (CNS) went not only through an increase in the brain vol-
ume and numbers of neurons, but also through an incredible advance in the number
and complexity of astroglia. The glial to neuron ratio in human cortex is ~1.65 : 1,
whereas in rodents the same index is barely reaching 0.3 : 1 (Nedergaard et al.,
2003; Sherwood et al., 2006). Similarly, complexity of human protoplasmic astro-
cytes, each of which enwraps up to 2-million synapses, is immensely higher com-
paring to rodents, where every astrocyte is contacting ~100,000 synapses (Oberheim
et al., 2006). As a result, the astroglial syncytium is controlling and influencing
neuronal networks, being responsible for as yet unknown but certainly quite impor-
tant part of integrative processes in the CNS.

Discovery of glial expression of neurotransmitter receptors with first observa-
tions published at the beginning of 1980s (Bowman and Kimelberg, 1984;
Kettenmann et al., 1984a, b) was fundamental for the development of the neurobiol-
ogy of glia. In the present essay I provide a concise overview of the main types of
receptors expressed in astrocytes; some features of these receptors are summarized
in Table 3.1.
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Table 3.1 Neurotransmitter receptors in astroglial cells

Properties/physiological
Receptor type | effect Localization in situ References

Ionotropic receptors

A. Glutamate receptors

AMPA Na*/K* channels Ubiquitous (grey mat- | (Steinhéuser and
receptors ter in hippocampus, Gallo, 1996;
Na*/K*/Ca** channels cortex, cerebellum, Gallo and Ghiani,
white matter), 2000; Verkhratsky
Activation triggers cationic | Bergmann glial cells, and Steinhauser,
current and cell depolariza- | immature astrocytes 2000; Seifert and
tion Steinhauser, 2001)
NMDA Na*/K*/Ca* channels Cortex, spinal cord (Conti et al., 1996;
receptors Activation triggers inward Ziak et al., 1998;
Ca?/Na* current, cell depo- Schipke et al., 2001;
larization and substantial Lalo et al., 2006)
Ca* entry
B. GABA, CI- channel Ubiquitous (hippoc- (MacVicar et
receptors Activation triggers C1~ ampus, cortex, cer- al., 1989; von
efflux and cell depolariza- ebellum, optic nerve, Blankenfeld and
tion spinal cord, pituitary Kettenmann, 1991;
gland) Fraser

et al., 1994; Muller
et al., 1994; Pastor

et al., 1995)
C. P2X (ATP) | Na*/K*/Ca* channels P2X, _y Teceptor mol- (Walz et al., 1994,
purinorecep- ecules expressed in Franke et al., 2001;
tors the hippocampus and Kukley
nucleus accumbens; et al., 2001)
functional currents
found in cultured astro-
cytes, in acutely iso-
lated cortical astrocytes
Activation triggers cationic | P2X_ receptors are (Ballerini et al.,
current, cell depolarization found in retinal Miiller | 1996; Sun et al.,
and may cause substantial cells and in many 1999; Chakfe et al.,
Ca?* entry types of cultured astro- |2002; Suadicani
cytes et al., 2006)
D. Glycine CI- channel Spinal cord (Kirchhoff et al.,
receptors Activation triggers ClI- efflux 1996; Oertel
and cell depolarization et al., 2007)
E. Nicotinic Na*/K*/Ca®* channels Hippocampus, cortex, | (Sharma and
cholinorecep- cerebellum(?) Vijayaraghavan,
tors 2001; Teaktong

et al., 2003, 2004a,
2004b; Yu et al.,
2005)

(continued)
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Receptor type

Properties/physiological
effect

Localization in situ

References

Metabotropic receptors

A. Glutamate

Group I (mGluRsl1, 5) con-

Ubiquitous; mGluR3

(Kirischuk et al.,

from the ER(?)

receptors trol PLC, IP, and mGIuRS5 are the 1999; Tamaru
(mGluRs) production and Ca** release | most abundant et al., 2001)

from the ER

Group II (mGluRs2, 3) and

Group III (mGluRs4, 6, 7)

control synthesis of cAMP
B. GABA, Control PLC, IP, Hippocampus (Kang et al., 1998;
receptors production and Ca?** release Charles et al., 2003)

C. Adenosine
receptors A,
A, A,

A, receptors control PLC,
IP, production and Ca*
release from the ER

A receptor increase cAMP

Hippocampus, cortex

(Porter and
McCarthy, 1995b;
Pilitsis and
Kimelberg, 1998)

receptors
o, AR, 0,AR

BAR, B,AR

tion and Ca?* release from
the ER

Control glial-cell prolifera-
tion and astrogliosis; ,ARs
are upregulated in pathol-

ogy

D. P2Y (ATP) | Control PLC, IP, Ubiquitous (Kirischuk et al.,

purinorecep- | production and Ca* release 1995b; Verkhratsky

tors from the ER and Kettenmann,
1996; Verkhratsky
et al., 1998)

E. Adrenergic | Control PLC, IP, produc- | Hippocampus, (Shao and

Bergmann glial cells

Cortex, optic nerve

McCarthy, 1993;
Kirischuk et al.,
1996; Kulik et al.,
1999)

(Sutin and Griffith,
1993; Roy and
Sontheimer, 1995;
Griffith and Sutin,
1996)

pressin recep-
tors

from the ER; may regulate
water channel (aquaporin)

F. Muscarinic | Control PLC, IP, produc- Hippocampus, (Catlin et al.,
cholinorecep- | tion and Ca** release from amygdala 2000; Shelton and
tors mChR the ER McCarthy, 2000;

M -M; Araque et al., 2002)
G. Oxytocin Control PLC, IP, Hypothalamus, (Mittaud et al., 2002;
and vaso- production and Ca?* release | supraoptic nucleus, Hatton, 2004)

other brain regions(?)

H. Vasoactive
intestinal
polypeptide
receptors
(VIPR], 2, 3)

Control PLC, IP3 produc-
tion and Ca®* release from
the ER; control over cAMP
production; may regulate
energy metabolism, expres-
sion of glutamate trans-
porters, induce release of
cytokines and promotes
proliferation

Supraoptic nucleus;
other brain regions(?)

(Olah et al., 1994,
Ashur-Fabian et al.,
1997; Grimaldi and
Cavallaro, 1999)

(continued)
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Receptor type

Properties/physiological
effect

Localization in situ

References

1. Serotonin

Increase in cAMP, energy

Neocortex, corpus cal-

(Carson et al., 1996;

2

channels; modulation of
Na*/K* ATPase

in cerebellum and sub-
cortical areas)

receptors metabolism losum, hippocampal Xu and Pandey,
5-HT,,, fissure and hilus, amy- | 2000; Maxishima
5-HT,,, gdala and spinal cord et al., 2001)
5-HT_,

J. Angiotentsin | Control PLC, IP, produc- White matter (optic (Sumners et al.,
receptors AT, |tion and Ca** release from nerve, corpus callo- 1994; Gebke et al.,
AT the ER; inhibition of K* sum, white mater tracts | 1998; Muscella

et al., 2000; Montiel-
Herrera et al., 2006)

K. Bradykinin
receptors B,
B

2

Control PLC, IP, produc-
tion and Ca* release from
the ER

Only in cultured astro-
cytes

(Gimpl et al., 1992)

receptors D,
D

2

Trigger Ca?* signals

L. Thyrotropic- | ? Spinal cord (Fernandez-Agullo,
releasing 2001)
hormone
receptors,
TRH,
M. Opiod Inhibition of DNA syn- Hippocampus (Eriksson et al.,
receptors, thesis, proliferation and 1993; Hauser et al.,
TR growth, inhibition of cAMP 1996)
production, regulation of
Ca?* channels
N. Histamine | Control PLC, IP, produc- Hippocampus, (Inagaki et al., 1989;
receptors, H, | tion and Ca* release from cerebellum Fukui et al., 1991;
H, the ER Kirischuk et al.,
Control synthesis of cAMP 1996)
O. Dopamine | Control synthesis of cAMP | Cortex (Khan et al., 2001)

3.2 Glutamate Receptors

3.2.1 Ionotropic Receptors

Initial observation of glutamate-mediated activation of glial cells was made in
1984, when electrophysiological recordings showed that externally applied excita-
tory amino acids (glutamate and aspartate) depolarized astrocytes and oligodendro-
cytes maintained in cell culture (Bowman and Kimelberg, 1984; Kettenmann et al.,
1984a, b). Subsequently glial glutamate receptors were identified in astroglia
throughout the brain (Steinhauser and Gallo, 1996; Condorelli et al., 1999; Seifert
and Steinhauser, 2001). Ionotropic glutamate receptors (GluRs) are represented by
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three main families, which have a distinct molecular structure and specific pharma-
cological properties. These three families are designated as -amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), kainate (KA) and N-methyl-d-aspartate
(NMDA) receptors, which all belong to a broad family of cationic ligand-operated
channels (for review see Wisden and Seeburg (1993), Mayer and Armstrong (2004)
and Mayer (2005)).

AMPA receptors were the first to be identified in astroglia, and they represent the
dominant ionotropic glutamate receptor present in astrocytes. The functional prop-
erties of AMPA receptors are determined by their assembly from four receptor
subunits, GluR1-GluR4, encoded by distinct genes (Wisden and Seeburg, 1993;
Hollmann and Heinemann, 1994); further diversity is brought by alternative splic-
ing and mRNA editing (Seeburg et al., 1998). AMPA receptors constructed from
four main subunits were found in astroglial cells throughout the brain, including
hippocampus, cerebellum, neocortex and retina (Gallo and Ghiani, 2000; Verkhratsky
and Steinhauser, 2000; Seifert and Steinhauser, 2001). Importantly many types of
glial cells do not express the GIuR2 subunit, which determines the Ca?* imperme-
ability of the receptor. As a result astroglial AMPA receptors are often Ca?* perme-
able, with fractional Ca*" currents reaching ~4% (Burnashev, 1998). Activation of
these Ca*" permeable receptors triggers thus appreciable Ca** signals, which were
characterized in several types of astrocytes (Enkvist et al., 1989; Glaum et al., 1990;
Muller et al., 1992; Jabs et al., 1994; Porter and McCarthy, 1995a).

The second type of ionotropic glutamate receptor, the kainate receptor, is con-
structed from five subunits, the KA1 and KA2 and GluR5-7 (Lerma, 2003). All five
subunits were identified in certain types of astroglial cells (e.g. in bovine corpus
callosum or in rodent perivascular astrocytes) at either the mRNA or the protein
level (Garcia-Barcina and Matute, 1996; Brand-Schieber et al., 2004), although
there are no evidence for functional activation of these receptors in astroglia.

Astroglial expression of the third type of ionotropic glutamate receptors, the
NMDA receptors was denied for a long time. Conceptually the NMDA receptors
were believed to be exclusively present in neurons, where they act as a molecular
substrate for learning and memory through their established role in controlling syn-
aptic plasticity (Malenka and Nicoll, 1993). This belief had a solid foundation, as
indeed NMDA receptors, by virtue of Mg?* block (Mayer et al., 1984; Nowak et al.,
1984) being unavailable for activation at negative membrane potentials. This block
can be relieved by cell depolarization into the region of ~—40 mV, which makes
neuronal NMDA receptors perfect coincidence detectors. Glial cell-membrane
potential, however, is characteristically set at about —80 mV; high densities of K*
channels make substantial depolarization almost impossible. As a consequence it
was generally believed that NMDA receptors in astrocytes cannot be operational.

Nonetheless, reports on astroglial NMDA receptor-mediated responses sporadi-
cally appeared. Several groups had identified presumed NMDA receptor-mediated
activation of cultured radial glial cells, cultured astrocytes (Puro et al., 1996; Lopez
et al., 1997; Nishizaki et al., 1999; Kondoh et al., 2001) and in some in situ prepara-
tions. For example, applications of exogenous NMDA to brain slices triggered
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electrical or [Ca*], responses in the cortical (Schipke et al., 2001), the spinal cord
(Ziak et al., 1998), in a subpopulation of hippocampal astrocytes (Steinhauser et al.,
1994; Porter and McCarthy, 1995a) and in cerebellar Bergmann glial cells (Muller
et al., 1993). At the same time expression of NMDA receptor-specific mRNA and
NMDA receptor proteins were detected in cortical astrocytes (Conti et al., 1996;
Schipke et al., 2001).

Only recently, however, astroglial expression of functional NMDA receptors
was confirmed in experiments on cortical astrocytes isolated from genetically
modified mice, in which astrocytes expressed green fluorescent protein. Such a
model allows unambiguous identification of astrocytes either acutely isolated from
or residing in brain slices. Individual astrocytes, obtained by nonenzymatic vibro-
dissection procedure, were voltage-clamped almost immediately after isolation. In
these cells externally applied NMDA activated currents sensitive to glycine and
NMDA receptor antagonists MK-801 and d-2-amino-phosphonopentanoic acid
(D-AP-5) (Lalo et al., 2006). The same antagonists inhibited a sizable fraction of
currents triggered by the application of glutamate. When “green” astrocytes were
voltage-clamped in slices, the NMDA-mediated postsynaptic currents activated by
electrical stimulation of neuronal afferents were recorded (Lalo et al., 2006).
Importantly, NMDA receptors expressed in astrocytes were also able to produce
spontaneous (“miniature”) excitatory postsynaptic currents in slice preparation,
indicating that some of these receptors are clustered in a close proximity to the sites
of glutamate release from presynaptic terminals (Lalo et al., 2006; Verkhratsky and
Kirchhoft, 2007). Thus, it is without question that cortical astrocytes express func-
tional NMDA receptors. The degree to which this is a uniform property of these glia
in different brain regions requires further examination.

Astroglial NMDA receptors were fundamentally different from neuronal ones,
as they had a very weak (if any) Mg?* block. Both NMDA-activated currents in
isolated cells and synaptically activated NMDA currents in astrocytes in cortical
slices were recorded at negative membrane potentials (—80 mV) in the presence of
physiological concentrations of Mg?*; furthermore elevation of extracellular Mg
up to 4-10 mM did not affect these current responses (Lalo et al., 2006).
Incidentally, NMDA-induced currents and intracellular Ca?* responses were also
recorded from oligodendrocytes (Karadottir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006), where they also showed weak Mg?* block. The molecular basis
for low Mg?* sensitivity of glial NMDA receptors remains unexplained; it may
result, for example, from a specific expression of NR3 NMDA receptor subunits
(expression of these subunits was identified in oligodendroglia, but hitherto not in
astrocytes).

Physiological and pathological potential of astroglial NMDA receptors is yet to
be explored. They can be important for neuronal—-glial communications, especially
keeping in mind close apposition of astroglial NMDA receptors and sites of gluta-
mate release, and much higher sensitivity of NMDA receptors to glutamate com-
paring with AMPA receptors (see Verkhratsky and Kirchhoff (2007)), and for
astroglial excitotoxicity.
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3.2.2 Metabotropic Receptors

Metabotropic glutamate receptors (mGluRs) are classical seven-transmembrane-
domain, G-protein-coupled receptors, represented by eight genetically distinct mem-
bers, mGluR1-mGluR8 (Nakanishi, 1994; Ferraguti and Shigemoto, 2006). These
eight receptors are classified into three functionally different groups. Metabotropic
glutamate receptors of group I include mGluR1 and mGIuRS, which are coupled to
phospholipase C (PLC) and synthesis of 1,4,5-inositol-trisphosphate (IP,) and dia-
cylglycerol (DAG). Metabotropic receptors of group I (mGluRs 2 and 3) and group
IIT (mGluRs 4, 6, 7, 8) control adenylate cyclase. Astroglial cells express mGluR3
and 5 in abundance; although other types of metabotropic receptors are also present
in astroglial cells throughout the brain, they are much less characterized. The
mGluRs3 and 5 were identified in astrocytes in situ, in astroglial processes (Petralia
et al., 1996; Aronica et al., 2000; Tamaru et al., 2001). Activation of mGIluRS5 trig-
gers cytosolic Ca* signaling through the stimulation of IP.-induced Ca* release
from the ER Ca?* store; these Ca?* signals do not require extracellular Ca** and are
sensitive to inhibitors of ER Ca?* accumulation via store-specific Ca**-adenosine
5’-triphosphate (ATP)ase, thapsigargin or cyclopiazonic acid, and to heparin, which
blocks IP, receptors residing in the ER membrane (Kirischuk et al., 1999). In fact,
in Bergmann glial cells, the mGIuR5 represents the main route for Ca** signal gen-
eration following stimulation with glutamate, as Ca®* entry through AMPA receptors
is rather limited because of rapid desensitization (Kirischuk et al., 1999).

3.3 GABA Receptors

3.3.1 Ionotropic Receptors

The ionotropic y-aminobutyric acid (GABA) receptors of GABA, type are present
in many types of astrocytes in culture and in situ (Fraser et al., 1994; Verkhratsky
and Steinhauser, 2000). In the latter preparation GABA-mediated currents were
identified throughout the brain, which included hippocampus, cerebellum, pituitary
gland, optic nerve, retina and spinal cord (Verkhratsky and Steinhauser, 2000).
Astroglial GABA , receptors are of the classical pentameric type, being in essence a
GABA-gated CI~ channels. Biophysical and pharmacological properties of glial
GABA, receptors are similar to neuronal ones; although, in contrast to neurons,
benzodiazepine inverse agonists potentiated GABA responses in cultured astrocytes
(Backus et al., 1988; Bormann and Kettenmann, 1988). From the point of view of
physiological function, however, glial GABA, receptors are remarkably different
from GABA, receptors in neurons, as GABA-induced activation invariably pro-
duces depolarization of astrocytes. This difference results from the peculiar ion
distribution across astrocyte membrane, as astroglial cells contain much more
CI* than do mature neurons (~35 mM vs. ~3—-5 mM; this high CI~ concentration is
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maintained by the activity of the Na*/K*/2Cl" cotransporter and the ClI/HCO,"
exchanger in glial membranes (Kettenmann, 1990; Kimelberg, 1990), and therefore
the equilibrium potential for CI™ in astrocytes and oligodendrocytes lies around —40
mV, (the ECI™ in neurons is close to =70 mV). As a consequence, activation of
GABA, receptors in glial cells triggers efflux of CI~ ions and cell depolarization
(MacVicar et al., 1989; von Blankenfeld and Kettenmann, 1991). The functional
significance of astroglial GABA , receptors remains enigmatic. These receptors may
be involved in neuronal—glial cross-talk at synaptic level; at least in Bergmann glial
cells GABA , receptors are clustered in membranes enwrapping inhibitory synapses,
thus allowing the glial cell to recognize incoming GABA-mediated signaling. In
addition GABA, receptors may be involved in the regulation of glial proliferation and
differentiation (Fraser et al., 1994) and in the modulation of other ion channels; for
example activation of GABA, receptors was reported to inhibit K* channels, thus
facilitating depolarization (Muller et al., 1994; Pastor et al., 1995).

3.3.2 Metabotropic Receptors

There is sporadic evidence indicating astroglial expression of metabotropic GABA,
receptors. All three GABA, receptor subtypes (GABA,, , GABA,  and GABA,),
for example, were detected in astroglial processes in CAl area of hippocampus
(Charles et al., 2003). Presumed GABA -mediated Ca** signals originating from
intracellular stores were detected in cultured astrocytes (Nilsson et al., 1993) and in

astrocytes in hippocampal slices (Kang et al., 1998).

3.4 Purinoreceptors

3.4.1 Ionotropic Receptors

The ATP, discovered in 1929 by Karl Lohman, Cyrus Hartwell Fiske and
Yellagaprada SubbaRow (Fiske and SubbaRow, 1929; Lohmann, 1929), acts as an
important extracellular signaling molecule. In the CNS, ATP can be released from
synaptic terminals, either on its own or together with other neurotransmitters
(Bodin and Burnstock, 2001; North and Verkhratsky, 2006), alternatively ATP can
also be released via large pores formed by volume-sensitive Cl- channels,
hemichannels or P2X purinoreceptors (Darby et al., 2003; North and Verkhratsky,
2006; Suadicani et al., 20006).

The ATP receptors, generally known as P2 receptors (Burnstock, 1978) are rep-
resented by two large families, the ionotropic P2X and metabotropic P2Y receptors
(Abbracchio and Burnstock, 1994; North, 2002). The P2X receptors are classical
ligand-gated cationic channels, which upon ATP binding undergo rapid conforma-
tional change that allows the passage of Na*, K* and Ca?* through the channel pore
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(North, 2002). The P2X receptor’s subfamily comprises seven subunits (P2X —P2X_)
encoded by distinct genes. These subunits may form homo- or heteromeric recep-
tors, with each functional receptors containing at least three monomers (Barrera et
al., 2005; Egan et al., 2006; Roberts et al., 2006). The P2X7 receptor is different from
the rest of the subunits as it does not form heteromers, and its activation may result
in the appearance of a big pore, which allows passage of relatively large (up to 1
kDa) molecules. Functional P2X receptors display relatively high Ca?* permeability
(P PIP o ens ~ 2—12:1 — Pankratov et al. (2002) and Egan et al. (2006)).

Purinergic transmission is particularly important for glia as both microglia and
macroglia can be stimulated by ATP (Kirischuk et al., 1995a, b; Haas et al., 1996;
Cotrina et al., 2000; Fields and Stevens, 2000; Moller et al., 2000). Moreover, ATP
acts as a powerful “glio” transmitter. ATP released from astrocytes can signal onto
the neighboring cells, thus, assisting propagating Ca* waves in astroglial syncy-
tium (Guthrie et al., 1999; Cotrina et al., 2000). The ATP released from astrocytes
can also affect neurons either via activating neuronal P2 receptors (Zhang et al.,
2003) or by providing adenosine, which in turn stimulates neuronal P1 adenosine
receptors (Pascual et al., 2005).

Expression and functional importance of astroglial P2X, . receptors remains
very unclear. The ATP-mediated ion currents were detected in cultured astrocytes
(Walz et al., 1994), and mRNA specific for P2X1 o and P2X6 receptors were found
in the astrocytes from hippocampus and nucleus accumbens (Franke et al., 2001;
Kukley et al., 2001). In our recent experiments (Lalo, Pankratov, Kirchhoff and
Verkhratsky, unpublished) we succeeded in recording P2X-mediated currents in
acutely isolated cortical astrocytes; these currents were sensitive to broad P2X
antagonist PPADS and could be mimicked by P2X agonist o,-methylene-ATP. To
the contrary, when we repeated the same experiments on isolated hippocampal
astrocytes no ATP-evoked currents were detected; similar results were also obtained
by K. Matthias and C. Steinhauser (personal communication).

Astrocytes also express P2X receptors, which are implicated in numerous patho-
logical reactions. These P2X, receptors represent a special class of ionotorpic puri-
noreceptors as (i) they do not form oligomeres with other P2X subunits; (ii) they are
activated by very high (>100 uM) concentrations of ATP and (iii) upon prolonged
activation P2X_ receptors form a large pore that is permeable for molecules with
molecular weight of 800—1,000 Da (Surprenant et al., 1996; Sperlagh et al., 2006).
Expression of P2X receptors in neural cells was for a long time somewhat controver-
sial, as it was generally believed that these receptors are confined to immune cells and
epithelia (Collo et al., 1997). Recent data, however, demonstrated functional expres-
sion of P2X_ receptors in many types of cells from the nervous system, including both
peripheral and central neurons as well as astroglial and microglial cells (see Sperlagh
et al. (2006) for a comprehensive review). Astrocytic expression of P2X, receptors
was confirmed on many levels from mRNA to the functional proteins (see e.g.
Panenka et al., 2001; Fumagalli et al., 2003; Dixon et al., 2004). Activation of P2X7
receptors results in robust cytosolic Ca?* elevation (Ballerini et al., 1996; Sun et al., 1999;
Suadicani et al., 2006), triggers interleukin-1f3 release (Chakfe et al., 2002) and stimu-
lates AKT phopshorylation (Jacques-Silva et al., 2004). Most importantly, however,
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activated P2X_ receptor may form a pathway for release of glutamate and ATP from
astrocytes (Ballerini et al., 1996; Duan et al., 2003), which may have important patho-
logical consequences (e.g., exacerbation of excitotoxicity).

3.4.2 Metabotropic Receptors

Metabotropic P2Y receptors are classical seven-transmembrane-domain metabo-
tropic receptors coupled to G proteins. These receptors are represented by at least
ten subtypes, out of which P2Y1, P2Y2, P2Y6, PZYH, P2Y12, P2Y13 and P2Yl , are
detected in the mammalian brain (Illes and Ribeiro, 2004). In astrocytes the ATP-
mediated signaling predominantly occurs through metabotropic P2Y receptors,
which control intracellular IP -induced Ca* release and are instrumental for pro-
ducing propagating Ca?* waves, which serve as a substrate for glial excitability
(Kirischuk et al., 1995b; Verkhratsky et al., 1998). Astroglial expression of various
P2Y subunits has not been investigated in detail.

3.5 Glycine Receptors

Glycine receptors are the members of superfamily of Cys-loop receptors (other
members include nicotinic cholinoreceptors, GABA, and GABA_. receptors and
SHT, ionotropic receptors (Lester et al., 2004)); they are assembled from five subu-
nits, which create a Cl--selective channel. Glycine receptors are expressed in the
astrocytes from spinal cord, where their activation triggers Cl- efflux (Kirchhoff
et al., 1996), and cell depolarization, very similar to GABA A-mediated responses).
Astrocytes from the spinal cord express an unusual BA7 subunit, encoded by exon
7 of the GIrb gene (Oertel et al., 2007). Expression of this subunit does not affect
the channel properties and its functional significance, while physiological role of
glial glycine receptors remains unknown.

3.6 Cholinoreceptors

Main types of acetylcholine receptors (ChRs), the nicotinic (nChRs) and mus-
carinic (mChRs) were detected in astroglial preparations. Functional nChRs, acti-
vation of which triggered Ca?* influx and secondary Ca*-induced Ca*" release,
were hitherto found only in cultured astroglia (Sharma and Vijayaraghavan, 2001).
The nChRs in cultured astrocytes contained o7 subunit, which underlie their Ca?
permeability (Sharma and Vijayaraghavan, 2001; Oikawa, 2005). Expression of o7
subunit was also detected in brain tissue, in hippocampus and temporal cortex, but
not in ventral tegmental area (Jones and Wonnacott, 2004). Astroglial nChRs might



60 A. Verkhratsky

play some, yet unidentified, role in the pathogenesis of Alzheimer’s disease.
Treatment of cultured astrocytes with 3-amyloid(1-42) peptide led to an upregula-
tion of a7, o4 and B2 subunits (Xiu et al., 2005). The total number of astrocytes
positive for o7 subunit and levels of astroglial 0.7 subunit expression was signifi-
cantly higher in the brains of patients, suffering from both family and sporadic
Alzheimer’s disease (Teaktong et al., 2003, 2004b; Yu et al., 2005). Incidentally,
smoking produced an opposite effect, and a significant reduction in o7 immunore-
active astrocytes was detected in the brain tissue of smokers and ex-smokers
(Teaktong et al., 2004a).

Metabotropic ChRs were also detected in the astrocytes both in culture and in
situ. These receptors are generally coupled with PLC and trigger IP,-induced Ca*
release from intracellular stores (Catlin et al., 2000; Shelton and McCarthy, 2000).
In the slice preparation, mChRs can be activated following presynaptic release of
acetylcholine; stimulation of cholinergic terminals in the hippocampus triggered
mChR-mediated Ca?* signals in astrocytes (Araque et al., 2002).

3.7 Adrenergic Receptors

Cultured astrocytes and astrocytes in situ express both o~ (¢ARs) and B- (BARs)
adrenergic receptors (Lerea and McCarthy, 1989; Porter and McCarthy, 1997,
Verkhratsky et al., 1998). The o, ARs are coupled to PLC and trigger IP, formation and
subsequent Ca?* release from the ER (Shao and McCarthy, 1993; Kirischuk et al.,
1996). These receptors can be stimulated synaptically, e.g., in Bergmann glial cells in
cerebellar slices (Kulik et al., 1999). The 0., ARs are present in hippocampal astrocytes,
being concentrated on their perisynaptic processes (Milner et al., 1998). The BARs,
and especially B,ARs, are somehow connected with astrogliosis, as the latter upregu-
lates their expression. This upregulation seems to be functionally relevant, as pharma-
cological inhibition of [_’)ZAR interfered with scar formation (Sutin and Griffith, 1993;
Griffith and Sutin, 1996). The 3, ARs are somehow connected with glycogen synthesis
and may also provide for cyclic adenosine monophosphate (cAMP)-dependent inhibi-
tion of astrocytic K* channels (Roy and Sontheimer, 1995).

3.8 Concluding Remarks

Astrocytes are potentially able to express virtually all types of neurotransmitter
receptors known so far (Table 3.1). Nonetheless in the brain proper this expression
is usually tightly controlled to match transmitters, released in particular brain
regions (Verkhratsky and Kettenmann, 1996; Verkhratsky et al., 1998). This allows
astrocytes to sense the neuronal activity, thus accomplishing neuronal—glial signal-
ing. Furthermore, astroglial receptors can be activated by “glio” transmitters, being
therefore involved in the integrative processes within astroglial syncytium.
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