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Preface

Our understanding of adrenergic function has advanced considerably in the 15
years since three adrenergic receptor books were published in The Receptors
series. In the late 1980s, many of the adrenergic subtypes had not yet been cloned.
Most of the studies during that time focused on traditional pharmacological
approaches in selected tissues and cell lines. We learned about structure–function
relationships through the manipulation of the drug, not the receptor. We
understood that there were multiple subtypes within each class of adrenergic
receptors, but the functions of the subtypes were unclear because they seemed to
control the same signal transduction and biological processes. Molecular cloning
of the receptors led to the realization that there were many different subtypes,
some not previously described by the tissue pharmacology. With the genes of
these receptors in hand, the field has now advanced with more precise experiments
and questions, but it has still suffered from the lack of highly selective
ligands and antibodies. Foreseeing that these limitations would not be overcome
any time in the near future, scientists in the adrenergic receptor field—using
modern genetic approaches—started to redirect their work to answer questions
about structure and function and the possible physiological and patho-
physiological pathways that would be regulated by adrenergic receptors. The
Adrenergic Receptors: In the 21st Century focuses on these modern approaches
and was written by the scientists who developed them to elucidate adrenergic
receptor function.

Dianne M. Perez
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1

Adrenergic Receptors
Historical Perspectives From the 20th Century

David B. Bylund

Summary

During the 20th century, extraordinary progress was made in our under-
standing of adrenergic receptors. This progress was the result of the hard
work and insightful thinking of a remarkable cadre of investigators
throughout the world. A summary of some of the more important devel-
opments is presented two ways: as a summary listing by decade and as
four major, overlapping eras—biochemical, physiological, pharmacologi-
cal, and molecular.

Key Words: α1-Adrenergic receptor; α2-adrenergic receptor; β-adrenergic
receptor; classification; function; history; molecular cloning; pharmacol-
ogy; radioligand binding; structure.

1. Introduction

Adrenergic receptors mediate the central and peripheral actions of the neuro-
hormones norepinephrine and epinephrine. Both of these catecholamine mes-
sengers play important roles in the regulation of diverse physiological systems;
thus, adrenergic receptors are widely distributed throughout the body. Stimula-
tion of adrenergic receptors by catecholamines released from the sympathetic
branch of the autonomic nervous system results in a variety of effects, such as
increased heart rate, regulation of vascular tone, and bronchodilation. In the
central nervous system, adrenergic receptors are involved in many functions,
including memory, learning, alertness, and the response to stress.

During the 20th century, extraordinary progress was made in our understand-
ing of receptors in general and of adrenergic receptors in particular. The century
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dawned with the crystallization of the receptor concept and closed with the
crystallization and determination of the three-dimensional structure of rhodop-
sin. At the start of the century, epinephrine and norepinephrine had not yet been
isolated; by its end, knockout mice were available for all nine adrenergic receptor
subtypes, and clinically relevant polymorphisms were being elucidated. This
progress was the result of the hard work and insightful thinking of a remarkable
cadre of investigators throughout the world. A few of these are mentioned in this
chapter, although most (unfortunately) remain unnamed.

A summary listing by decade of some of the more important developments in
our understanding of adrenergic receptors is given in Table 1. The accomplish-
ments are indeed impressive. I have chosen to divide the century into four major,
overlapping epochs or eras, each named to represent the dominant focus of a
given time period. The century started with the biochemical era, which lasted
until the mid-1960s and resulted in the isolation of many small compounds, such
as norepinephrine, epinephrine, and the second messenger cyclic adenosine 5′-
monophosphate (AMP). This was followed by what I term the physiological era,
from about 1960 to the early 1980s; it was characterized by elegant use of isolated
tissue preparations to elucidate the general characteristics of adrenergic recep-
tors. The pharmacological era, lasting from the mid-1970s to the early 1990s,
included not only the use the physiological techniques of the previous era, but
also, perhaps more important, radioligand-binding techniques to classify, local-
ize, and characterize the types and subtypes of adrenergic receptors based on
their interactions with a rich variety of agonists and antagonists. The molecular
era, which is just now ending, started in the mid-1980s and has seen the charac-
terization of receptors by the molecular biological techniques of cloning, site-
directed mutagenesis, and genetic engineering.

2. The Biochemical Era (1901–1960)
“Tentatively the first kind of receptor has been called the alpha adrenotropic
receptor and the second kind the beta receptor.” (Ahlquist, 1948)

John Jacob Abel, a newly appointed professor of pharmacology at Johns
Hopkins in Baltimore, Maryland, started work on the isolation of epinephrine
about 1896 and by 1901 had a relatively pure preparation. He is generally cred-
ited with isolating the first hormone (1). Starting in the 1920s, Cannon attempted
to identify the chemical transmitter of the sympathetic nervous system (which he
called sympathin) and mistakenly concluded in 1933 that there were two sym-
pathins, sympathin E (excitatory) and sympathin I (inhibitory) (2). This was
partly because he was using a natural preparation, adrenaline, which at that time
was a variable mixture of epinephrine and norepinephrine. It was not until the late
1940s that von Euler finally established that norepinephrine was the predominant
postganglionic neurotransmitter of the sympathetic nervous system (3).
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Table 1
Progress in Understanding Adrenergic Receptors

by Decade of the 20th Century

1901–1910 • Langley proposes that cells have “receptive substances”
• Dale refers to “receptive mechanism for adrenalin”
• Abel isolates epinephrine from the adrenal medulla, the first hormone to be

isolated
1911–1920
1921–1930
1931–1940
1941–1950 • von Euler demonstrates that norepinephrine is the sympathetic neurotransmitter

• Ahlquist defines α− and β-types of adrenergic receptors
1951–1960 • Sutherland discovers cyclic AMP, leading to the second messenger concept
1961–1970 • Sir James Black develops propranolol, the first clinically useful β-antagonist

• Lands defines β1- and β2-subtypes
1971–1980 • Langer defines α1 as postsynaptic and α2 as presynaptic

• Pettinger defines α1- and α2-receptors functionally
• Snyder and Lefkowitz develop radioligand binding assays for most adrenergic

receptors
• Lefkowitz develops the ternary complex model for G protein-coupled receptors

1981–1990 • Khorana clones bacteriorhodopsin, the first of the seven transmembrane
receptors

• Nathans and Hogness clone rhodopsin, the first of the G protein-coupled
receptors

• Arch defines the β3-receptor using pharmacological criteria
• Bylund defines α1, α2, and β as the three types of adrenergic receptors
• Dixon, Strader, and Lefkowitz clone the β2-adrenergic receptor
• Creese proposes α1A- and α1B-subtypes based on radioligand binding
• Bylund defines α2A-, α2B-, and α2C-subtypes using pharmacological criteria
• Lefkowitz clones β1-, α2A-, α2B-, α2A-, α1A-, and α1B-receptors
• Strosberg clones the β3-receptor

1991–2000 • Strader’s laboratory and other laboratories use site-directed mutagenesis to
define ligand-binding site and signaling mechanisms

• Graham and Perez clone α1D

• Transgenic mice developed by several laboratories
• Lefkowitz works out desensitization mechanism involving β-adrenergic

receptor kinase and β-arrestin
• Lowell generates β3-knockout mice
• Kobilka generates β1-, β2-, α2A-, α2B-, and α2C-knockout mice
• Cotecchia generates α1B-knockout mice
• Liggett describes clinically relevant polymorphisms in α2- and β-receptors
• Crystal structure of rhodopsin, a G protein-coupled receptor, determined

This listing represents some of the more important developments (in my opinion) in the
understanding of adrenergic receptors. For purposes of clarity, no attempt was made to be
comprehensive in the citing of laboratories. It is understood that many additional laboratories
were instrumental in the remarkable progress that was made during the 20th century.
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Although the concept of receptors as physical entities that receive and trans-
duce information from hormones, neurotransmitters, and drugs to the cell is axi-
omatic at present, it was not always so. Our current receptor concept had its
beginnings in the work of Langley, who was investigating the action of curare on
skeletal muscle (4). Dale was probably the first to make significant use of the
receptor concept in connection with the sympathetic nervous system. In his clas-
sical article on the sympatholytic action of the ergot alkaloids, he recognized that
what he called the “sympathetic myoneural junction” to denote “the structure
which can be excited either by adrenaline or by impulses” could also be called “the
receptive mechanism for adrenaline.” He used this mechanism to explain the fact
that the ergot alkaloids prevented only the motor (excitatory) actions of epineph-
rine and had no effect on the inhibitory actions of epinephrine (5).

Throughout most of the 20th century, adrenergic receptors were considered to
be “those hypothetical structures or systems located in, on or near the muscle or
gland cell effected by epinephrine” (6). In 1964, de Jongh wrote, “To most
modern pharmacologists the receptors is like a beautiful but remote lady. He has
written her many a letter and quite often she has answered those letters. From
these answers the pharmacologist has built himself an image of this fair lady. He
cannot, however, truly claim ever to have seen her, although one day he may do
so” (7). Remarkably, this view that receptors were more of a concept than a
reality held until well into the 1980s. “Until receptor structure can be defined by
physicochemical methods, it might be wise to remember that receptors are fic-
tions of the human brain, based on observations of biological effects, elicited by
various substances!” (8).

In the 1950s, Sutherland was studying the effect of epinephrine on glycogen
phosphorylase activity in dog liver slices. He found that if he incubated a particu-
late fraction from liver homogenate with epinephrine, a heat-stable factor was
produced that could activate phosphorylase when added back to the supernatant
fraction. He further showed that this heat-stable factor was an adenine ribonucle-
otide (9), which was subsequently identified as cyclic AMP. These studies led to
the concept of the hormone (epinephrine) as the first messenger and cyclic AMP
as the second messenger. “The first messenger in this concept is the hormone or
neurohormone, which is released by stimuli which may be varied and complex
... this first messenger travels to effector cells and causes the release therein of
a second messenger. The only second messenger identified to date is cyclic 3′5′-
AMP, but possibly other second messengers exist, even for the same hormones
that stimulate adenyl cyclase” (10).

Although I have called this time period the biochemical era, one of the most
important developments of the era was the truly seminal studies of Ahlquist using
isolated tissues. He introduced the concept of α- and β-adrenergic receptors in
1948 as a result of studying the effects of catecholamines on a variety of physi-
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ological responses (6). These included contraction and relaxation of the uterus,
dilation of the pupil, and stimulation of myocardial contraction. He demon-
strated that norepinephrine, epinephrine, isoproterenol, methylnorepinephrine,
and methylepinephrine could cause either contraction or relaxation of smooth
muscle, depending on the dose and the site of action. For instance, Ahlquist
reported that isoproterenol and norepinephrine caused smooth muscle relaxation
and contraction, respectively, whereas epinephrine could cause both contraction
and relaxation of smooth muscle.

Based on these observations, Ahlquist proposed that the effects of the amines
were mediated by two distinct receptors, designated α- and β-adrenergic recep-
tors. The β-receptors were defined by the catecholamine potency series isopro-
terenol > epinephrine > norepinephrine, whereas α-receptors were defined by the
series epinephrine = norepinephrine > isoproterenol. The critical concept here
was that receptor subtypes are defined by their pharmacological characteristic,
which is the rank order of agonist (and later antagonist) potencies. Until this time,
the attempts at receptor classification were based on functional criteria such as
contraction vs relaxation. The proposal of receptor subtypes was in stark contrast
to the earlier proposal of sympathin E and sympathin I as distinct transmitter
substances. Ahlquist’s studies laid the foundation for both of the next two eras,
the physiological and pharmacological eras.

3. The Physiological Era (1961–1984)
“What we are allowed to see of a molecule’s properties is totally dependent on
the techniques of bioassay we use.” (Sir James W. Black, Nobel Lecture, 1988)

Ahlquist’s classification of adrenergic receptors into two kinds or types stimu-
lated Black to develop substances with selective β-receptor blocking properties
in a systematic way. Using the isoproterenol molecule as a starting point, Black
and coworkers succeeded in developing the first clinically useful β-receptor
antagonist propranolol in 1964 (11). In addition to the classical Langendorff
preparation, the isolated spontaneously beating guinea pig heart, they developed
a new in vitro assay based on guinea pig cardiac papillary muscle as a way of
measuring the contractile effects of isoproterenol independent of changes in
heart rate. They were astonished to find that, in this preparation, dichloroisopro-
terenol acted as a pure antagonist, whereas in the Langendorff preparation, it was
a full agonist. This was a remarkable early demonstration that the efficacy of
partial agonists can vary dramatically with the assay system.

The paradigm used by Ahlquist for classifying receptors based on their phar-
macological characteristics (i.e., rank order of potency of agonists) was further
developed by Lands and colleagues with the subdivision of the β-adrenergic
receptors into β1- and β2-subtypes (12). The β1-adrenergic receptor, the dominant
receptor in heart and adipose tissue, was equally sensitive to epinephrine and
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norepinephrine, whereas the β2-adrenergic receptor, responsible for relaxation
of vascular, uterine, and airway smooth muscle, was less sensitive to norepineph-
rine compared to epinephrine. At the same time, Furchgott also proposed the
presence of various types of β-adrenergic receptors (13). These studies deter-
mined the dissociation constant for an α- (phentolamine) and β- (pronethalol)
adrenergic receptor blocker in several isolated tissues. “The results will, I
believe, . . . show that there may be various types of beta receptors within the
general class of such receptors.”

In the mid-1950s, Brown and Gillespie measured the levels of sympathin
(norepinephrine) in the venous blood from the cat spleen following nerve stimu-
lation. In the presence of α-adrenergic antagonists (dibenamine or dibenzyline),
the amount of sympathin released was greatly increased (14). This study was
misinterpreted at that time as showing that the adrenergic receptor served as an
important site in the loss of norepinephrine. In the early 1970s, based on studies
in several laboratories utilizing tritiated norepinephrine, both Langer and Starke
and coworkers correctly concluded that these drugs increased the output of nor-
epinephrine elicited by nerve stimulation (15,16). Starke then quickly showed
that phenylephrine caused a dose-dependent inhibition of norepinephrine release
from the isolated rabbit heart, leading to the conclusion of presynaptic regulation
of norepinephrine release mediated by α-adrenergic receptors (17). A few months
later, Langer formalized the concept (18): “These presynaptic receptors would
regulate the transmitter released by nerve stimulation. A negative feedback in-
hibition can be envisaged in which noradrenaline released by nerve stimulation
would itself inhibit further release once a threshold concentration of the transmit-
ter is achieved in the neighborhood of the nerve ending. Block of these receptors
would lead to an increase in release of the transmitter by nerve stimulation.”

This work in turn led to a proposal for the subclassification of the α-adrenergic
receptors based on their anatomical location (19). “These results are compatible
with the view that the pre- and the post-synaptic α receptors are not identical.
Perhaps the postsynaptic α receptor that mediates the response of the effector
organ should be referred to as α-1, while the presynaptic α receptor that regulates
transmitter release should be called α-2.” It was, however, quickly realized that
not all α-receptors with α2 pharmacological characteristics were presynaptic.
Thus, a functional classification of α-adrenergic receptors was proposed with the
excitatory receptors as α1 and the inhibitory receptors as α2 (20). It was noted,
however, that there was a different agonist potency order for the two subtypes.
Although the functional aspect of their proposal turned out not to be generally
applicable, the pharmacological definition based on the rank order of potency of
agonists has prevailed.

It also became apparent that not all of the β-adrenergic receptor-mediated
responses could be classified as either β1 or β2, suggesting the existence of at least
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one additional β subtype, generally referred to as the “atypical” β-adrenergic
receptor. Arch and colleagues (21) in the early 1980s developed a series of β-
adrenergic receptor agonists that selectively stimulated lipolysis in brown
adipocytes, thus showing that the “β adrenergic receptors in rat brown adipocytes
are of neither the β-1 nor β-2 subtype.”

4. The Pharmacological Era (1976–1993)
“The absence of an α1C-adrenoceptor, as with the absence of the 5-HT1C receptor,
may serve as a reminder that the classification of receptors is a nasty business.”
(D. E. Clarke, 1994)

A major new technique of the pharmacological era was the radioligand-bind-
ing technique for characterization of receptors. In the early 1970s, based on
success with labeling the nicotinic cholinergic receptor from the electric organs
of the fish Electrophorus (22) and Torpedo (23), which have an extraordinarily
high receptor density, Goldstein et al. (24) attempted to label the opioid receptor
in mouse brain. He was, however, able to demonstrate only 2% specific binding,
as it turned out, because of the low specific activity of the radioligand. Soon
thereafter, using tritiated and iodinated radioligands of higher specific activity,
Snyder, Lefkowitz, and others demonstrated stereoselective labeling of many
neurotransmitter receptors, including the β-adrenergic receptor in the turkey
erythrocyte (25) and in rat and monkey brain (26,27) and α-adrenergic receptors
in rat brain (28) and uterus (29).

The radioligand-binding technique became a relatively simple and powerful
tool for studying adrenergic and other G protein-coupled receptors, particularly
when vacuum filtration was used to separate bound from free. It was used to
determine the affinity of numerous drugs for these receptors and to characterize
regulatory changes in receptor number and in subcellular localization. As a
result, this assay was widely used by investigators in a variety of ways, including
drug screening by pharmaceutical companies. Although the typical assay used
membrane preparations from tissues and cell lines, the basic technique was also
used to label and thus study receptors in intact cells, solubilized receptors, recep-
tors in tissue slices (by receptor autoradiography), or receptors in intact animals.

One of the most important uses of the radioligand-binding technique was in
the area of receptor classification and the identification of new subtypes. The
quantitative analysis of both β1- and β2-adrenergic receptors in single tissues in
the late 1970s nicely confirmed the β1/β2 classification scheme (30). Similarly,
radioligand-binding studies confirmed the pharmacological definition of α1- and
α2-adrenergic receptors (for review, see ref. 31). In the mid-1980s, Morrow and
Creese (32) suggested the existence of α1A and α1B subtypes based on their
differential affinities for adrenergic agents such as WB4101 and phentolamine
in radioligand-binding assays. This suggestion was confirmed by additional
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radioligand-binding studies showing that the two subtypes had differential sen-
sitivities to the site-directed alkylating agent chloroethylclonidine (33).

The evidence for α2-receptor subtypes came from binding studies in various
tissues and cell lines (34). The α2A and α2B subtypes were initially defined based
on their differential affinities for adrenergic agents such as prazosin and
oxymetazoline (35), and their existence was confirmed by functional studies
(36). The third subtype, α2C, was identified originally in an opossum kidney cell
line using radioligand-binding studies (37). A fourth pharmacological subtype,
the α2D, was identified in the rat and cow (38,39). Subsequently, it was shown that
this pharmacological subtype was a species orthologue of the human α2A sub-
type, and thus it is not considered a separate genetic subtype.

During the second half of the 1980s, when new receptor subtypes were pro-
posed regularly, there was considerable opposition to this seemingly endless
proliferation of subtypes. One reviewer chided the author on this point in the
review of one of his papers in 1987: “Shall we expect proposals for further
equally trivial revisions each time a new ligand is found with very high selectiv-
ity between receptors for which all previously known ligands had only modest
selectivity?” Perhaps the mood at this time is accurately reflected in the cartoon
(Fig. 1) from my 1988 review of α-adrenergic receptor classification (40). In this
cartoon, it should be noted that the investigator is trying to push the “subtypes”
back into the hat, or at least prevent them from popping out, rather than happily
pulling them out.

Fig. 1. A cartoon from 1988 indicating the frustration some investigators felt at the
seemingly endless proliferation of adrenergic receptor subtypes. (From ref. 40; © 1988,
with permission from Elsevier.)
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The mechanism of action of adrenergic receptors includes the activation of
guanine nucleotide regulatory binding proteins (G proteins), and thus members
of this receptor superfamily are also known as G protein-coupled receptors.
Building on work of Rodbell on the effect of guanine nucleotides on the glucagon
receptor (41), the Lefkowitz and Gilman labs found that guanine nucleotides
affected the binding of agonists but not antagonists to the β-adrenergic receptor
(42,43). Extensive radioligand-binding studies led to the ternary complex model
for adrenergic receptors (44), which was extended to other G protein-coupled
receptors. “This model provides a general scheme for the activation by agonists
of adenylate cyclase-coupled receptor systems and also of other systems where
the effector might be different.”

Although adrenergic receptors were originally divided into two major types,
α and β, Bylund suggested in the mid-1980s that the classification scheme should
be revised to accommodate three major types: α1, α2, and β (40). Each of these
three receptor types was further divided into two or three subtypes: α1A, α1B; α2A,
α2B, α2C; β1, β2. The justification for this new classification scheme was based on
three independent lines of evidence (40). The first was that the pharmacological
differences among the main receptor types (α1, α2, and β) were much greater than
among the subtypes (β1 vs β2; α1A vs α1B; etc.). Second, each of the three types
coupled to their effectors through a different family of G proteins: α1 through Gq

to stimulate phosphatidylinositol hydrolysis; α2 through Gi to inhibit adenylate
cyclase; and β through Gs to stimulate adenylate cyclase. Finally, the data from
the molecular cloning of some of the adrenergic receptor subtypes that were just
beginning to emerge clearly indicated that, at the molecular level, the α2-recep-
tors were no more similar to the α1 receptors than they were to the β-receptors.
This classification scheme is now generally accepted.

5. The Molecular Era (1987–2002)
“Studies of transfected receptors tell us what can happen, not what does hap-
pen.” (Lee Limbird, 1990s)

The application of the techniques of molecular biology starting in the mid-
1980s provided for rapid advances in our understanding of adrenergic receptors.
The cloning of the various subtypes confirmed and extended the classification
schemes worked out by pharmacological techniques, and site-directed mutagen-
esis greatly enhanced our insights into the molecular mechanisms of receptor
action. Importantly, the β2-adrenergic receptor quickly became the prototypic G
protein-coupled receptor.

Bacteriorhodopsin was cloned in 1981 (45) and was found to contain seven
putative transmembrane (TM) regions composed of hydrophobic amino acids,
thus making it the first known seven TM protein (46); however, it is a light-driven
proton pump, not a G protein-coupled receptor. The opsin apoprotein of bovine
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rhodopsin was subsequently cloned and also found to have seven putative mem-
brane-spanning regions (47). In 1986, Dixon, Strader, Lefkowitz, and colleagues
cloned the β2-adrenergic receptor using olignucleotide probes based on the
sequence of a CNBr peptide obtained from the β2-receptor purified to homoge-
neity from hamster lung (48). They noted that its predicted amino acid sequence
had significant homology with bovine rhodopsin and suggested that, like the
rhodopsins, the β2-adrenergic receptor possessed multiple membrane-spanning
regions, later shown to be seven. It is now recognized that adrenergic receptors
are seven TM receptors, which consist of a single polypeptide chain with seven
hydrophobic regions that are thought to form α-helical structures and span or
transverse the membrane.

Lefkowitz and colleagues quickly realized the potential existence of a large
family of these seven TM receptors and started cloning other receptors by
homology screening. Using the human β2-adrenergic receptor as a probe, they
isolated a genomic clone called G-21, the first of the “orphan” receptors (49),
which was subsequently shown to be the 5-HT1A receptor (50). This clone in
turn was used as a probe to clone the human β1-adrenergic receptor (51). The
β3-receptor, which had been pharmacologically defined in 1984 (21), was
cloned in 1989 by Strosberg’s lab (52). A β4-receptor has also been postulated
and was even “canonized” by the Adrenergic Receptor Subcommittee of the
IUPHAR Committee on Receptor Nomenclature and Drug Classification in
1998 (53). It has not been cloned, however, and thus definitive evidence of its
existence is lacking. The putative β4-receptor is now thought to be a “state” of
the β1-adrenergic receptor (54).

The α2A-receptor from the human platelet was cloned in 1987 by Lefkowitz’s
group based on the same strategy they used for the β2-adrenergic receptor (55).
The gene was found to be located on chromosome 10, and thus it was subse-
quently called α2-C10. A Southern blot of human genomic deoxyribonucleic
acid (DNA) blotted with a probe from this receptor indicated the existence of
genes homologous to α2A receptor on chromosomes 2 and 4 and suggested that
these might represent other pharmacologically defined α2-receptor subtypes.

A second subtype was cloned two years later from a human kidney comple-
mentary DNA (cDNA) library using the gene for the human α2A-adrenergic
receptor as a probe (56). The gene for this subtype was shown to be located on
human chromosome 4 and thus became known as α2-C4; it was initially identi-
fied as the α2B-pharmacological subtype, although this was later shown to be in
error.

A third α2-subtype was cloned first from a rat kidney cDNA library screened
with an oligonucleotide complementary to a highly conserved region found in all
biogenic amine receptors that had been described up to that time (57). It was
called the α2-RNG (for rat nonglycosylated) and was correctly identified as the
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α2B-subtype. A short time later, the human α2B was cloned from a human genomic
spleen library using the human 5-HT1A receptor gene (G-21) as a probe (58) and
was subsequently shown to be located on chromosome 2, and hence termed α2-
C2. The confusion that existed regarding the relationship of the three cloned
subtypes with the three pharmacologically defined subtypes was put to rest with
a collaboration between the Bylund and Lefkowitz labs in which the binding
characteristics of the three cloned receptors expressed in COS cells were com-
pared in the same assays with the pharmacologically defined native receptors,
which confirmed that C10 was α2A, C2 was α2B, and C4 was α2C (59).

In 1988, just a year after the first α2-receptor was cloned and two years after
the first β-receptor, the α1B-receptor was cloned by the same strategy of isolating
a peptide from the purified receptor (from hamster DDT cells) and screening a
hamster genomic library with the corresponding oligonucleotides (60). A couple
of years later, a second α1-receptor was cloned by first screening a human
genomic library with a probe from the hamster α1B-receptor. Using a probe
isolated from that screening, a bovine brain cDNA library was screened, and a
full length clone was obtained (61). Although it was noted that this clone had
some pharmacological characteristics similar to the α1A-receptor, the authors
felt it was a novel subtype and subsequently identified it as the α1c-subtype.1 A
year later, they isolated a third subtype from a rat cerebral cortex cDNA library,
which they mistakenly identified as the α1a-subtype (62). That same year, Perez
and Graham cloned a receptor from the rat and correctly identified it as an α1D-
subtype (although it was essentially identical to the α1a-subtype cloned by
Lomasney et al.) because it had pharmacological characteristics different from
both the α1A- and α1B-subtypes (63).

Of the nine adrenergic receptor subtypes, the α1D is the only one to be iden-
tified by cloning before characterization pharmacologically. Subsequently, it
was shown that the so-called α1c-receptor was actually the pharmacological α1A

(64,65), and this was formalized by the IUPHAR Adrenergic Receptor Subcom-
mittee (66). The current classification scheme includes the α1A, α1B, and α1D, but
there is no α1C. A fourth pharmacological subtype, the α1L, has been identified in
vascular tissues from several species (67) but may represent a conformational
state of the α1A-receptor (68).

A second technique of molecular biology that proved enormously useful in
understanding adrenergic receptor mechanisms was site-directed mutagenesis,

1 The convention established by IUPHAR was that lowercase letters were used to
denote subtypes identified by cloning (if the pharmacological subtype was not obvious),
whereas uppercase letter were used to denote the pharmacologically defined subtypes.
Once there was general acceptance of the correspondence between the two, the use of the
lowercase letters was discontinued.
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which allows for the alteration or deletion of specific amino acids in a receptor
(see Chapter 2). The first application of this technique, which was then used by
many workers to define ligand-binding site and signaling mechanism, was by the
Strader lab in 1987 (69). Based on a series of deletion mutants of the hamster β2-
adrenergic receptor that showed that most of the hydrophilic residues are not
directly involved in ligand binding, they concluded that the binding site must
involve residues within the hydrophobic TM domain. They then went on to show
the importance of Asp 113 in TM III in agonist binding to the receptor (70) and
of the serine residues 204 and 207 in TM V in the activation of the β2 receptor (71).

The third extremely useful technique of molecular biology was the use of
transgenic animals, particularly gene targeting to disrupt the expression of a spe-
cific receptor to generate so-called knockout mice (see Chapters 8–11). Interest-
ingly, the first adrenergic receptor to be knocked out was the β3-receptor in 1995
by Lowell’s lab (72). These mice had only modestly increased lipid stores but
lacked the physiological responses to administered β3-agonists observed in wild-
type mice. The next year, Kobilka’s lab generated mice lacking the β1-adrenergic
receptor (73). In addition to developmental defects, these mice lacked both chro-
notropic and inotropic responses to administered β-agonists. The β2-knockout
mice, generated several years later by Kobilka, showed that this subtype primarily
influences the smooth muscle relaxant properties of several tissues (74). Simple
breeding experiments have allowed for the generation of the three combinations of
double β-receptor knockouts, as well as the triple knockout (75) (see Chapter 10).

Mice lacking the α1B-adrenergic receptor were generated by the Cotecchia lab
in 1997 (76). Whereas basal blood pressure was not altered in these animals, the
hypertensive response to α1-agonists was significantly blunted. Subsequently,
the α1A- (77) and α1D-knockouts (78) were generated. All three α1-subtypes play
important roles in the cardiovascular system, and the α1B may be particularly
important in the central nervous system (reviewed in ref. 79) (see Chapter 8).

In 1996, the Limbird lab genetically modified the α2A-receptor by the hit-and-
run technique, which essentially is site-specific mutagenesis in vivo (80) (see
Chapter 9). Mice homozygous for the D79N substitution lack the profound hypo-
tension normally induced by α2-agonists. Concurrently, the Kobilka lab produced
α2B- and α2C-knockouts (81) and then a few years later the α2A-knockout (82).
These studies indicated that primarily the α2A-subtype mediates most of the clas-
sical α2-adrenergic functions, such as hypotension, sedation, analgesia, and hypo-
thermia. The α2B-subtype is the principal mediator of the hypertensive response
to α2-agonists, whereas the α2C-subtype appears to be involved in many central
nervous system functions (reviewed in ref. 83).

The fourth molecular technique of note to be applied to the adrenergic recep-
tors was the determination of receptor polymorphisms in human populations.
Polymorphisms are frequently occurring genetic variants (by contrast with rarer
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occurring mutations). A working hypothesis was developed suggesting that
polymorphisms in neurotransmitter receptors might underlie individual variabil-
ity in both propensity for disease and therapeutic response. In 1993, the Liggett
lab showed that the β2-adrenergic receptor is highly polymorphic and evaluated
the extent to which these polymorphisms contributed to the development of
asthma (84). Subsequently, their lab and many others studied the association of
adrenergic receptor polymorphisms with various disorders, and the molecular
mechanisms involved have been partially elucidated (85) (see Chapter 13).

At least three other notable advances occurred during the last decade of the
20th century. One was the determination of the ground-state structure of rhodop-
sin at 2.8-Å resolution by X-ray crystallography (86). This milestone has signifi-
cantly advanced our understanding of the structure and activation of the adrenergic
receptors as well as other members of the seven TM receptor superfamily. The
second was the delineation of the molecular mechanisms of adrenergic receptor
desensitization by the Lefkowitz lab (87) and many others. Desensitization
results from the actions of the G protein-coupled receptor kinases and the arrestins,
as well as protein kinases A and C, can lead to the activation of additional signal-
ing pathways via a growing list of “scaffolded” complexes (88) (see Chapter 3).
The third notable advance was the understanding of the concepts of inverse
agonists and constitutive activity as they apply to G protein-coupled receptors
(see Chapter 2). This was made possible by overexpressing receptors both in vitro
and in vivo and by the generation of constitutively active receptor mutants. Both
of these techniques allowed for the inhibition by inverse agonists of basal activity,
that is, activity that occurs without added agonist (89).

6. Conclusions
“Discovery consists in seeing what everyone else has seen and thinking what
nobody else has thought.” (Albert Szent-Gyorgyi, 1962)

What lessons can be learned from reviewing the history of adrenergic receptors
during the 20th century? Perhaps first and foremost is that the major advances
have often been technique driven. As newly developed techniques, or existing
techniques utilized in new ways, were thoughtfully and carefully applied to the
study of adrenergic receptors, important new insights began to emerge. Second,
progress came as insights made in other systems, such as the visual system, were
appropriately applied to the adrenergic receptors. Finally, these advances were
possible only by building on the foundation of innumerable carefully performed
studies by equally innumerable dedicated workers using established techniques.

If indeed the molecular era is drawing to a close, what is the appropriate label
for the emerging era? Several possibilities come to mind, including the cross-talk
era, the genomic era, or the proteomic era. Only time will tell. My hope is that
perhaps the emerging era will come to be known as the integrative/systems era
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as we take what we are learning about these magnificent receptors and more fully
integrate that knowledge into better understanding of how they function in the
whole animal in relation to other neurohormonal systems as components of
various physiological systems. This in turn, we all expect, will lead to better
therapeutics as we more rationally use existing drugs for selected populations
and develop new drugs with greater selectivity, efficacy, and fewer side effects.
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Summary

Adrenergic receptors are critical mediators of sympathetic nervous system-
regulated physiological responses. Activated by the neurotransmitter
and neurohormone, norepinephrine and epinephrine, released from sym-
pathetic nerve endings and the adrenal medulla, respectively, they play
a central role in this evolutionarily ancient defense system that regulates
many physiological functions, including those involved in circulatory,
metabolic, respiratory, and central nervous system homeostasis. In addi-
tion, alterations in the regulation and molecular structure of adrenergic
receptors have been implicated in a variety of diseases, and drugs target-
ing these receptors are important and widely used therapeutics. The
molecular cloning of the first adrenergic receptor in 1986 revealed struc-
tural homology with the functionally related rhodopsin visual transduc-
tion system—a finding that led to the realization that these receptors
formed a new superfamily of proteins, now known as G protein-coupled
receptors. Since that time, a plethora of structure–function studies have
provided major insights into the molecular determinants of adrenergic
receptor ligand-binding, activation, and signaling, many of which are
relevant not only to the adrenergic receptor family but also, more gener-
ally, to the broader superfamily of G protein-coupled receptors. These
advances in our understanding of adrenergic receptor activation, regula-
tion, and functioning are reviewed in this chapter.

Key Words: Activation; adrenergic receptor; agonist trafficking; ligand
binding; mechanism; mutagenesis; structure–function.
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1. Adrenergic Receptor Ligand-Binding Sites
1.1. Binding Contacts of the Endogenous Ligands

In the early 1930s, Easson and Stedman proposed that receptor binding of a
compound possessing a chiral center involved interactions between three contact
points on the receptor and three moieties of the ligand (1). On the basis of
experimental data on the activity of the enantiomers of epinephrine, they pro-
posed that epinephrine’s triad consisted of the basic group (the amide), the aro-
matic ring with its hydroxyl groups, and the alcoholic chiral, β-carbon hydroxyl
group (1) (Fig. 1). The importance of these three chemical groups and their
interaction with the adrenergic receptors (ARs) has been borne out by numerous
mutagenesis and biochemical studies along with modeling studies performed
since the first of the ARs, the mammalian β2- and turkey β-AR, were cloned in
1986 (2,3).

However, as discussed in more detail later in this section, distinct interactions
were also defined for both the aromatic ring and its hydroxyls, giving a total of
at least four critical receptor/ligand moiety contacts. These studies also defined
the binding site for endogenous agonists to be contained within a pocket formed
by the clustering of the seven putative transmembrane (TM) helical bundles of the
receptor and to be located approx 11 Å below the extracellular surface (4). The
key interactions (Table 1) are (1) an ionic interaction between the amino group
of the catechol with the carboxylate side chain of D3.321 of helix 3, (2) hydrogen
bonding between the catechol meta- and para-hydroxyl groups and serine resi-
dues in helix 5, (3) an aromatic–aromatic interaction between the phenyl ring of
agonists and aromatic residues in helix 6, and (4) hydrogen bonding between the
chiral benzylic β-hydroxyl of agonists and a residue in helix 6, which accounts
for the stereoselectivity of adrenergic ligands (Fig. 2).

Fig. 1. Chemical structure of (–)-epinephrine. Individual moieties, including the
meta- and para-hydroxyls, catechol ring, protonated amine, alcoholic chiral β-carbon
hydroxyl, and N-methyl group are indicated.

1 See the Appendix on page 65 for residue numbering.
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Table 1
Binding Contacts of Adrenergic Receptors With Endogenous Ligands a,b

Moieties of Endogenous Catecholamine Ligands

para- meta- Catechol β-Carbon
Receptor Amine Hydroxyl Hydroxyl Ring Hydroxyl N-methyl

α1A D3.32 S5.46 S5.42 F4.62, F5.41
α1B D3.32 S5.42 S5.42 F6.51
α2A D3.32 S5.46 — F6.52, Y6.55 D3.32, F7.38,

S2.61, F7.39
S7.46

β2 D3.32 S5.46 S5.42, S5.43 F6.51, F6.52 N6.55,
D3.32,
T4.56

a Interaction demonstrated experimentally.
b Residues in italics are those that have been proposed to interact based only on

molecular modeling studies.

Fig. 2. Major interactions between (–)-epinephrine and its β-adrenergic receptor bind-
ing site: (a) ionic interaction between the amino group of epinephrine and the carboxylate
side chain of an aspartic acid (Asp) in helix III; (b) hydrogen bonding between the catechol
meta- and para-hydroxyl groups and serine (Ser) residues in helix V; (c) an aromatic–
aromatic interaction between the phenyl ring of agonists and an aromatic residue (Phe) in
helix VI, and (d) hydrogen bonding interaction between the chiral benzylic β-hydroxyl of
epinephrine and a residue (Asn) in helix VI, which accounts for the stereoselectivity of
adrenergic ligands. Transmembrane helices are indicated by Roman numerals.
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Studies of the structure–activity relationship of adrenergic ligands have estab-
lished the essential nature of the amine moiety for interaction with ARs (5). It was
proposed that a counterion within the receptor was the site of interaction with this
moiety. In attempts to identify the residue that provides this counterion, aspartyl
and glutamyl residues conserved across all of the receptors that bind cationic
amine ligands were identified, including the highly conserved D2.50. However,
it was only the loss of D3.32 that dramatically affected the binding of ligands to
the β2-AR (6). D3.32 is conserved across all receptors that bind amine ligands.
D3.32N or D3.32G2 mutants of the β2-AR had agonist binding below detectable
levels; however, agonists were still fully efficacious at these mutated receptors
despite their greatly decreased potency (as evidenced by an increase in the half
maximal response (EC50) by 300- to 40,000-fold) (7). Mutation of D3.32 to Leu
in the β3-AR also resulted in loss of ligand binding (8). When D3.32 was mutated
to Ser, the receptor could not be activated by amine-containing ligands. How-
ever, compounds in which the amine was replaced by a moiety that can serve as
a hydrogen bond acceptor, such as a catechol ester or a ketone, which do not
activate the wild-type receptor, activated the D3.32S mutant receptor (9). This
finding demonstrated that an interaction between D3.32 and the agonist is
required for both optimal binding and receptor activation, but that the nature of
this interaction is not critical because it can be either ionic or hydrogen bonding.
Subsequently, the salt bridge between the protonated amine of the ligand and the
carboxylate side chain of D3.32 was shown to be essential for the binding of the
endogenous catechols in all the AR subtypes (6,7,9–11). Of all the interactions
involving the receptor and its endogenous ligands, this interaction has been
demonstrated as the most important energetically (9).

Seryl residues in TM segment 5 (TM V) are the interaction sites for the
hydroxyl groups of the catecholamines, although the exact hydrogen-bonding
interactions formed between the agonist hydroxyls and the various TM V seryl
residues differ among the various AR subtypes. The α1A-AR has only two TM
V serines (S5.42, S5.46), and both of these form hydrogen bonds with the cat-
echol hydroxyls of endogenous ligands. The contribution of these serines to
ligand binding is equal, and each is able to compensate for the loss of the other
because mutation of either to alanine does not affect the affinity of epinephrine;
however, mutation of both leads to a marked loss of epinephrine affinity (12).
S5.42 has been shown to bind the meta-hydroxyl of the ligand; the para-
hydroxyl bonds with S5.46 (13). Although the α1B-AR has three serines avail-
able to interact with the hydroxyl moieties of the catechol ring of the endogenous
ligands, only S5.42 has been demonstrated to be involved in ligand binding; in

2 The nomenclature indicates that the aspartate has been mutated to asparagine or
glycine, respectively.
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this instance, it forms hydrogen bonds with both the meta- and para-hydroxyls
(10). The α2A-AR also only utilizes one of the TM V serines (S5.46) to bind the
endogenous ligands. Mutation of S5.46 of α2A-AR suggests a possible role for
this serine in hydrogen bond interactions with the para-hydroxyl group of the
catechol ring (14,15). Mutation of S5.42 of α2A-AR suggested that this residue
does not directly participate in receptor–agonist interactions, in contrast with
the corresponding serine residue in the α1A- and β2-ARs, which has been postu-
lated to interact with the meta-hydroxyl group of catecholamines (15). The
interaction of the β2-AR with the meta-hydroxyl of a catecholamine agonist has
been postulated to occur via a bifurcated hydrogen bond between the hydroxyl
and both S5.42 and S5.43 (16). As in all the other ARs (with the exception of
α1B), the para-hydroxyl of the endogenous ligands binds to S5.46 of the β2-AR
(17). Binding of catechol agonists with the serines of TM V has also been
proposed to play an important role in the orientation of the ligand within the
binding pocket (11,12,16). Based on the differences in the serines used to inter-
act with the meta- and para-hydroxyls of the ligand, it has been predicted that
the catechol ring lies parallel to the extracellular surface of the α-ARs; it is
rotated 120° from this planar orientation in the β-ARs (12,16).

The third proposed component of the interaction between the endogenous
ligands and the ARs is the interaction of the catechol ring with aromatic residues
of the receptor. Pharmacophore mapping indicates that the catechol ring is essen-
tial for ligand binding (18). Phenylalanines in helices 4, 5, and 6 have been
postulated to interact with the catechol ring. In the case of the α1A-AR, F4.62 and
F5.41 have been shown to be involved in independent aromatic interactions with
the catechol ring of endogenous ligands (19). Molecular modeling studies of the
α1B-AR, in which ligand has been docked, indicated that the F6.51 side chain is
well positioned to interact with the catechol ring (20). There is experimental
evidence that the side chain of F6.51 is both solvent accessible and directed into
the agonist-binding pocket (21). Direct evidence for the involvement of F6.51 in
an aromatic–aromatic interaction with catechol agonists comes from detailed
mutagenesis studies coupled with binding and activation studies using a variety
of agonists (21). These studies provided compelling evidence that not only is the
interaction between F6.51, but not F6.52, and the phenyl ring critical for ligand
binding and for positioning the ligand in the correct orientation, but also that
F5.61 is a critical switch involved in receptor activation (20). In the α2A-AR, it
has been proposed that the phenyl group of the ligand interacts with Y6.55 and
F6.52 in a π–π stacking interaction (11). Both F6.51 and F6.52 have been pro-
posed to stabilize the catechol ring of the β2-AR, along with Y7.53 (21,22), in
contrast to the α1B-AR, in which only F6.51 interacts with the aromatic ring (20).

ARs show marked stereoselectivity for the (–)-enantiomers of epinephrine
and norepinephrine, in terms of both binding affinity and agonist potency (23,24).
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This stereoselectivity is the underlying basis for the Easson and Stedman hypoth-
esis (1). Nevertheless, the receptor contact responsible for this stereoselectivity
has not been clearly identified. Early molecular modeling of the β2-AR proposed
S4.57 as the site of interaction between the chiral β-hydroxyl and the receptor
(25,26). Mutation of T4.56, the residue directly N-terminal to S4.57, to an iso-
leucine provided supporting evidence for the involvement of S4.57 in binding the
chiral β-hydroxyl (27). This mutant displayed an approximately fourfold reduc-
tion in the affinity of epinephrine and norepinephrine for the receptor but had no
effect on the affinity of dopamine (which lacks the chiral hydroxyl) (Fig. 3) (27).
The authors suggested that this effect is not caused by a loss of a direct interaction
between T4.56, but instead that the mutation results in a conformational change
that prevents the interaction of the β-hydroxyl with S4.57. In this study, direct
evidence for the involvement of S4.57 could not be obtained because its mutation
to an alanine resulted in a receptor that failed to be expressed in the plasma
membrane, possibly because of global misfolding (17). However, in another
study expression of the S4.57 mutant was obtained, and this mutant retained
stereoselectivity isoproterenol (Fig. 4) binding (24), hence, eliminating S4.57 as
the binding partner for the chiral β-hydroxyl.

Molecular modeling, using membStruk (a computational method to predict
atomic level tertiary structure using only primary sequence) and a de novo model,
has predicted that, in the (–)-enantiomer, the β-hydroxyl interacts with N6.55
(28,29), a prediction that was not confirmed with a homology model based on the
crystal structure of rhodopsin (29). Mutation of N6.55 to a leucine resulted in a
receptor with a sixfold decrease in its stereoselectivity of the receptor of (–)-
isoproterenol vs (+)-isoproterenol (24). However, this loss of binding stereo-
selectivity was confined to agonists, with the N6.55L mutant showing no change
in its stereospecific recognition of neutral antagonists or partial agonists (24).
The role of N6.55 has also been examined in the β3-AR. Mutation of N6.55 to

Fig. 3. Chemical structure of endogenous catecholamines.
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Fig. 4. Chemical structures of synthetic subtype-selective ligands for adrenergic
receptors.
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alanine did not alter the stereoselectivity of the binding of partial agonists but did
result in these compounds displaying reduced efficacy while not altering the
efficacy of the full agonists, norepinephrine and isoproterenol (8).

Another molecular model of the β2-AR also predicts an interaction not only
between N6.55 and the β-hydroxyl, but also between the β-hydroxyl and D3.32
(28). This last interaction has also been suggested in a model of norepinephrine
binding to the α2A-AR (30), which proposed that a bidendate hydrogen bond is
formed between oxygen atoms of the D3.32 side chain and both the β-hydroxyl
and amide groups of the ligand. However, direct evaluation of D3.32 in
stereoselectivity of ligand binding has been hindered by the poor expression of
an alanine substitution mutant (31,32).

Two seryl residues, S2.61 and S7.46, have also been suggested to play a role in
stereoselective ligand recognition by the α2A-AR because their mutation to alanine
resulted in marked reduction in (–)-norepinephrine affinity, with little change in
affinity for the (+)-enantiomer or for dopamine (23). However, involvement of
S2.61 was not supported by the modeling data of Nyronen et al. (11). In the study
of Hieble et al. (23), evidence was obtained to indicate that S4.57, T6.54, Y6.55,
and T6.56 are not involved in determining stereoselectivity of agonist binding.

Interactions between ARs and their ligand moieties, distinct from those pro-
posed by Easson and Stedman, have been suggested. For example, molecular
modeling of the interaction of the α2A-AR with epinephrine has indicated that its
N-methyl group may bond with F7.38 and F7.39 (11). However, experimental
support for this interaction from mutagenesis studies is lacking.

1.2. Structural Basis of Subtype Selectivity and Antagonist Binding

The ARs, particularly those of a particular type (e.g., α1, α2, β) share a high
degree of amino acid homology, especially within the TM forming the ligand-
binding pocket (68–77% identity for α1-, 79–82% for α2-, and 63–73% for β-
ARs). Nevertheless, although all amide-containing ligands bind to D3.32 and
many also bind to the serines of TM V, ligand-binding residues unique to each
receptor have been identified (Fig. 5) that confer subtype selectivity. In some
instances, it has been possible to identify residues responsible for subtype selec-
tivity (Fig.5); in other cases, the lack of ligands that are sufficiently selective for
particular subtypes has limited such analyses.

In a detailed study of the residues responsible for subtype selectivity, Hwa
et al. (33) demonstrated that just 2 of the approx 172 residues forming the TM
segments of the α1B-AR account for its agonist-binding selectivity as compared to
theα1A-AR. The approach used to identify these two residues, at positions 5.39 (α1B

= A, α1A = V) and 6.55 (α1B = L, α1A = M), is instructive. Based on the reasoning
that the residues potentially involved in subtype selectivity should be distinct
between the two receptor subtypes, only the 48 nonconserved residues forming the
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TM segments were considered. Of these, candidate resides were selected based on
the following criteria: (1) location in the ligand-binding extracellular half of the
TM segments, and (2) orientation of side chains toward the putative ligand-binding
pocket. Residues excluded were those on TM I because this helix was known not
to be involved in ligand binding and those for which a lack of conservation was
merely caused by interspecies differences given that α1-subtype ligand-binding
profiles are conserved across species. This allowed the initial set of 48 nonconserved
residues to be reduced to only 7 that fulfilled all criteria, which were then subjected
to mutational analysis. Mutation of A5.39 in the α1B-AR to a valine, the residue
found at this position in the α1A-AR, resulted in an 80% conversion of agonist-
selective binding from that of the α1B- to that of the α1A-subtype; the remaining 20%
were accounted for by the additional substitution of L6.55 in the α1B-AR to a
methionine, the residue at this position in the α1A-AR (33). It was proposed that
A5.39V-induced increase in the affinity for α1A-AR-selective ligands was caused
by an increased hydrophobic interaction between valine and the aromatic ring
of agonist ligands; the additional 20% increase in affinity provided by L6.55M
was caused by increased interactions resulting from the extended chain length of
the ortho hydrophobic groups of synthetic ligands (33), a postulate supported by
the finding that the complementary substitutions of both V5.39A and M6.55V in
the α1A-AR converted its agonist selectivity entirely to that of the α1B-AR.

Interestingly, neither the single mutations at the 5.39 or 6.55 positions nor the
double mutations at both positions altered antagonist binding, demonstrating the
agonist-specific nature of these interactions (33). However, either single muta-
tion (A5.39V or L6.55M in the α1B-AR or V5.39A or M6.55L in the α1A-AR)
resulted in constitutive activity that could be rescued by additional substitution
of the complimentary residue responsible for agonist selectivity (33).

In contrast to the TM V and VI residues involved in subtype-selective agonist
binding, residues in extracellular loop 2 (e2) have been found to be responsible
for the selective binding of antagonists by the α1A- and α1B-ARs. Thus, substitu-
tion of Gly196, Val197, and Thr198 of the α1B-AR to the corresponding residues (Gln,
Ile, and Asn, respectively) in the α1A-AR, or vice versa, leads to a change in the
antagonist-binding profile to that of the other subtype (34) (Fig. 5). This finding,
and those of several other studies, has provided evidence that α1-selective antago-
nists bind at a site closer to the extracellular loops, which is above the plane of
the binding site and skewed toward TM VII (35,36). The binding of antagonists
to e2 also raises the question of the spatial arrangement of this loop with respect
to the TM domains. In rhodopsin, e2 covers the binding site like a lid. It is tethered
by a disulfide bond (found in almost all G protein-coupled receptors [GPCRs])
connecting it to e1 at the N-terminal end of TM III and forms multiple interactions
with the chromophore ligand, 11-cis retinal (37,38). It has been postulated that
this structural arrangement traps the chromophore and prevents its extrusion into
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Fig. 5. Residues involved in determining subtype and ligand selectivity. Residues
important for antagonist binding are shown in black, for agonist binding in grey, and for
both in white. Residue numbers are indicated by the Ballesteros and Weinstein system
(see the Appendix on page 65).

2.50 Mutation of D2.50 of the β2-AR results in decreased affinity for agonists but not antagonists (6)
2.56 In the β1-AR, L2.56 makes a major contribution to binding interactions for those agonists containing

a dimethoxyphenyl group (43,44)
2.61 S2.61 is involved in the stereoselectivity of  α2A-AR for (–)-enantiomers of catecholamines; It has

been proposed that this site represents an important point for attachment of the β-hydroxyl group
of catecholamines (287)

2.63 In the β1-AR, T2.63 constitutes a major binding interaction for those agonists containing a
dimethoxyphenyl group (43,44); in the β2-AR, S2.63 interacts with p-aminobenzylcarazolol
(288)



Ligand Binding, Activation, and Agonist Trafficking 352.64 M2.64 of α1D-AR imparts its selectivity for niguldipine vs α1A-AR (F2.64) (34,289,290); H2.64 of
β2-AR interacts with p-aminobenzylcarazolol (291)

2.66 V2.66 of the β1-AR contributes to agonist binding (43,44)
3.32 D3.32 of the adrenergic receptors is important for binding of the amine moiety of ligands (6,7,291)
3.36 C3.36 of the α2A-AR interacts with antagonist phenoxybenzamine; this position is important for

binding of imidazoline derivatives (292)
3.37 T3.37 has been predicted to interact with the 2-methoxy group of the quinazoline ring of prazosin

in the α1A- and α1B-AR (36)
4.56 The T4.56I mutation in the β2-AR results in loss of affinity for agonists with a β-hydroxyl group (27)
4.62 F4.62 is involved in agonist binding to the α1A-AR (19)
4.64 W4.64 of the α1D-AR is involved in agonist and antagonist binding (293)
4.66 E4.66 of α1D-AR imparts selectivity for KMD3213 vs α1A-AR (Q4.66) (36)
e2 The selectivity between α1A-AR and α1B-AR for the binding of the antagonists phentolamine and

WB4101 is caused by differences in e2; Q196 is predicted to hydrogen bond with the imidazoline
nitrogen of phentolamine or the dioxan oxygen of WB4101; I197 is proposed to have hydrophobic
interactions with the methyl of the phenyl ring or the ring itself of phentolamine and WB4101; N198
is thought to hydrogen bond with the nitrogen of the linker of these antagonists (34)

5.39 V5.39 of the human α1A-AR imparts α1D (A5.39) selectivity for oxazole antagonists and selectivity
vs α1B (A5.39) for agonists (33,294)

5.41 F5.41 is involved in agonist binding to the α1A-AR (19)
5.42 S5.42 of the α1-AR has been proposed to interact with the 1-nitrogen of the quinazoline of prazosin

(36); it has also been implicated in the binding of the meta-OH of phenethylamine ligands in the α2A-
AR (295); removal of the hydroxyl moiety of S5.42 of the β2-AR leads to loss of affinity of
antagonists with nitrogen in their heterocyclic ring and isoproterenol; pindolol’s heterocyclic ring
has been predicted to hydrogen bond with S4.52, but this position has no effect on the affinity of
β2-AR for propranolol and alprenolol (16)

5.43 S5.43 of the α2A-AR is responsible for the selectivity of UK14304 but not chlorpromazine and
interspecies variation in yohimbine affinity (296); in the β2-AR, S5.43 is involved in isoproterenol
binding (297)

5.46 S5.46 of the α-ARs has been predicted to interact with 2-methoxy of the quinazoline ring of prazosin
(36); in the β2-AR S5.46 is involved in isoproterenol binding and binding of β-carbon hydroxyl of
native ligands (297)

5.47 F5.47 of α1A-AR has been demonstrated to interact with antagonists 5-methylurapidil, HEAT, and
WB4101 but not niguldipine (35)

6.51 F6.51 has been shown to be an interaction site between agonists and antagonists and the α1B-AR and
has been suggested to be involved in ligand binding to the β2-AR (20,22)

6.52 F6.52 of the α2A-AR interacts with the catechol ring of agonists and has been suggested to be
involved in ligand binding to the β2-AR (11,22)

6.55 M6.55 of the α1A-AR imparts selectivity vs α1B-AR (L6.55) for agonists (33); Y6.55 of the α2A-AR
interacts with catechol ring of agonists (11); in the β2-AR, N6.55 plays a role in the stereospecificity
of agonists (24)

6.59 S6.59 of the α1-ARs has been predicted to hydrogen bond with the carbonyl group between the
piperazine and furan rings of prazosin (36)

7.35 F7.35 of α1A- and α1B-AR is a major contributor to the affinity of the antagonists prazosin, WB4101,
niguldipine, and 5-methylurapidil; however, it is not involved in the binding of phenethylamine
agonists (i.e., epinephrine) but is involved in the binding of imidazoline agonists such as
oxymetazoline and cirazoline (35); F7.35 is also responsible for high-affinity binding of TA-2005
to the β2 -AR (45) and is predicted to interact with the ether oxygen in side chain of salmeterol,
formoterol, and procaterol and is important for β2-AR selectivity (46)

7.38 F7.38 is important in the interaction of phenethylamines with α2A-AR (11)
7.39 F7.39 of the α1-ARs contributes to the interaction with antagonists and imidazoline agonists but not

phenethylamine agonists (35); F7.39 is also critical for the binding of yohimbine to the α2A-AR (48);
in the β2-AR, N7.39 is important for the binding of the antagonists propranolol and alprenolol; if
this residue is substituted for Gln or Thr, an increase in affinity for the α-AR ligand yohimbine is
seen (47)

7.40 W7.40 is proposed to play a role in agonist binding to the β1-AR (298)
7.45 N7.45 of the β2-AR is involved in agonist affinity (6)
7.46 S7.46 is involved in the affinity of the (–)-enantiomers of the catecholamines for the α2A-AR but

plays no role in the affinity of (+)-enantiomers (23)
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the extracellular environment as rhodopsin undergoes the conformational rear-
rangement associated with its activation or may stabilize rhodopsin’s active
state. It is unlikely, however, that this structural rearrangement is entirely analo-
gous in ARs because this would impede ligand entry from the extracellular
milieu into the binding pocket. In the case of rhodopsin, the chromophore enters
(and also exits after activation to be reisomerized back from the all-trans to the
11-cis conformation) from the cytoplasmic side (39).

Other residues identified to be involved in antagonist binding by the α1A-AR are
two aromatics (F7.35 and F7.39) located at the extracellular end of TM VII (35).
Mutation of these residues, which are also conserved in other α1-subtypes and in
all α2-ARs but not in β-ARs, markedly reduced the affinity of the receptor for all
antagonists with no change in the affinity of phenethylamine-type agonists (35).
However, both residues were also shown to be involved in the binding of all
imidazoline-type agonists (35)—a finding indicating that this class of agonists
binds differently to phenethylamine agonists, as predicted by the Easson-Stedman
hypothesis (1). In this regard, imidazoline agonists are more antagonistlike, which
may account for many of them being partial agonists (40,41).

Phenylalanines (4.62 and 5.41) in TM IV and V of the α1A-AR have also been
identified as forming potentially novel contacts involved in agonist binding but
not receptor activation. Interestingly, whereas substitution of both of these α1A-
residues with the corresponding Gln and Ala of the β2-AR markedly reduced
agonist affinity, the reverse substitutions in the β2-AR increased agonist affinity
(19). Although antagonist binding was unaltered with these substitutions (19),
given that 4.62 is not conserved in other α1-subtypes, it remains unclear if the
affinity changes observed are caused by these residues forming direct ligand
contacts or rather are indirect as a result of mutation-induced local conforma-
tional changes.

Macromolecular modeling studies have been undertaken to predict which
receptor residues form critical interactions with the various moieties of α1-antago-
nists, and contacts have been suggested with residues in TM III, IV, V, VI, and
VII (35,36,42). For the non-subtype-selective α1-antagonist, prazosin (Fig. 4),
for example, the 4-amino group and 1-nitrogen atom of its quinazoline ring have
been suggested to interact with the carboxyl group of Asp 3.32 and hydroxyl
group of Ser 5.42, respectively. Interaction of the two methoxy groups of its
quinazoline ring with the hydroxyl groups of Thr 3.37 and Ser 5.46 and the
carbonyl group between the piperazine and furan rings and Ser 6.59 have been
identified for all α1-AR subtypes (36). For tamulosin, an α1D-selective com-
pound, more interactions were found for this subtype than for the other two α1-
subtypes, whereas for KMD-3213 (Fig. 4), an α1A-selective compound, more
interactions were found with the α1A-AR (36). However, these docking interac-
tions have yet to be confirmed by formal structure–function studies.
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Although TM V and VI are important for α1-AR ligand discrimination, the
selectivity of β-AR agonists is because of interactions with TM II and VII. β1-
AR selective agonists (e.g., denopamine; Fig. 4) interact with L2.56, T2.63, and
V2.66, and it is these residues that have been demonstrated to impart selectivity
(43,44). Y7.35 at the extracellular end of TM VII has been demonstrated to be
critical for the binding of several β2-AR agonists (43–46). The subtype selectiv-
ity of antagonist binding by the β2-AR is also caused by an interaction with a TM
VII residue, N7.39, which has been shown to be important for effective binding
of β2-AR antagonists, such as propranolol (Fig. 4) (47). Interestingly, not only
is the asparagine side chain required for the binding of β2-antagonists, but also
its substitution with Gln or Thr increases the affinity of the β2-AR for the α2-AR-
selective antagonist yohimbine (Fig. 4) (47) despite the native residue at 7.39 in
all α-AR being a phenylalanine. Conversely, if F7.39 of α2-AR is replaced with
Asn, the α2-AR now displays decreased affinity for yohimbine and increases
affinity for the β-antagonist alprenolol (Fig. 4) (48).

2. Receptor Activation
2.1. Theory and Models

The concept of proteins as drug targets was proposed at the end of the 19th
century. Ehrlich and Langley both contributed to the notion that compounds evoked
biological activity by binding to cellular constituents (Ehrlich stated “corpora non
agunt, nisi fixata,” i.e., agents cannot act without binding; [49]) that were soon
named receptors (Langley’s “receptive substances”; [50]). Analogous to Fisher’s
lock-and-key theory of enzyme action (51), these concepts led to a model of a
receptor that is a rigid structure switched on by the turning of a key (ligand). A more
dynamic picture of receptor activation evolved from about the middle of the twen-
tieth century, with models failing to provide for more than one affinity state of the
receptor (e.g., the collision coupling model of Tolkovsky et al. [52] and the random
matrix hit model of Bergman et al. [53]) giving way to those that could because the
existence of more than one affinity state was clearly evident experimentally. The
last included the two noninterconvertible site model (53); the cyclic (allosteric)
model, initially proposed by Katz and Theleff (54) in 1957 and then used by
Weiland and Taylor (55) to successfully model the binding of agonists and antago-
nists by cholinergic receptors; the divalent receptor model (56); and eventually the
ternary complex model (57). The last was developed to explain the interaction of
the agonist-bound receptor with its cognate G protein, with high agonist affinity
observed when the receptor was complexed with its G protein, but low affinity
when the receptor–G protein interaction was disrupted (58).

This finding of modulation of affinity by a cognate interacting component, the
G protein, was a major contravention of the accepted dogma of the time, which
posited that receptor activation involved merely a binary interaction with ligand.
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Nevertheless, intrinsic to all of these models, including the ternary complex
model (Fig. 6), was the assumption that the binding of agonist is essential for
receptor activation and signaling caused by a large energy barrier between the
basal state R and the activated state R*. Accordingly, these models invoked an
inductive step (ligand induction model) by which the free energy of agonist
binding is required to allow the energy barrier between the inactive and active
state to be surmounted.

The finding that receptors exhibit constitutive signaling, which is signaling in
the absence of agonist (increased basal activity)—a property of GPCRs that was
first revealed with the availability of cloned receptors that could be markedly
overexpressed (59)—coupled also with the finding that mutations could render
receptors constitutively active (60–62) led to proposal of an extended ternary
complex (ETC) model (Fig. 6) (63). Akin to the conformational selection model
proposed by Koshland and Neet for enzymes (64), central to this model is that
receptors can spontaneously isomerize between R and R*, with the binding of
agonist merely selecting or stabilizing the active state. In addition to explicitly
allowing for spontaneous isomerization between R and R*, the ETC model also
accounts for the G protein-independent high agonist (but not antagonist) affinity
displayed by constitutively active mutant receptors and for the effects of differ-
ent classes of drugs (full agonist, partial agonists, inverse agonist, neutral antago-
nists) (65–67).

Although the ETC model explains most GPCR behavior, a more thermody-
namically complete model, the cubic ternary complex (CTC) model (Fig. 6), was
subsequently proposed (68–70). This model is merely an extension of the ETC
model (that is, the ETC model is one of the subsets making up the CTC model)
that allows for the existence of an inactive ternary complex, ARG, although both
models similarly predict GPCR behavior. However, at the time of development
of the ETC and CTC models, neither specifically accommodated experimental

Fig. 6. (Opposite page) Evolution of receptor occupancy models. (i) The first models
of receptor occupancy were based on the binding of an agonist A to the receptor R,
leading to the generation of a response . However, this model could not account for
experimental data showing high agonist affinity when the receptor was complexed with
its G protein (G), but low affinity when the receptor–G protein interaction was disrupted
(58). (ii) This led to the development of the ternary complex model). (iii) The finding
that receptors can exhibit constitutive signaling resulted in the extended ternary com-
plex (ETC) model, which allows for spontaneous isomerization between inactive (R)
and active (R*) receptor. However, the ETC assumes that only the active state of the
receptor interacts with the G protein, and hence (iv) the cubic ternary complex model
builds on the extended ternary complex model with the additional interaction of the
inactive receptor with the G protein. (Figure caption continued on next page.)



Ligand Binding, Activation, and Agonist Trafficking 39

Fig. 6. (Figure caption continued from previous page) Modeling parameters: Ka,
equilibrium constant for ligand binding; Kg, equilibrium constant for binding of G
protein to inactive receptor; α, effect of ligand binding on receptor activation, effect
of activation on ligand binding; β, effect of receptor activation on G protein binding,
effect of G protein coupling on activation; γ, effect of ligand binding on G protein
coupling; δ, measure of synergism between any two of receptor activation, G protein
coupling, or ligand binding on the level of the third. (Based on a figure from ref. 299.)
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evidence predicting the formation of more than one active state (e.g., R1* and
R2*), each of which can activate a distinct G protein and effector. Both the ETC
and CTC models can accommodate agonist-specific receptor active conforma-
tions because the thermodynamic constants α and γ for ETC and α, γ, and δ for
CTC allow for the microaffinity constant of the ligand-bound receptor to be
specific to the ligand; that is, the affinity of ligand-bound receptor for G protein
can vary (71–73).

Intrinsic to all ternary complex models is the premise that agonists bind with
higher affinity to the R* state, and this is required to stabilize or select the active
conformation. Kobilka and colleagues argued that this feature of the models
does not accommodate the fact that agonists bind rapidly to R, whereas the
kinetics of the agonist-induced conformational change in the absence of G pro-
tein is slow (74). Moreover, both agonists, which supposedly stabilize the R*
state, and inverse agonists, which stabilize the basal state R, protect the receptor
from thermal denaturation and from proteolytic degradation (75). This implies
that the conformations stabilized by both agonists and inverse agonists are dis-
tinct from that of the unliganded receptor. Accordingly, Gether and Kobilka (76)
suggested that the unliganded receptor R represents a unique conformation that
can undergo transition to either of at least two other states, R° and R*, stabilized
by inverse agonists and agonist, respectively. This model is consistent with
findings from studies of various GPCR mutants, which can best be explained
only by invoking the existence of conformations that are intermediate between
R′ and R* (20). Further, these studies suggest that whereas conformational
selection can be invoked to account for a degree of basal activity—consistent
with spontaneous isomerization from R to some intermediate R′—to get to the
fully active R* state requires an inductive step.

Of interest in this regard is a comparison of the transducin (the G protein
coupled to rhodopsin) activation response resulting from photoactivation of
rhodopsin vs that resulting from treatment of the protein opsin with the agonist
all-trans retinal (77). With the former, the chromophore 11-cis retinal is bound
to opsin and functions as an inverse agonist that stabilizes the inactive state, even
in the presence of mutations that would otherwise lead to constitutive activity
(78). Thus, photoactivation results in the complete transition from the inactive
state (R° in the dark rhodopsin shows no appreciable binding to transducin) to the
fully activated state (R*). By contrast, all-trans retinal presumably only induces
or stabilizes the transition of opsin from an intermediate state R (the unliganded
state) to R*. It is surprising, nonetheless, that the transducin response with all-
trans retinal is a mere 14% of that observed with light activation (77). Further,
this extraordinarily low degree of activation by all-trans retinal occurs despite
the fact that it binds much more rapidly to opsin than does 11-cis retinal (77).
Although rhodopsin is distinct from other GPCRs in having its basal state stabi-
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lized by a covalently bound inverse agonist, its activation mechanisms and the
conformational changes that occur with activation are nonetheless very similar
to those observed with other GPCRs, especially ARs. Thus, by analogy, activa-
tion of ARs by agonists, in which isomerization may be restricted only to a
transition from R to R*, may only be realizing a fraction of the activation poten-
tial that might be possible with transition from R° to R*. These considerations
also reinforce the notion that multiple conformations, R′, R′′, and so on, probably
exist between R° and R*. Such conformational intermediates are likely revealed
by various mutations, which presumably lower the energy barrier required for the
spontaneous adoption of a partially activated conformation (cf. refs. 20 and 79).

It is evident that each successive model of receptor activation has been formu-
lated to account parsimoniously for new experimental findings as they have been
advanced. All, however, are based on two concepts. First, receptor activation
involves a conformational change in the receptor protein that is imparted to its
coupled intracellular machinery rather than some other mode of activation, such
as relay of redox changes, as is operative, for example, with Rhodopseudomonas
viridis, the first membrane protein receptor system yielding to high-resolution X-
ray crystallographic structural analysis (80). Evidence that activation of GPCRs
indeed involves a conformational change in the receptor protein is now over-
whelming, as exemplified, for example, by the spectroscopic identification of
conformational intermediates with activation of rhodopsin (81,82) and, more
recently, with activation of the β-AR (83). In addition, direct evidence for helical
movements with activation, initially obtained from studies of photocycle inter-
mediates of the archeabacterial proton pump bacteriorhodopsin (84) and from
site-directed spin-labeling studies of both bacteriorhodopsin and rhodopsin, have
given rise to the helix movement model of GPCR activation (85–87).

The second concept underlying receptor activation theory is the notion that it
involves a single quiescent species that is activated by agonist; that is, there exist
but two receptor states, R and R*. As indicated above, this notion has been
challenged by evidence that receptors can isomerize to more than one active state
(e.g., R*1, R*2, etc.), and that the output of receptor activation is not only limited
to G protein and effector activation, but also involves a spectrum of effects:
internalization, phosphorylation, and interaction with other membrane and cyto-
solic components, such as receptor activity-modifying proteins, arrestins, and
the like, that can alter ligand-binding characteristics, relative potency, and thus
the final receptor-mediated response. In other words, as indicated by Kenakin
(88), receptors can no longer be regarded as simple on/off switches, but must be
considered more three-dimensionally as bipolar (or better still multipolar) rec-
ognition (or transduction) units. Accordingly, the binding of ligand at one rec-
ognition site governs its interaction with a variety of cognate “effectors” (used
here broadly to cover not only the enzymes or channels activated by their cognate
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receptors, but also GPCR kinases (GRKs), arrestins, receptor activity-modifying
proteins, etc.) at other recognition sites, and thus that ligand efficacy not only is
a quantitative parameter, but also has a qualitative dimension.

This concept of a bipolar recognition unit can perhaps be best understood by
consideration of Sakmar’s elegant exposé of rhodopsin activation at the molecu-
lar level (89). He proposed that activation involves conformational changes at a
variety of distinct topological receptor locations, such that those, for example,
involved in forming the ligand-binding pocket may be in the “on” state (in other
GPCRs, this would be evidenced by high-affinity agonist binding) without nec-
essarily locking the G protein-activating domain into its active conformation and
vice versa. Thus, he argued, a concerted transition of individual amino acid
subsets may generate the overall active conformation but not all transitions may
actually be essential for activation of the downstream effector (here used in the
restrictive sense to designate the cognate enzyme or channel activated by a
receptor). For example, a minimal subset of amino acids (in Kenakin’s parlance,
this would constitute a “recognition unit”) may allow either high-affinity agonist
binding, interaction with arrestins, receptor phosphorylation, and so on irrespec-
tive of the binary states (on/off) of all possible subsets constituting the active
conformation. Further, the functional hierarchy of individual group transitions
can be revealed by mutations in which the side chain of an individual amino acid
within a particular recognition unit is influenced or locked into the on or off state.
This simple binary model of group transitions allows one to reconcile the fact that
mutations can result in constitutive activity without causing an increase in ago-
nist affinity (90–92) or vice versa; can result in the binding but not the activation
of the cognate G protein (93); can result in constitutive activation for one but not
another receptor-coupled effector pathway (94); or can result in the dissociation
of internalization, desensitization, phosphorylation, or dimerization from activa-
tion of the G protein-coupled response (72,95). Similarly, it provides an under-
standing of the identification of ligands that are seemingly antagonists (do not
cause activation), and yet promote internalization (96,97), for ligands that result
in dissociation of agonist efficacy vs phosphorylation (98) or even for series of
ligands able to activate a single receptor but with different kinetics (99).

2.2. Agonist Trafficking

As indicated in Section 2.1, a growing body of experimental data supports the
notion of more than two distinct receptor conformations. Further, it has been
suggested that agonists can stabilize different receptor active states, which then
selectively activate specific G protein signaling pathways. This phenomenon of
promiscuous G protein coupling by distinct agonist-specific active states has
been termed agonist trafficking (100); a process that extends beyond G protein
activation and includes functional outcomes such as receptor phosphorylation
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and internalization. For the β2-AR, it has been demonstrated not only that differ-
ent ligands induce different conformations (74,101,102), but also that on agonist
binding the receptor undergoes a temporal change in conformation (83). Also,
consistent with the notion of agonist trafficking is the finding of differences in
ligand potency/efficacy-order for the activation of different signaling pathways
by a single receptor (71).

2.2.1. Multiple Activation States

In detailed studies of detergent-solubilized, purified β2-AR, Kobilka and
colleagues used several spectroscopic techniques to demonstrate not only that
receptors exist in multiple conformations, but also that ligands induce confor-
mational changes that vary depending on the ligand type, that is, agonists,
partial agonists, or antagonists (83,102–105). By derivitization of cysteine
residues with N,N′-dimethyl-N-(iodoacetyl)-N′-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)ethylenediamine, a fluorescent probe sensitive to its solvent environment,
they demonstrated that agonists and partial agonists caused decreases in fluores-
cence that were proportional in magnitude to ligand efficacy, whereas antago-
nists increased fluorescence (102). Using the technique of single-molecule
spectroscopy, they further showed that, in the absence of ligand, the β2-AR
exists in multiple substates, suggesting that the receptor is spontaneously
oscillating (or “breathing”) between different conformations, and that on appli-
cation of the agonist isoproterenol, a different subset of conformations was
apparent (105).

Using another environmentally sensitive probe (i.e., fluoresceine maleimide)
in lifetime spectroscopy studies, discrete conformational states were evident
within a population of receptors (104). Moreover, whereas the unliganded recep-
tor existed in a single flexible state and neutral antagonist, alprenolol, reduced
conformational flexibility; agonists and partial agonists promoted the formation
of two separate species with different fluorescence lifetimes (104). The last two
species are indicative of at least two distinct conformations, with the agonist-
bound one representing the active conformation. Because the fluorescence life-
time (and thus the microenvironment around the fluorophore) differed with each
of the agonists, it is likely that these species represent distinct agonist-specific
active states (104).

In additional studies, it was demonstrated that norepinephrine can induce at
least two conformational states in the β2-AR: one capable of activating Gs and
another required for interaction of the receptor with G protein-receptor kinase
(GRK) or arrestin and hence agonist-induced internalization (83). In contrast,
dopamine, which can stimulate Gs activation of the β2-AR but not internaliza-
tion, induced only one of the conformational states observed with norepineph-
rine (83).
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Further evidence of conformational variance in the ligand-bound β2-AR has
been provided by plasmon-waveguide resonance studies. These studies evalu-
ated changes in mass density and mass distribution of receptors incorporated into
a preformed (artificial) lipid bilayer, with changes in mass distribution caused by
changes in structural anisotropy. Again, evidence for agonist-specific conforma-
tional states was apparent with the plasmon-waveguide resonance studies, and
changes in resonance differed for agonists compared to antagonists (103). How-
ever, shifts in resonance were detected for all ligand classes, with those for
agonists and partial agonists multiphasic and those for antagonists monophasic
(103). This finding is consistent with receptor activation occurring through dis-
crete conformational intermediates.

2.2.2. Pathway-Selective Mutants

Mutation of C3.35 in the α1B-AR to phenylalanine results in a receptor that is
constitutively active for the Gq/inositol-1,4,5-triphosphate (IP3) pathway, but not
for the Gi/arachidonic acid-coupled pathway (94). Given that C3.35 is directed
toward TM II and is immediately below D3.32, which is critically involved in
stabilizing the inactive state via an interaction with K7.36 (cf., Sections 1.1. and
2.3.2), pathway-specific activation observed with the C3.35F mutation is likely
because of the bulky phenylalanine side chain sterically altering the correct
juxtapositioning of TM III with TM II; a conformational perturbation that pre-
sumably resembles the activated state for Gq- but not for Gi-signaling. Interest-
ingly, this mutation also leads to increased affinity of the receptor for the
endogenous catecholamines and other phenethylamines, but not for imidazoline
agonists or for antagonists (94).

Mutation of N6.55 of β2-AR, a residue located at the extracellular end of TM
VI that has been implicated in determining stereoselectivity of catechol agonist
binding to an aspartate, results in a receptor that cannot respond to agonist acti-
vation of Gs /adenyl cyclase or to agonist stimulation of receptor phosphoryla-
tion, but nonetheless it continues to display wild-type-like basal activation (106).
Again, in keeping with distinct activated intermediates between R and R*, this
suggests that the active-state conformation generated by spontaneous isomeriza-
tion from the basal state is distinct from that achieved with agonist stimulation
of the receptor (106).

Like the C3.35F α1B-AR mutant, an α2-AR D2.50N mutant shows pathway-
specific signaling. Thus, this mutant displays loss of Gq and Gs coupling but can
still couple to Gi, albeit with reduced potency and despite retaining the same
affinity for the agonist UK14304 (Fig. 4) as wild type α2-AR (107). This mutant
is unable to activate K+ channels but shows unimpaired inhibition of cyclic
adenosine 5′-monophosphate (cAMP) production or voltage-sensitive Ca2+ cur-
rents (108,109).
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2.2.3. Ligand-Specific Signaling
For both α1A- and α1B-ARs, meta- and para-octopamine have been shown to

maximally stimulate one G protein-coupled pathway (pertussis toxin-sensitive
PLA2 activation) but are only partial agonists for another (Gq-mediated IP3 pro-
duction) (110). In terms of PLA2 activation, para-octopamine is a full agonist at
the α1A-AR but a partial agonist for the α1B-AR, whereas meta-octopamine is a
partial agonist at α1A- and a full agonist at the α1B-AR. However, norepinephrine
is a full agonist for both pathways with both receptor subtypes (110). Stimulation
of the α1A-AR by epinephrine also leads to activation of the IP3 signaling pathway
but, in contrast to α1B-AR, does not cause receptor phosphorylation or internal-
ization. However, the α1A-AR is internalized by the imidazoline agonist
oxymetazoline (Fig. 4). This suggests that a distinct conformation is required for
receptor internalization, and that the generation of this conformation is ligand
specific (111).

Many examples of ligand-specific signaling have been documented for α2-
ARs. Thus, although α2B-AR couples to both Gs and Gi, some agonists (e.g.,
UK14,304) show preference for coupling to Gi over Gs (112–115). Also, despite
a dissociation constant (Kd) of 670 nM for UK14,304 binding at the α2A-AR, its
EC50 varies widely: 0.09 nM for Gi signaling, 50 nM for Gq signaling, and 70 nM
for Gs signaling (107). meta-Octopamine selectively activates α2A-AR coupling
to Gi but promotes coupling of α2B-AR and α2C-AR to both Gi and Gs (115).
Further, at the α2C-AR, meta-octopamine is one order of magnitude less potent
than norepinephrine with respect to Gs coupling but is equipotent to norepineph-
rine for coupling to Gi and displays increased efficacy at stimulating this G
protein when compared to norepinephrine (115).

For all three α2-ARs, the efficacy of Gs coupling is dependent on the structure
of the agonists. Thus, compounds that act as full agonists with respect to Gi

coupling do not necessarily display full efficacy for Gs coupling (114). This is
especially the case for the α2C-AR, for which it has been suggested that
oxymetazoline, BHT-920, and BHT-933 (Fig. 4) activate Gi but not Gs signaling
(114). However, this differential signaling activity of agonists acting on the α2C-
AR was not observed by others and has been attributed to the presence of spare
receptors (116).

It has also been shown that some ligands function as antagonists with respect
to one receptor-coupled pathway but as partial agonists at the same receptor for
another signaling pathway (117). For example, for the α2A-AR the imidazoline
derivative dexefaroxan is a neutral antagonist for Ca2+ signaling via Gα15, an
inverse agonist for Gαo signaling by the mutant Cys351Ile, and a partial agonist for
signaling by a constitutively active mutant α2A-AR that couples via Gα15 (117).

Ligand-specific signaling is also evident with β-ARs. For example, at the β2-
AR, ICI118551 and propranolol (Fig. 4) have been found to act as inverse ago-
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nists for Gs-stimulated adenylyl cyclase but as partial agonists for Gs/I-indepen-
dent extracellularly responsive kinase 1/2 (ERK1/2) activation. Because these
two ligands promote β-arrestin recruitment to the β2-AR, this receptor-coupled
response is not an exclusive property of agonists, and ligands normally classified
as inverse agonists have been shown to require β-arrestin for their signaling
activity (118).

2.3. Molecular Determinants of Activation
2.3.1. Helical Movements and Disruption of Helical Interactions

Experimental data and consideration of the crystal structure of rhodopsin
suggest that intramolecular interactions stabilize the inactive conformation of
GPCRs. Removal or rearrangement of these constraining interactions results
in receptor activation as a result of movements of the TM helices, which are
then relayed to the G protein-interacting intracellular loops. In the activated
conformation, receptors display structural instability and enhanced conforma-
tional flexibility, as evidenced by the thermolability of constitutively active
mutants (75).

Of the GPCRs, the activation mechanism of rhodopsin has been most exten-
sively studied using a variety of biophysical approaches, including tryptophan
ultraviolet absorbance spectroscopy, Fourier transform infrared resonance spec-
troscopy, and site-directed spin-labeling studies. With the last, electron para-
magnetic spin of pairs of cysteine-substituted residues labeled with sulfhydryl
spin probes is monitored (119–121). These studies have provided evidence that
activation involves a small movement of TM III coupled with significant rigid
body movement and counterclockwise (when viewed from the extracellular
surface of the receptor) rotation of TM VI, leading to movement of the cytoplas-
mic end of TM VI away from TM III (86). This finding was also supported by
mutagenesis studies in which either an engineered disulfide bond (122) or the
binding of zinc to a site engineered between two histidine-substituted residues
(87), one in TM III and one in TM VI, has been used to lock rhodopsin into the
inactive state.

Studies of TM residue accessibility to water-soluble sulfhydryl-reactive com-
pounds has allowed Javitch and coworkers to gain evidence that β2-AR activation
also involves a conformational rearrangement of TM VI (123), whereas detailed
fluorescence spectroscopy studies by Kobilka and coworkers indicated that the
helical movements occurring with β2-AR activation are almost identical to those
for rhodopsin, that is, a counterclockwise rotation (when viewed from the extra-
cellular surface of the receptor) of both TM III and TM VI, with a tilting of the
cytoplasmic end of the latter toward TM V (74,124). The importance of the
orientation of TM VI, which is stabilized by interhelical interactions with TM V,
comes from studies of the α1-ARs, which showed that mutation of either the
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residue at 5.39 in TM V or 6.55 in TM VI of the α1B-AR to that of the α1A-AR
or vice versa results in constitution activation, and further that the basal state
could be restored by mutation of both residues in one subtype to those of the other
subtype (double reciprocal mutation) (125). Evidence for involvement of TM VI
in α1B-AR activation also comes from the delineation of F6.51 as a key switch
residue involved in both agonist binding and receptor activation by this receptor,
albeit that this residue appears only to be involved in the isomerization from R′
to R* and not from the basal state to R′ (20). In other GPCRs, such as the
NK-1 substance P receptor, interhelical stabilization of TM VI by TM V has been
demonstrated from studies showing that an engineered zinc-binding site linking
the extracellular ends of these two helices prevents activation (126). Activation
may also involve movement of other helices, such as TM VII, as demonstrated
in studies of rhodopsin (127) and other GPCRs, such as the thyroid-stimulating
hormone receptor (128).

2.3.2. Molecular Basis for Helical Movements and G Protein Activation

In the case of rhodopsin, the ground state is stabilized by a salt bridge linking
E3.28 in TM III with the protonated Schiff base formed by the covalent binding
of the chromophore 11-cis retinal with K7.43 in TM VII (129–131). Photoiso-
merization of the chromophore to the all-trans conformation disrupts the salt
bridge as a result of deprotonation of the Schiff base (132). Thus, movement of
TM III is likely the first step in the rhodopsin activation process. Similarly,
studies by Perez and coworkers (5,133,134) have provided evidence that a salt
bridge between D3.32 and K7.36 stabilizes the ground state of the α1B-AR, and
that its disruption also is essential and probably the proximate step in activation.
Thus, mutagenesis of either D3.32 or K7.36 to an alanine results in constitutive
activation that can be rescued by reciprocal mutation of these residues, and
activation can be induced even with triethylamine, a compound that mimics the
protonated amine moiety of catecholamines (5,133,134). However, other ARs,
including the α2A- , α2B-, and all β-AR subtypes, lack a lysine at the 7.36 position
and are thus unable to form a salt bridge with D3.32. Indeed, lack of such a strong
bonding interaction to stabilize the basal state may explain why some receptors,
such as the β2-AR, are more likely to demonstrate constitutive activity because
the energy barrier for spontaneous isomerization from R to R* would be lower.

Based on detailed fluorescence spectroscopy studies of the β2-AR, it has been
suggested that binding of the various moieties of catecholamine agonists is
sequential (83), and although interactions between the receptor and the catechol
ring and amine group are rapid, whereas that with the chiral hydroxyl is slow,
formation of the catechol ring interactions with TM VI and TM V precedes that
between the amine and D3.32 in TM III, with the latter required only to stabilize
the interactions with the catechol ring (83). These findings could be interpreted
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to imply that, for the β2-AR, movement of TM III may occur after that of TM VI,
and thus that movement of TM VI, rather than TM III, is the initial step in receptor
activation.

Another interhelical interaction that is disrupted, and likely plays a role in the
activation process, is that between a glutamic acid at the cytoplasmic end of TM
VI and residues of the (D/E)RY motif in TM III. This interaction is discussed in
Section 2.3.3.

Movement of TM III and TM VI, which are contiguous with the G protein-
interacting second and third intracellular loops (i2 and i3 loops), is consistent
with their central involvement in the activation process. However, it remains
unclear exactly how the binding of agonist to a site in the outer third of the TM
domain is transmitted to the G protein-interacting loops on the cytoplasmic
surface of the receptor—a distance of some 30–40 Å (135). The crystal structure
of rhodopsin revealed that TM VI is kinked because of the presence of a proline
(6.50) located approximately at the junction of the outer and middle thirds of
the helix (135). This proline is highly conserved in GPCRs, including all ARs.
In addition, the six residues N-terminal to 6.50 are highly homologous between
ARs and rhodopsin. Given that the residues N-terminal of proline have been
shown to be the determinants of proline-induced kinks, as well as other
nonhelical elements in TM proteins (136), it is likely that a kink in TM VI is a
conserved architectural feature of most GPCRs. The putative Pro-kink in ARs
is surrounded by a cluster of aromatic residues (F6.44, W6.48, F6.51, F6.52).
Because computational simulation studies indicated that Pro-kinks form flex-
ible molecular hinges that can act as conformational switches in TM α-helices
(137), it has been suggested that the aromatic residues of the β2-AR that are
clustered about 6.50 act as a toggle switch that modulates the TM VI kink (123).
Specifically, based on both mutagenesis data and computer simulations of ac-
tivation-induced structural changes in TM VI, Shi et al. (123) proposed that
activation results in a switch in the rotamer conformations of C6.47, W6.48, and
to a lesser degree F6.52, which result in a sweeping movement of the cytoplas-
mic end of TM VI away from TM III.

Although of interest, further experimental studies will be required to validate
or refute this rotameric switch model, which runs contrary to data indicating that
activation of rhodopsin involves rigid body movement of TM VI (86). In addi-
tion, in the study of Shi et al. (123), the molecular simulations of TM VI were
performed with the helix isolated from the likely constraining influences of other
TM helices; the rotamers assigned to the TM VI residue were those determined
from studies of α-helices in soluble proteins, which may not pertain for residues
in membrane-embedded helices. In agreement with the rhodopsin studies, site-
directed fluorescence-labeling studies of the β2-AR are entirely consistent with
TM VI moving as a rigid body (124).
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Based on engineered cysteine sensor studies of the β2-AR, which provided
evidence for movement not only of the cytoplasmic end of TM VI below the Pro-
kink, but also of the extracellular end of the helix above P6.50, Chen et al. (20)
suggested that rather than adding flexibility to TM VI, P6.50 rigidifies the helix
into a stiff, kinked helical rod, a proposal supported by studies of other proteins
showing increased thermostability with the substitution of an alanine by a kink-
inducing proline (138). As a result, the Pro-kink acts as a fulcrum to allow TM
VI to pivot and thus amplify the conformational change associated with agonist
binding. This results in productive propagation of the agonist signal from the
agonist binding site to the G protein-binding site on the cytoplasmic face of the
receptor.

Coupled with the findings of modeling studies of the β2-AR, Chen et al. (20)
further proposed mechanical momentum transfer as a plausible mechanism for
the propagation of activation-induced movements over a distance of 30–40 Å, a
mechanism suggested not only by the presence of a cluster of aromatic residues,
but also by their interaction in a typical herringbone arrangement interspersed by
strongly dipolar side chains (Asn 6.55, 7.39, 7.44, 7.49). Because buried amide
side chains, or even charged ones, form thermodynamically stable dipolar/aro-
matic clusters as a result of π-cation interactions with aromatic Trp, Phe, and Tyr
residues (139), any local changes to such interactions resulting from ligand-
induced residue rearrangements are likely to affect the stability of the whole
cluster. This would explain how large-scale movements of side-chain clusters
might be propagated along the length of the TM helices.

2.3.3. Extracellular Disulfide Bond Disruption

Even before the structure of any GPCR was known from molecular cloning,
it was demonstrated that the β-AR was stabilized by a disulfide bond(s) (140).
Indeed, based on an analysis of β-AR disulfide bonding, Pedersen and Ross (141)
suggested that its structure would be more akin to that of rhodopsin than to that
of other types of TM receptors—an astonishingly prescient prediction. In that
study, it was shown that treatment of the β-AR with thiol-reducing agents to
disrupt disulfide linkages resulted in its activation (141,142). Subsequently, with
the cloning of the β2-AR, the presence of a disulfide bond connecting extracel-
lular loops 1 and 2 (e1 and e2, respectively) was suggested by the presence of
cysteine residues in e1 and e2, which are also conserved in all ARs and most other
GPCRs, and by structure–function studies (143,144). However, it was not until
some years later that the extracellular loop disulfide bond connectivity of the β2-
AR was confirmed and shown to be atypical in that it involved not one bond, as
in other ARs, but two disulfide bonds connecting Cys106 in e1 and Cys184 in e2 with
vicinal cysteines (Cys191 and Cys190, respectively) in e2 (145), both of which
stabilize receptor structure, whereas only the Cys106–Cys191 linkage is involved
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in activation (145). Further, it was shown that formation of these disulfide bonds
likely involves disulfide exchange during biogenesis of the nascent receptor,
with initial bonding between Cys106 and Cys184, the cysteine pair conserved in
most other GPCRs (145).

In contrast to the solvent accessibility of the β2-AR disulfide bonds, that of the
α1B-AR (146), like rhodopsin (147), is solvent inaccessible, a finding consistent
with their extracellular loop structures being different from that of the β2-AR.
Because the disulfide bond is masked in α1-ARs, one cannot test if its reduction
by thiols would also lead to activation. Nevertheless, because catecholamine
agonists are reducing agents (148) and are inactive in their oxidized form (149),
whereas antagonists are redox inactive (148), it has been suggested that receptor
activation involves an essential reductive step, a postulate initially made for the
α2-AR (150) and later extended to β-AR (148,151) and dopamine receptors
(152). Further, it has been suggested that, because G proteins and adenylyl
cyclase contain active sulfhydryl groups (153), their activation by β2-ARs may
involve TM redox chemistry. Direct evidence, however, is lacking, and given
the reducing environment of the cytoplasm (154), one has to postulate that
critical sulfhydryls of intracellular receptor link proteins must be masked in their
inactive conformation if they are to react on receptor activation because other-
wise they would already be reduced.

2.3.4. Involvement of the E/DRY Motif

It has long been known that photoactivation of rhodopsin is not only associ-
ated with deprotonation of the Schiff base linking the retinal chromophore to
Lys296, but also with proton uptake from the aqueous milieu (155). Careful bio-
physical studies of wild-type rhodopsin and mutants indicated that it is E3.49 of
the E/DRY motif at the cytoplasmic end of TM III that becomes protonated with
photoactivation, that protonation occurs with significantly slower kinetics than
retinal isomerization, and that two spectroscopically indistinguishable activated
forms of rhodopsin (isochromic species known as metarhodopsin IIa and IIb) are
generated by photoactivation. The first (MIIa), which is generated rapidly, is
unable to activate transducin but results in E3.49 becoming available for proto-
nation, and the second (MIIb), generated by proton uptake by E3.49, is able to
activate signaling. In addition, mutation of E3.49 to an uncharged glutamine
results in constitutively active opsin. Thus, E3.49 is involved in stabilizing the
inactive state of rhodopsin.

As in rhodopsin, the residue at position 3.49 in adrenergic and other class A
GPCRs, an aspartate, has been proposed as an important modulator of the tran-
sition from the inactive (R) to the active (R*) state, and not surprisingly, charge-
neutralizing mutations of D3.49 in several such receptors have been shown to
result in constitutive activity (66,156–159). With the α1B-AR, mutagenesis stud-
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ies have suggested that, as with rhodopsin, activation involves protonation of
D3.49. Further, based on computer simulations, Scheer et al. (159) proposed that,
in the inactive state, R3.50 is constrained in a “polar pocket” formed by residues
in TM I, II, and VII, with the counterion for R3.50 being D2.50 in TM II. How-
ever, for the β2-AR, Ballesteros et al. (160) predicted the counterion to be the
adjacent D3.49 of the DRY motif, with D3.49 protonated in the active state and
R3.50 interacting with D2.50. In other studies of the β2-AR, Ghanouni et al. (161)
provided evidence that protonation increased basal activity by destabilizing the
inactive state of the receptor.

Based on additional mutagenesis studies, cysteine accessibility data, and
computer simulations, Ballesteros et al. (160) indicated that R3.50 forms ionic
interactions with both the adjacent D3.49 and E6.30 in TM VI. Further, they
suggested that disruption of this “ionic” lock might constitute a common switch
governing the activation of many class A GPCRs. Although an attractive hypoth-
esis, given the rhodopsin data showing that isomerization to MIIa precedes pro-
tonation and the generation of MIIb, it is unlikely that disruption of the putative
D3.49/R3.50/E6.30 ionic lock is a primary step in receptor activation. Moreover,
direct evidence for proton uptake from the aqueous milieu by receptors other than
rhodopsin has yet to be provided. It is also of interest that the increased basal
activity of the β2-AR observed with reductions in pH could not be abrogated
with alanine substitutions of D3.49 or E6.30. This suggests that the residue(s)
mediating protonation-induced activation has yet to be identified, albeit that it
would be interesting to test if the activating effect of pH reduction could be
prevented with charge-neutralizing mutations of more than one residue forming
the putative D3.49/R3.50/E6.30 interaction.

It has been suggested that, unlike rhodopsin or the α1B- and β2-ARs, the α2A-
AR does not follow the conventional GPCR mechanistic paradigm with respect
to the function of the DRY motif; that is, D3.49 is involved in receptor activation,
and R3.50 is involved in activation of the cognate G protein. Regarding the lack
of involvement of D3.49 in receptor activation, this conclusion is based on the
finding that D3.49I and D3.49N mutant α2A-ARs did not display constitutive
activity (15,162). Although the same substitutions of D3.49 in the α1B-AR do
result in constitutive activity (163), this conclusion should be interpreted with
caution because the D3.49N mutation of the α1B-AR induces the weakest con-
stitutive activity of all 19 substitutions at this residue (163). In addition, although
the isoleucine substitution of D3.49 resulted in robust constitutive activation of
the α1B-AR, it is possible that its long hydrophobic side chain may interact with
residues in other regions of the α2A-AR receptor that are not conserved in the α1B-
AR and by so doing may prevent expression of an activated phenotype. Thus,
additional data are required before it can be confidently concluded that the role
of the DRY motif in the α2A-AR is distinct from that in other class A GPCRs,
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albeit that such a proposal has also been made for the M1 and M5 mAch receptors
(164,165). With both of these muscarinic receptors, however, involvement of
D3.49 in receptor folding and expression may have limited the analysis of its
contribution to signaling.

2.3.5. Role of TM V Serines
Based on studies of the α1A-AR, it has been demonstrated that the meta-

hydroxyl of the endogenous agonists preferentially binds to S5.42, and it is this
hydrogen bond interaction, and not that between the para-hydroxyl and S5.46,
that allows receptor activation (12).

In early studies of the β2-AR, a critical interaction was demonstrated between
S5.42 and S5.46 and the meta- and para-hydroxyls of catecholamine agonists
(17). Using thermodynamic analyses of double mutant cycles in which wild-type
and mutant receptors with alanine substitutions of S5.42 and 5.46 were evaluated
for their ability to bind agonists with differing hydroxyl moieties on the 3,4
positions of the catechol ring, Ambrosia et al. (166) provided evidence that S5.42
and S5.46 not only provide agonist docking interactions, but also control the
equilibrium between the inactive (R) and active (R*) states or the receptor. Thus,
alanine substitution of both S5.42 and S5.46 in the wild-type β2-AR and a con-
stitutively active mutant inhibited basal signaling. In a similar analysis, Liapakis
et al. (16) also showed that the catechol meta-hydroxyl interacts not only with
S5.42, but also perhaps (through a bifurcated H-bond) with S5.43, and that the
interaction with the latter may play a role in partial agonism. Given that S5.43 is
not conserved in other ARs such as α1- and α2-ARs and in some cases is replaced
by an alanine that lacks H-bonding potential, catechol binding and the orientation
of the catechol ring clearly differ significantly between ARs.

3. Interaction of Adrenergic Receptors With Signaling Proteins
3.1. G Protein and Receptor Coupling

Like other GPCRs, ARs interact with heterotrimeric guanine nucleotide bind-
ing regulatory proteins or G proteins. The heterotrimeric nature of these proteins
is evident from their α-, β-, and γ-subunit composition, each subunit is encoded
by a distinct gene. The nucleotide-binding signature Gα subunit is structurally
related to small molecular weight G proteins and, like the latter, possesses intrin-
sic, but catalytically inefficient, GTPase activity (167). The Gβ- and Gγ-subunits
form a tightly interacting dimer that is bound to the plasma membrane via an
isoprenyl moiety covalently attached to the C-terminus of Gγ.

In the guanosine 5′-diphosphate (GDP)-bound state, Gα associates with Gβγ.
On activation by the cognate GPCR, GDP dissociation (the rate-limiting step) is
facilitated and allows G protein activation as a result of guanosine 5′-triphos-
phate (GTP) binding. The mechanisms by which receptors bind their cognate G
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protein and catalyze GDP/GTP exchange are not well understood but involve
interaction with the i2 and i3 receptor regions (168). One possibility could be that
GTP binding by Gα instigates a conformational change that may lower its affinity
for Gβγ and thereby leads to dissociation of Gα-GTP from Gβγ (although some
have suggested that, rather than dissociation, the trimeric complex merely under-
goes a conformational rearrangement) (169). Both Gα-GTP and Gβγ can activate
downstream effectors (170). In addition to effector activation, Gα complexes
have numerous signaling functions, including a role in membrane localization
and activation of certain GRKs.

In mammals, there are at least 27 Gα-, 5 Gβ-, and 13 Gγ-subtypes (171); hence,
the intracellular propagation of GPCR signaling is orchestrated by myriad Gαβγ

combinations. On the basis of the primary sequence of the Gα-subunits, G pro-
teins can be divided into different major families, including Gs, Gi, Gq, and G12

(172). Each Gα protein subtype couples to specific effectors. Originally, both the
specificity and the selectivity of GPCR signaling were thought to be achieved by
the coupling of a given receptor with a single class of G proteins. However, this
paradigm was abandoned because several GPCRs, including the β2-AR, have
been shown to be capable of coupling to several different Gα-subunits, a phenom-
enon dependent on the specific agonist employed or its concentration, which is
referred to, as indicated in Section 2.2, as agonist trafficking (100).

As detailed in Sections 3.2–3.4, the G proteins involved in AR signaling
(Fig. 7) include Gs, which couples β-ARs to adenylyl cyclase stimulation, and
Gi, which mainly couples α2-ARs to AC inhibition. α2-ARs activation can also
lead to Ca2+ channel activation via Go coupling. For α1-ARs, the Gq/11 family
can mediate receptor coupling to phospholipase Cβ (PLC-β) activation. In
addition, the atypical G protein Gh/TGase 2 can mediate PLC-γ1 activation by
the α1B- and α1D-, but not α1A-, AR.

3.2. α1-AR G Protein and Effector Activation

Stimulation of α1-ARs results in the activation of various effectors, including
PLC, phospholipase D (PLD), and phospholipase A2 (PLA2), as well as activa-
tion of Ca2+ channels and the Na+/H+ exchangers, modulation of K+ channels
(173), and activation of other signaling pathways, such as that involving activa-
tion of mitogen-activated protein kinases, or leading to transcriptional activation
of early and late response genes.

The main signaling pathways activated by α1-ARs are depicted in Fig. 8. All
three α1-AR subtypes can activate phosphoinositide turnover and calcium sig-
naling. Indeed, although the Ca2+ influx (174,175) response was initially thought
to be specific for the α1A-AR, it was later found to be mediated also by the other
subtypes. Both voltage-dependent and -independent Ca2+ channels have been
implicated in these responses. Using antisense technology, Marcrez-Lepetre and
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coworkers have provided evidence that Gαq participates in α1-AR-mediated
phosphoinositide turnover and intracellular calcium mobilization, whereas Gα11

is involved in α1-AR-mediated calcium influx (176).
Like many other Ca2+-mobilizing receptors, α1-ARs mainly couple to the

Gq/11 family of G proteins to increase intracellular free Ca2+ concentration. The
Gq/11 family includes five α-subunits: αq, α11, α14, α15, and α16 (177). Transient
overexpression of both receptor and G protein α-subunit in COS-7 cells has
shown that αq and α11, which are expressed in most cells, can mediate PLC
activation by all α1-AR subtypes (178). This results predominantly from Gq/11-
mediated activation of PLC-β (173). In contrast, α14 and α16, which are expressed
in a limited subset of tissues but can also mediate PLC-β activation, couple
differentially to α1-AR subtypes. Thus, whereas the α1B-AR signals efficiently
via coupling to Gα14 or Gα16, the α1A-AR signals via Gα14 but not Gα16, and the α1D-
AR poorly interacts with either (178).

The activation of PLC-β by α1-ARs results in the hydrolysis of a specific
membrane lipid, phosphatidylinositol-4,5-bisphosphate, to release the diffusible

Fig. 7. Adrenergic receptor subtypes and their coupled G proteins and effectors. AC,
adenylyl cyclase; c-AMP, cyclic adenosine-3′,5′-monophosphate; DAG, diacylgly-
cerol; PKA, c-AMP-dependent protein kinase A; PKC, protein kinase C; PLC-β, phos-
pholipase Cβ; +, activation; –, inhibition; ↑, increase; ↓, decrease.
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Fig. 8. Signal transduction pathways activated by α1-ARs. The upper portion of the
figure shows the classical receptor-linked phosphoinositide pathway and secondary
effector activation. The lower portion shows additional α1-AR-linked pathways, which
include modulation of ion channels and activation of MAPK pathways via Gi-mediated
PI3K stimulation. α1-AR-mediated activation of adenylyl cyclase via Gαs has also been
reported. AA, arachidonic acid; AC, adenylyl cyclase; ATP, adenosine 5-triphosphate;
cAMP, cyclic adenosine 3′,5′-monophosphate; DAG, diacylglycerol; ERK, extracellu-
lar signal-regulated kinase; GDP, guanosine diphosphate; GTP, guanosine triphos-
phate; IP3, inositol-1,4,5-triphosphate; MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase kinase; PA, phosphatidic acid; PC, phosphatidylcho-
line; PI3K, phosphatidylinositol-3 kinase; PIP2, phosphatidyl inositol-4,5-bisphosphate;
PIP3, phosphatidylinositol 3,4,5-triphosphate; PKA, protein kinase A; PKC, protein
kinase C; PL, phospholipids; PLA2; phospholipase A2; PLC-β, phospholipase Cβ; PLD,
phospholipase D.
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second messengers IP3 and diacylglycerol (DAG) (173). IP3 then activates the
release of Ca2+ from intracellular stores, such as the endoplasmic reticulum,
resulting in a rapid increase in cytoplasmic Ca2+ concentration. The increased
free Ca2+ binds to calcium-dependent regulatory proteins such as calmodulin.
The complex formed with calmodulin regulates the activities of a variety of
enzymes and other cellular proteins, which leads to a variety of physiological
responses in different tissues. DAG, on the other hand, is an allosteric activator
of PKC, which in turn phosphorylates seryl and threonyl residues on a variety of
cellular protein substrates, including various ion channels (Ca2+ and K+ chan-
nels), Na+-H+ exchanger, and Na+-Ca2+ pump (173). Regulation of these proteins
by PKC results in a variety of cellular responses, including altered cardiac func-
tion.

There are at least 10 mammalian PLC isozymes, which can be divided into
three types: β1-4, γ1-4, δ1-4 (179). PLC-β can be activated by the α-subunits of
all four members of the Gq/11 family. PLC-γ is mainly activated by receptor
tyrosine kinases; the regulators of PLC-δ isoforms have not yet been clearly
defined (179). Feng et al. (180) have provided evidence that the α1B-AR may
couple to Ghto regulate PLC-δ activity, and that a Gh/PLC-δ1 complex is formed
on α1B-AR activation. Also, PLC-δ1 can be stimulated by activated Gh following
reconstitution, suggesting that PLC-δ1 is a downstream effector of Gh (181).
However, Murthy et al (182) suggested that Gh may negatively regulate PLC-δ1
activity. They showed that the activity of PLC-δ1 is inhibited when it forms a
complex with Gh in the empty or GDP-bound state, whereas dissociation of Gh

from PLC-δ1 as a result of receptor-stimulated GTP/GDP exchange activates
PLC-δ1. Both the α1B- and the α1D-ARs can utilize the atypical G protein Gh/
TGase 2 to activate PLC-δ1 or maxi-K+ channels (180,183,184).

Stimulation of α1-ARs has also been shown to induce arachidonic acid (AA)
release in a variety of cells, including FRTL5 cells (185), spinal cord neurons
(186), MDCK cells (187), vascular smooth muscle cells (186,188), striatal astro-
cytes (189), and transfected COS-1 and CHO cells (190). In most of these studies,
evidence has been provided that activation of PLA2, either directly or indirectly,
was involved in AA release. PLA2s are a family of enzymes that cleave the ester
linkage in membrane glycerophospholipids at the sn-2 position of the glycerol
moiety, producing a free fatty acid and a lysophospholipid (191–193). There are
three major types of PLA2s: a 14-kDa secretory form, an 85-kDa cytosolic Ca2+-
dependent (cPLA2) form, and an intracellular Ca2+-independent PLA2s (iPLA2)
form. Although all three PLA2s mediate AA release, cPLA2 possesses charac-
teristics suggesting that it is the enzyme mainly involved in receptor-activated
signaling (194). The enzyme does not need Ca2+ for activation but is able to trans-
locate to membranes in response to increases in intracellular Ca2+ to micromolar
levels. It possesses a preference for AA-containing phospholipids as its sub-
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strate, and its activity is regulated by mitogen-activated protein kinase (MAPK)-
mediated phosphorylation. α1-ARs activate AA release through cPLA2 (195).

However, it is still unclear how the activity of PLA2 is regulated. Studies of
various cloned α1-AR subtypes expressed in different eukaryotic expression
systems suggested that their regulation of cPLA2 activity is complicated and is
probably cell type specific (175). Some studies have shown that α1-AR-mediated
AA release as a result of PLA2 activation secondary to stimulation of other
signaling pathways, such as Ca2+ influx or PKC and MAPK activation. But, there
is also evidence that α1-ARs couple directly to PLA2 activation. For example,
Perez and coworkers (190) showed that stimulation of AA by either the α1B- or
α1D-AR expressed in COS-1 cells is dependent on Ca2+ influx via dihydro-
pyridine-sensitive L-type calcium channels, whereas in CHO cells, which lack
a voltage-dependent calcium channel, α1-AR-mediated AA release does not
involve stimulation of PLC, Ca2+ influx, PKC, or DAG lipase or increase of
intracellular Ca2+ but rather involves direct activation of PLA2.

In addition to PLA2-mediated mechanisms, it is worth noting that AA can also
be generated from the activation of other pathways, including PLC, which forms
DAG that could be cleaved to generate AA via the action of mono- or diglycerol
lipase (194). PLD-mediated cleavage of phosphatidylcholine may also generate
phosphatidic acid (PA), which can be further metabolized by phosphatidic acid
phosphohydrolase to DAG, and activation of AA release by α1-ARs via the PLD
pathway has been reported (196).

As with other receptors, α1-ARs may regulate PLA2 activity via G proteins
(197,198). Thus, PLA2 activity can be regulated by guanine nucleotides and in
most cases is inhibited by pertussis toxin treatment—thus suggesting involve-
ment of a Gi- or Go-like G protein (197,199,200). However, it is still unclear how
activation of G proteins is linked to PLA2 stimulation, although there is evidence
that it may be by via a direct Gβγ-mediated effect (201).

The role of the released AA in cell functions is not completely understood, and
AA itself can act as a second messenger to activate PKC (202,203) and PLCδ
(204) and to influence membrane ion channel activity (205,206). AA can also
inhibit smooth muscle myosin light chain phosphatase activity (207) or can be
converted through the lipoxygenase or cyclooxygenase pathways to a number of
bioactive eicosanoids, including prostaglandins, thromboxanes, leukotrienes,
epoxides, and hydroxyeicosatetraeinoic acids, which are involved in inflamma-
tion and cell proliferation (194,208). Moreover, lysophospholipid, which is con-
comitantly released from phospholipid as a result of PLA2 activation, can
influence cell functions (e.g., proliferation) by acting on its receptor on the cell
surface.

PLD mainly catalyzes the hydrolysis of phosphatidylcholine to PA and cho-
line (209). PA may act directly as a signaling molecule or can be converted by
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phosphohydrolase to the PKC activator DAG. Activation of PLD via α1-ARs has
been demonstrated in a variety of tissues and cell lines, including cerebral cortex
(210), artery (211,212), parotid (213), ventricular myocytes (214), and MDCK
cells (215). Indeed, each of the three α1-ARs subtypes, when expressed in rat-1
fibroblast cells, can activate PLD with the following order of efficiency: α1A >
α1B > α1D-AR (196). However, the mechanisms involved in this activation are
poorly understood. The activity of PLD can be regulated by multiple pathways,
including by PKC or tyrosine kinases, as well as by small G proteins of the ADP-
ribosylating factor and Rho families (209). In a few studies that have examined
the regulatory mechanisms, it was shown that extracellular Ca2+ but not PKC
activation is required for stimulation of PLD via α1-ARs (215). In addition, there
is evidence that α1-AR-mediated PLD activation can be regulated by the cAMP–
PKA (protein kinase A) signaling pathway (196).

α1-ARs can also signal via interaction with pertussis-sensitive G proteins.
Thus, Gαo has been suggested to interact with α1-ARs in mediating contraction
and inositol phosphate generation in rat aorta (216), a response that may involve
effector activation by either the α- or βγ-complexes. Other α1-AR-mediated
actions, such as PLA2 activation (94,197) and modulation of calcium influx
(217), are also mediated by pertussis toxin G proteins. Also, in rat aortic smooth
muscle (216) or with overexpression of the α1B-AR in oocytes (218), PLC cou-
pling involves interaction with Go. Direct coupling of the α1B-AR to Gs to stimu-
late adenylyl cyclase activity has also been reported in transfected CHO cells
(219). In addition to modulation of these classical effector pathways, α1-ARs
regulate growth responses via activation of the MAPK family, including
ERK1/2, c-Jun N-terminal kinases (JNKs), and the p38 kinases. Thus, α1-ARs
can also activate the MAPK pathway (175). MAPKs are a large family of widely
expressed serine/threonine kinases (220), involving three major subfamilies:
the ERKs, the JNKs, and the p38 MAPKs. All three MAPKs can be activated
α1-ARs, albeit to variable extents (175). In particular, their activation plays a
critical role in the hypertrophic response of cardiac myocytes to α1-AR stimula-
tion (221). The cellular pathways involved have not yet been completely eluci-
dated, but activation of Ras, Rho, and their downstream kinases has been
implicated (175). The upstream signals probably involve various receptor-
coupled second messengers, such as Ca2+ and PKC, as well as G proteins (both
α- and βγ-subunits) (220). In addition, they may involve tyrosine kinases (Pyk2,
Src), adaptor proteins (Shc), and phosphoinositide-3 kinase (PI3K) (175).

As with other GPCRs, the domains of the α1-ARs involved in G protein
coupling are the intracellular loops, particularly i3 (222). For example, substitu-
tion of a portion of i3 of the α1B-AR into the corresponding region of the β2-AR
results in a chimera that can now activate PI hydrolysis but not cAMP generation
(223). Moreover, overexpression of the i3 segment of the α1B-AR using a minigene
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construct inhibits coupling of this receptor to inositol phosphate turnover (224).
Finally, selective deletion of a portion of i3 of the α1B-AR impairs its ability to
couple to Gq/11, G14, and G16 (225). The i3 sequences involved in the activation of
G proteins by the α1B-AR subtype involve residues extending from Lys240-His252

for activation via Gαq and Gα11 but not for activation via Gα14 or Gα16 (225). Two
segments in i3—one at the amino terminus and another at the carboxy terminus—
are required for Gαi activation and to some extent for coupling to Gα16 (225).
However, no consensus sequences have been defined that predict selective inter-
action of the various α1-AR subtypes with specific G proteins (222). This is not
altogether surprising given that even when receptors belonging to the same fam-
ily couple to similar G proteins, they share little or no amino acid identity within
their G protein-interacting intracellular loops. As a corollary, in addition to pri-
mary amino acid sequence, the secondary and tertiary structures of the intracel-
lular loops are likely critical for the specificity of receptor/G protein coupling.

3.3. α2-ARs G Protein and Effector Activation

Signaling by α2-ARs mainly involves coupling via Gi and hence leads to the
inhibition of adenylyl cyclase (107,226). Also, Eason and colleagues have dem-
onstrated pertussis toxin-insensitive activation of cAMP in CHO cells express-
ing high levels of α2-AR (226). Moreover, they have also demonstrated a direct
agonist-dependent physical coupling of the α2A-AR to Gs. Gq coupling has been
demonstrated in HEK293 cells transiently transfected with the porcine α2A-AR
and either murine Gαq or rat Gαs (107). However, coupling of the α2A-AR to
endogenous Gi was approx 1000 times greater than that to Gs or Gq. Hence, α2-
ARs preferentially couple to the Gi/o families of G proteins (227), and different
amino acids are responsible for the activation of Gi and Gs (228,229).

Coupling of α2-ARs to Gi leads to inhibition of adenylyl cyclase, which results
in decreased cAMP generation. Coupling to several other signaling pathways has
also been reported for the α2-ARs, including activation of K+ channels (230);
inhibition of calcium channels; activation of the Na+/H+ antiporter (231); and
mobilization of intracellular Ca2+ (232).

The α2A- and α2D-ARs can couple to at least Gi2, Gi3, and Go1 (233–237), whereas
the α2C-AR couples to Gi1, Go1, or Go2 (238,239). After reconstitution in phospho-
lipid vesicles, both the α2A- and α2C-ARs have been shown to couple to members
of the Gi/o subfamily with the following potency: Gi3 > Gi1 = Gi2 > Go1 (240).

In addition to inhibition of AC, stimulation of both the α2A- and α2C-ARs
results in direct activation of PLC via a PTX-sensitive G protein (241). Hence,
as for many other receptor subtypes, α2-ARs can couple to multiple effector
systems, indicating heterogeneity of receptor–effector interactions. In addition,
the effector pathway utilized is dependent on the specific ligand employed and
its concentration.
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3.4. β-AR G Protein and Effector Activation
All three β-AR subtypes activate effectors via coupling to Gs. In cardio-

myocytes, stimulation of β-AR by nonselective agonists results in Gs-mediated
adenylyl cyclase activation and enhanced c-AMP generation, which in turn
causes activation of PKA. In some cells, enhanced cAMP generation also results
in activation of cAMP-gated ion channels. As depicted in Fig. 9, PKA phospho-
rylates several proteins that are involved in cardiac function, which results in
activation of L-type calcium channels (242,243); disinhibition of the
sarcoendoplasmic reticular Ca2+-ATPase as a result of phospholamban (PLB)
phosphorylation (244); and activation of troponin I (245), ryanodine receptors
(246), and myosin-binding proteins (247). In addition, PKA also phosphorylates
and activates protein phosphatase inhibitor-1 (248), which inhibits protein phos-
phatase-1 and thus prevents dephosphorylation of PLB and other substrates.
These β-AR-mediated effects enhance contractility by increasing Ca2+ influx
(activation of L-type channels), increasing Ca2+ reuptake into the sarcoplasmic
reticulum (PLB/SERCA), and modulating myofilament Ca2+ sensitivity (tropo-
nin I, myosin binding protein C). Activation of β-ARs also results in enhanced
cAMP-dependent gene transcription (Fig. 9, lower panel).

Although the cAMP pathway is activated by both β1- and β2-ARs in both
cardiomyocytes (249,250) and transfected cells (251,252), β2-AR-mediated
adenylyl cyclase activation is greater than that by β1-ARs. These two β-AR
subtypes also have opposing actions in regulating cardiomyocyte apoptosis:
stimulation of the β1-AR increases apoptosis, whereas stimulation of the β2-AR
inhibits it (253). Such differences may be because, whereas the β1-AR couples
exclusively to Gαs, the β2-AR can also activate effectors via coupling to Gi (254–
256). For example, Daaka and colleagues (254) reported that, in HEK293 cells,

Fig. 9. (Opposite page) Classical and cardiomyocyte β-AR signaling pathways.
Upper portion: Indicated in white rectangular boxes are the classical signaling path-
ways mediated by the β-ARs, which mainly involve Gs-mediated PKA activation. The
bold-lined boxes indicate the signaling molecules common to both β1- and β2-ARs
signaling via Gs, whereas the thin-lined boxes indicate those activated solely by the β2-
AR. Indicated in oval boxes are the nonclassical signaling pathways. Of particular
importance is the PKA-mediated switch in β2-AR signaling from Gs to Gi coupling.
Hence, both Gs- and Gi-mediated pathways lead to ERK activation by the β2-AR.
Signaling intermediates in gray are unique to either the Gs or the Gi pathway, whereas
those without color are common to both pathways. Indicated in the dotted boxes are the
two major mediators of β2-AR desensitization: GPCR kinase (GRK) and β-arrestin (β-
arr). Interaction of β-arrestin with the β2-AR leads to its internalization and the activa-
tion of new signaling pathways, which result in ERK activation. Lower portion: G
protein and effector pathways involved in β2-AR-mediated enhancement of cardiac
inotropy via release of Ca2+ from the sarcoplasmic reticulum. (Continued on next page)
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Fig. 9. (Continued from opposite page) AC, adenylyl cyclase; c-AMP, cyclic adenos-
ine monophosphate; β-arr, β-arrestin; CaM, calmodulin; CaMK, calmodulin-dependent
kinase; CaN, calcineurin; EPAC, exchange protein directly activated by cAMP; ERK,
extracellular signal-regulated kinase; GRK, G protein coupled receptor kinase; MAPK,
mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase;
MEF2, myocyte enhancing factor 2; NCX, sodium-calcium exchanger; NHE, sodium-
hydrogen antiporter; NOS, nitric oxide synthase; P, a phosphate group that has modified
the target protein as a result of phoshorylation; PDE, phosphodiesterase; PI3K, phospha-
tidylinositol-3 kinase; PKA, c-AMP-dependent protein kinase A; PLB, phospho-
lamban; PP, protein phosphatase; RyR, ryanodine receptor; SERCA, sarcoendoplasmic
reticular calcium ATPase. (This figure has been adapted from refs. 284 and 300.)



62 Finch, Sarramegna, and Graham

activation of the β2-AR results in initial PKA-mediated receptor phosphoryla-
tion. The resulting phosphorylated receptor is no longer able to activate adenylyl
cyclase, but switches to activation of MAPK, a response mediated by a pathway
involving stimulation of c-Src and Ras by the Gβγ-subunits of pertussis toxin-
sensitive Gi.

This switch in the coupling of the β2-AR from Gs to Gi signaling leads to the
activation of not only ERKs (254), but also Akt/protein kinase B (257), phos-
phoinositide-3-kinase (257), certain receptor tyrosine kinases (258) and inhibi-
tion of adenylyl cyclase (259). In cardiomyocytes, Gi-mediated stimulation of
the PI3K/Akt-dependent cell survival signaling pathway is thought to prevent
cardiomyocytes from undergoing Gs-mediated apoptosis. This β2-AR-coupled,
Gi-mediated pathway may also result in the transactivation of the epidermal
growth factor receptor (254,257–262) and has been demonstrated in a variety of
different cell lines, including cultured rat cardiomyocytes (261), HEK293 cells
(254), CHO cells (262), and COS-7 cells (258). Both the classical β2-AR Gs-
mediated ERK activation pathway and the Gs/Gi-mediated ERK activation path-
way are depicted in Fig. 9.

In addition to PKA, the β2-AR can be phosphorylated by PKC and GRKs as
part of the desensitization response. GRKs phosphorylate the ligand-activated
β2-AR and thereby stimulate recruitment of arrestin, which targets the receptor
for internalization. In addition, the receptor/β-arrestin complex recruits several
proteins that initiate nonclassical signaling pathways. Because this GRK/β-
arrestin targeting mechanism is more prominent with the β2- than the β1-AR, this
could explain why the activation of these nonclassical signaling pathways is
more evident with the former subtype. The differing behavior of the β-AR sub-
types, in terms of β-arrestin binding and internalization, might also regulate
some of their differential signaling properties. It has also been suggested that
the receptors may initially be embedded into large signalosomes, which differ for
the two subtypes. The hypothesis underlying this proposal is that spatial segre-
gation of receptors allows their association with other sequestered proteins to
form specific signaling complexes that mediate subtype-specific responses. In
this context, it has been shown that, in neurons, a β2-AR signalosome containing
an entire signaling chain could be isolated (263,264).

Although subtype-specific differences in receptor compartmentalization have
been suggested, the mechanisms underlying such differential receptor segrega-
tion are not well understood. One possibility is that of differential plasma mem-
brane localization of the two different receptors. Indeed, it has been shown that
the β2-AR could be copurified with caveolae from adult cardiomyocytes, whereas
the β1-AR was much more evenly distributed in these cells (265). However, in
rat neonatal cardiomyocytes, the β1-AR is associated with caveolae (250). cAMP
signals might also be spatially regulated via their site of generation (receptor
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localization) and destruction (phosphodiesterases). In particular, activation of
the β2-AR leads to β-arrestin-mediated phosphodiesterase (PDE4) recruitment
to the plasma membrane, which may regulate the switching from Gs- to Gi-
mediated signaling (266). Hence, it seems that although signals are usually
measured as global changes in second messenger concentrations—which are
therefore assumed to change in a uniform manner throughout the cell—compart-
mentalization of intracellular signaling might be essential, and both spatial and
temporal regulation of receptor-induced signaling seems to be operative with
both β1- and β2-ARs.

Finally, selective coupling of the β1-AR only to Gs may not hold in all cell
types because ERK activation via β1-AR and Gi has been demonstrated in
COS-7 cells, a response regulated by the PDZ domain-binding protein: GAIP-
interacting protein, carboxy (C) terminus (267). Indeed, both the β1- and the β2-
AR contain carboxy-terminal PDZ-binding domains that can bind to PDZ
domain-containing proteins (268). In this context, the β2-AR has been shown to
interact with Na+/H+ exchanger regulatory factors in an agonist-dependent man-
ner via its PDZ-binding domain (268), and the β1-AR interacts with MAGI-2
(269) and PSD-95 in a GRK5-dependent manner (270). Expression of the β3-AR
subtype is mainly limited to the adipose tissue (271), but several groups have
reportedβ3-AR effects and messenger ribonucleic acid (mRNA) in human, guinea
pig, and canine heart and cardiomyocytes (272–274). However, although it
couples to Gs in fat cells, these reports suggest coupling to a nonclassical Gi/nitric
oxide pathway that produces enhanced inotropic effects in human heart (275,
276). β1/β2-Knockout mice have little or only very slight β3-AR effects (277–
279), whereas with cardiac-specific overexpression of this receptor, enhanced
cardiac contractility has been observed (280). Thus, the physiological role of this
subtype outside adipose tissue remains to be defined. A fourth receptor subtype,
the β4-AR, has also been postulated to mediate the cardiac effects of the agonist
CGP12177, but studies with the β1-AR and β2-AR knockout mice revealed that
these effects were actually mediated through the β1-AR (281).

3.5. Regulation of G Protein and Effector Coupling

To allow precise homeostatic regulation of cellular functions, signaling path-
ways that are turned on also need to be turned off, and to this end, agonist
occupation of receptors has been shown to initiate a series of molecular processes
that control temporal and spatial receptor input. Three such regulatory processes
are desensitization, internalization, and downregulation. Desensitization—a
phenomenon commonly described as the waning of the receptor response on
continuous agonist exposure—is characterized by receptor/G protein uncou-
pling and occurs rapidly (within seconds to minutes). Two forms, homologous
and heterologous, have been identified. The former refers to uncoupling that
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occurs with exposure of a receptor to its own agonist, the latter to uncoupling of
a receptor as a result of continuous activation of a different receptor.

Although not fully understood, desensitization involves several mechanisms,
including receptor phosphorylation and interactions with intracellular protein
partners, especially arrestins, which by binding to the G protein recognition site,
block the G protein/receptor interaction. Phosphorylation of GPCRs can be
mediated by second messenger-dependent protein kinases (PKA or PKC), which
phosphorylate receptors whether occupied by an agonist or not. Phosphorylation
by these kinases thus is involved in heterologous desensitization. Receptor phos-
phorylation can also be mediated by GRKs, which selectively phosphorylate
agonist-bound receptors and hence participate in homologous desensitization.

Downregulation, by contrast, occurs more slowly (over hours), and is caused
by a decrease in the total number of receptor molecules in the cell, resulting from
either a decrease in receptor synthesis, destabilization of receptor mRNA, or an
increase in receptor degradation (282,283). Recovery from downregulation there-
fore requires de novo protein synthesis. However, as downregulation is not nec-
essarily coupled to receptor internalization, signals different from those involved
in endocytosis are likely required.

Internalization or sequestration of receptors away from the cell surface also
occurs more slowly (minutes to hours) than desensitization. Although it might be
facilitated by receptor phosphorylation, it can also occur in the absence of phos-
phorylation. In many instances, internalization is dependent on an interaction
with arrestin molecules, which then target receptors for endocytosis via clathrin-
coated pits. Once internalized, receptors are either recycled to the cell surface
(resensitization) or are degraded in lysosomes.

In addition to their roles in the desensitization and internalization of recep-
tors, arrestins also initiate signals from receptors and have been shown to inter-
act with different kinases and other regulatory proteins, such as Src-family
tyrosine kinases, and act as receptor-regulated scaffolds for several ERKs,
including JNKs and p38 MAPKs. ERKs are activated by a variety of diverse
GPCRs (for review, see ref. 260) via Gs, Gi, Gq, and Go-mediated pathways.
Thus, it is now well established that internalization, or at least the sequestration
of GPCRs, plays a role in their signaling, and that interaction with arrestins is
essential for activation of new signaling pathways. These new or nonclassical
signaling pathways and paradigms are considered in the chapter “New Signal
Transduction Paradigms” by KP Minneman.

Finally, there is increasing evidence for the specific intracellular localization
of receptors with distinct signaling pathways, a process that allows spatial seg-
regation of receptors and thus their association/interaction with other proteins
to form signalosomes that may be responsible for subtype-specific responses
(284).
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Glossary
The following definitions are based on those recommended by the Interna-

tional Union of Pharmacology, Committee on Receptor Nomenclature and Drug
Classification (286).
Affinity

The equilibrium constant of the reversible reaction of a drug with a receptor to
form a drug-receptor complex, dependent on the chemical natures of both the drug
and the receptor.

Agonist
A ligand that binds to a receptor and alters the receptor-state resulting in a
biological response. Conventional agonists increase receptor activity, whereas
inverse agonists reduce it.

Table 2
Residue Designation a

Receptor 1.50 2.50 3.50 4.50 5.50 6.50 7.50

α1A N44 D72 R124 W151 P196 P287 P323
α1B N63 D91 R143 W170 P215 P309 P345
α1D N114 D142 R194 W221 P266 P363 P399
α2A N51 D79 R131 W158 P208 P351 P303
α2B N30 D58 R110 W137 P184 P386 P423
α2C N69 D97 R149 W176 P222 P396 P433
β1 N76 D104 R156 W183 P236 P339 P374
β2 N51 D79 R131 W158 P211 P288 P323
β3 N55 D83 R135 W162 P216 P307 P343

a The numbers following the amino acids (identified using the single
letter code) indicated below each Ballesteros and Weinstein position are
those of the human adrenergic receptor sequences.

Appendix
Residue Identification

To allow residues to be readily compared between adrenergic receptor sub-
types, the standardized numbering system of Ballesteros and Weinstein (285) is
used throughout this chapter to identify residues in the TM helices. Each residue
is designated by a three-digit number: The first digit (1 through 7) corresponds
to the helix in which it is located; the second and third digits identify its position
relative to the most-conserved residue in that helix, which is designated as “.50”
(Table 2). Residues C-terminal to the conserved residue are designated by suc-
cessively increasing numbers, whereas those N-terminal are identified by suc-
cessively decreasing numbers. For example, residues of the “DRY” motif are
designated as D3.49, R3.50, and Y3.51.
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Antagonist
A ligand that inhibits receptor activation by another ligand, generally an agonist.

e1, e2, e3

Extracellular loop 1, extracellular loop 2, extracellular loop 3.

EC50

The molar concentration of an agonist that produces 50% of the maximal possible
effect of that agonist.

Efficacy
The degree to which different agonists produce a response, given the same
proportion of occupied receptors. For example a partial agonist has a reduced
efficacy compared to a full agonist for the same receptor

Full agonist
An agonist which has the ability to produce the maximal response for a given
system. The designation of full vs partial agonist is system-dependent.

i1, i2, i3

Intracellular loop 1, intracellular loop 2, intracellular loop 3.

Inverse agonist:
A ligand that by binding to receptors reduces the fraction of receptors in the active
conformation.

Kd

The equilibrium dissociation constant of a ligand determined directly in a binding
assay using a labeled form of the ligand.

Ligand
A molecule that binds to a receptor.

Partial agonist
An agonist that cannot elicit a maximal response (even when applied at high
concentrations to ensure full receptor occupancy). The designation of full vs
partial agonist is system-dependent.

Potency
The activity of a drug, in terms of the concentration or amount needed to produce
a defined effect.
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New Signal Transduction Paradigms

Kenneth P. Minneman

Summary

All adrenergic receptors (ARs) are members of the G protein-coupled re-
ceptor superfamily and have been assumed to initiate signals primarily
by activation of heterotrimeric G proteins. The three major AR families
(α1, α2, β) each contain three subtypes, with all receptors within a sub-
family acting through the same G proteins to initiate the same signals.
α1-ARs activate Gq/11 to increase Ca2+, α2-ARs activate Gi/o to decrease
cyclic adenosine 5′-monophosphate, and β-ARs activate GS to increase
cyclic adenosine 5′-monophosphate. This raises questions regarding how
apparently redundant receptor subtypes have survived evolutionarily
and continue to mediate distinct functions in all known higher organ-
isms. Although the primary importance of G proteins in signaling is not
in doubt, it is increasingly clear that understanding AR signaling requires
additional complexity. ARs have now been shown also to interact directly
with other proteins, which may be important in signaling. One class
includes other G protein-coupled receptors, and increasing reports of
receptor heterodimerization are transforming our view of these recep-
tors as solitary cellular sentinels for detecting incoming signals. Another
class is adaptor or scaffolding proteins responsible for local organization
of specific signaling complexes, for which proximity of effector molecules
may result in increased or unexpected responses. Other proteins, such as
regulators of G protein signaling, may affect the specificity or extent of G
protein activation. Finally, internalization of receptors may be required
for certain responses, which may be independent of G protein signaling.
Thus, the traditional view of a linear signaling cascade of ligand/recep-
tor/G protein/second messenger activation is turning into a much more
complex, combinatorial, and context-dependent view of AR signaling.
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1. Introduction

All adrenergic receptors (ARs) are members of the large G protein-coupled
receptor (GPCR) superfamily, which comprises one of the largest family of
proteins encoded by the human genome, with several hundred distinct genes (1).
These receptors share a common structure, predicted to have seven transmem-
brane-spanning helices, an extracellular N-terminus, an intracellular C-termi-
nus, and extracellular and intracellular loops of varying lengths (2). It has long
been assumed that ligand-induced activation of these receptors initiates signals
by interaction of their intracellular domains with heterotrimeric G proteins, stimu-
lating these G proteins to dissociate into α- and βγ-subunits (3). These G protein
subunits then act on effector molecules, particularly enzymes and channels, to
increase or decrease their activity. This increases the concentration of second
messenger molecules such as cyclic adenosine 5′-monophosphate (cAMP),
diacylglycerol, inositol 1,4,5-trisphosphate, or calcium or changes in membrane
voltage or capacitance (4). These ultimately result in alterations in protein phos-
phorylation, activation or inhibition of particular enzymes, and eventually spe-
cific cellular responses to receptor activation. Until recently, this relatively linear
cascade of ligand activation of receptor, receptor activation of G protein, G
protein activation of effector, and effector-induced changes in cellular physiol-
ogy has been the standard paradigm for understanding signaling by this impor-
tant receptor superfamily.

Increasingly, however, this relatively straightforward signaling cascade has
been challenged by new observations suggesting much more complex and con-
text-dependent signaling mechanisms for many GPCRs (1,4). It is now increas-
ingly clear that many GPCRs form heterodimers, which have a great impact on
their trafficking, pharmacology, signaling, and internalization. In addition, a
variety of adaptor or scaffolding proteins have now been found to interact
directly with GPCRs and may serve as effector molecules themselves, indepen-
dent of G protein activation. Regulators of G protein signaling proteins have been
found to associate directly with GPCRs to regulate their interactions with G
proteins (5), and some responses have been found to require agonist-induced
translocation of the receptor in the absence of G protein activation. Thus, the
relatively small intracellular surface of GPCRs appears to have become a hotbed
of interacting proteins, some affecting G protein signaling and some of which
may initiate independent signals. These new findings have stimulated tremen-
dous interest in the possibility of alternative signaling pathways for GPCRs.
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ARs have served as prototypes for GPCRs for decades (6). ARs were among
the first to be recognized as having molecularly and pharmacologically distinct
subtypes; to have their signaling pathways elucidated; to be specifically labeled
with radioligand-binding assays; and to be purified, sequenced, and cloned (4).
With such a distinguished history, it is not surprising that they have also been
prototypes for our increased understanding of alternative signaling pathways
used by GPCRs. In this chapter, I provide an overview of some of this new
information and how it has an impact on our understanding of the biological
function of these important signaling molecules.

2. Signals Activated by AR Subtypes

In most cases, it has been found that each member of an AR subfamily couples
faithfully to a single G protein type. The α1-ARs (α1A, α1B, α1D) act through Gq/11

to increase intracellular Ca2+, α2-ARs (α2A, α2B, α2C) act through Gi to decrease
cAMP, and β-ARs (β1, β2, β3) act through GS to increase cAMP. The dual G
protein specificity observed with other GPCRs, such as angiotensin II receptors
(which activate both Gq/11 and Gi families) (7), has not generally been observed
with AR subtypes.

2.1. Multiple Effects Caused by Multiple Subtypes

The multiplicity of AR subtypes suggests that they may activate many differ-
ent, redundant, or potentially conflicting signaling pathways, resulting in a
multitude of different functional responses. This is in fact the case because AR
activation causes effects ranging from contraction or relaxation of vascular
smooth muscle; contraction of cardiac muscle; decreased motility of intestinal
smooth muscle; release of energy stores from liver, fat, and skeletal muscle; and
many others. Many of these different effects are simply caused by the presence
or absence of particular AR subtypes in a particular tissue and are thus to be
expected. For example, bronchial smooth muscle contains primarily β2-ARs,
which cause relaxation; most vascular smooth muscles contain primarily α1-
ARs, which cause contraction.

2.2. Unexpected Responses to Individual Subtypes

On the other hand, there are cases for which well-defined AR subtypes have
been found to activate signaling pathways that would not normally be expected
to be activated by that receptor. For example, although mitogen-activated protein
kinase (MAPK) pathways were primarily thought to be activated by growth
factor receptors with intrinisic tyrosine kinase activity (8), it quickly became
clear that many GPCRs could also activate these pathways (9). Subsequently, it
has been found that α1- (10), α2- (11), and β- (12) ARs all activate MAPKs in a



90 Minneman

variety of systems despite their specificity in coupling to different G proteins (α1/
Gq/11, α2/Gi, β/GS), some of which stimulate opposing signals (Gi, GS). Part of this
may be explained by independent effects of common βγ-subunits (11), but this
does not entirely explain the results because not all ARs activate MAPK in a
single cell type (13), although they all undoubtedly release βγ-subunits when
activated. In addition, all three AR subfamilies have been reported to activate
tyrosine kinase pathways (14,15), again possibly involving release of βγ-sub-
units.

The α1-ARs have also been reported to activate the Jak/Stat signaling pathway
normally associated with cytokine receptors (16), similar to that observed with
angiotensin II receptors, which have been much more extensively studied (17).
Also, α1-ARs increase inositol phosphate formation in primary brain cell cul-
tures through a pertussis toxin-sensitive G protein (18), despite the fact that none
of the Gq/11 proteins are inactivated by pertussis toxin. Finally, a large array of
transcriptional reporters were activated by stimulation of α1-ARs expressed in
various cells (19,20) that were often insensitive to drugs thought to block down-
stream second messenger responses. Similar unexpected responses have been
observed with β-ARs, for which coupling of β3-ARs to both GS and Gi has been
suggested (21). Similarly, coupling of the β2-AR to Gi proteins appears to be
important under some circumstances (22), and it has been suggested that activa-
tion of cAMP-dependent protein kinase switches the signaling specificity of this
receptor from GS to Gi (23). Thus, it is clear that specific signaling pathways for
ARs are still not completely understood.

3. Identification of Novel Protein-Binding Partners

ARs have been known for many years to interact directly with heterotrimeric
G proteins, as well as with a variety of kinases and phosphatases that result in
reversible phosphorylation of the receptors on specific serine, threonine, or tyro-
sine residues. However, until recently only slight attention was paid to the possi-
bility that ARs might form oligomeric signaling complexes with other proteins,
which might be critical for their function. Many reports now suggest that multiple
proteins interact directly with particular AR families. To date, most of the specific
protein–protein interactions have been identified for β-ARs, although some have
also been reported for α1- and α2-AR subtypes. The specific functions of each of
the protein–protein interactions that have been identified are in many cases still
poorly understood. However, a few models have been proposed that may illustrate
their potential importance in alternative signaling pathways.

3.1. β-AR Interacting Proteins
The β-ARs are the most widely studied of the AR subtypes, with the widely

expressed β2-AR subtype among the most heavily examined GPCR to date (4).
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Thus, it is perhaps not surprising that the most interacting proteins have been
identified for this subfamily.

3.1.1. β-Arrestins

The first protein other than G proteins or enzymes that was found to bind
directly to β2-ARs was an analog of arrestin, a protein involved in enhancing
the inactivating effect of rhodopsin phosphorylation by rhodopsin kinase (24).
Purification and cloning of this protein showed that it had a high degree of
similarity to retinal arrestin but was specific for β2-ARs compared to rhodopsin
(25); it was therefore named β-arrestin. It is now clear that β-arrestin binds
directly to β2-ARs following phosphorylation by a specific GPCR kinase (GRK2
or β-ARK) and has a central coordinating role in processes involved in receptor
internalization (4). There are two β-arrestin isoforms (1 and 2) outside the visual
system, which are widely expressed and have been reported to differentially regu-
late phosphorylation and internalization of a variety of GPCRs (4). Although
attention was first focused primarily on the role of β-arrestins in regulating
receptor phosphorylation (24), it has recently become clear that this protein plays
several critical roles in receptor signaling and desensitization, including acting
as a scaffolding protein for local assembly of particular signaling molecules (4).
This is discussed more extensively in Section 5.

3.1.2. Na+/H+ Exchange Regulatory Factor

The Na+/H+ exchange regulatory factor/ezrin-radixin-moesin-binding phos-
phoprotein-50 (NHERF/EBP50) originally was identified as a cofactor required
for cAMP-dependent protein kinase-mediated inhibition of the Na+/H+ exchanger
(NHE3 isoform) in renal and gastrointestinal epithelial cells. NHERF contains
two N-terminal PDZ domains and an ezrin-radixin-moesin (ERM)-binding
domain at its C-terminus, allowing it to interact with multiple proteins. In 1998,
Hall and coworkers (26) identified NHERF as a protein that binds specifically
to the C-terminal tail of β2-ARs in an agonist-dependent manner. NHERF
binds to the β2-AR by means of an interaction between the first PDZ domain
of NHERF and the last four amino acid residues of the receptor C-terminus
(27). PDZ domains were first recognized as conserved elements in the PSD–
95 (postsynaptic density), Dgl (Discs–large), and ZO (zonula occludans) pro-
teins. Mutation of the final C-terminal amino acid abolished the ability of the
β2-AR to bind to NHERF, as well as β2-AR regulation of NHE3 in cells, how-
ever without altering stimulation of adenylyl cyclase. These observations sug-
gest that agonist-dependent β2-AR binding of NHERF plays a role in regulation
of Na+/H+ exchange.

Interestingly, the same interaction was identified independently in a search for
proteins regulating sorting of β2-ARs between endosomes and lysosomes (28).
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Agonist-mediated endocytosis of β2-ARs promotes dephosphorylation and
resensitization, and recycling to the cell surface makes them ready for further
agonist stimulation. Disrupting the interaction of NHERF/EBP50 with either the
PDZ or ERM domain or drug-induced depolymerization of the actin cytoskel-
eton itself caused missorting of endocytosed β2-ARs. Such disruptions did not
affect the recycling of transferrin receptors, suggesting it is specific to GPCRs.
Thus, it appears that NHERF/EBP50 plays multiple functions in regulating both
signaling (Na+/H+ exchange) and recycling. The relationship between these
multiple functions and their interaction with the traditional signaling GS/cAMP
signaling pathway have not yet been clarified.

The functional importance of the PDZ-binding motif at the C-terminus of β2-
ARs has been elegantly clarified in cardiac myocytes from β1- and β2-AR knock-
out mice (29). Mutation of the three C-terminal amino acids in the mouse β2-AR
disrupted recycling of the receptor after agonist-induced internalization in car-
diac myocytes. Nevertheless, stimulation of this mutated β2-AR produced
a greater contraction rate increase than caused by the wild-type β2-AR. This
enhanced stimulation of contraction was attributed in part to the failure of the
mutated β2-AR to couple to Gi. These studies showed clearly that association of
the PDZ ligand domain of the C-terminus of the β2-AR with other proteins
dictates signaling specificity and trafficking in cardiac myocytes.

3.1.3. A Kinase Anchoring Proteins (AKAPs)

The β-ARs increase cAMP, thus activating protein kinase A (PKA, or A
kinase). A kinase anchoring proteins (AKAPs) localize PKA to its substrates by
interacting with its regulatory subunit (30), as well as phosphatases and possibly
other proteins. This creates a spatially organized system for rapid control of
receptor phosphorylation, contributing to desensitization and internalization (4).
One particular AKAP (gravin, AKAP250) has been found to form a dynamic
complex with β2-ARs in cells, showing a phosphorylation-dependent association
of a multiprotein complex with the receptor, including both PKA and protein
phosphatases (31). This interaction occurs in the C-terminal tail (32), and gravin-
mediated signaling complexes appear to be essential in agonist-induced internal-
ization and resensitization of β2-ARs (33).

Another AKAP, AKAP150, coimmunoprecipitates with the β2-AR from vari-
ous tissue extracts, resulting in a signaling complex including PKA, protein
kinase C (PKC), and protein phosphatase 2B (34). AKAP150 was reported to
directly and constitutively interact with β2-ARs and promote receptor phospho-
rylation following agonist stimulation. Functional studies showed that PKA
anchoring enhanced β2-AR phosphorylation and facilitated downstream activa-
tion of MAPK, suggesting a role for AKAP150 in recruitment of second messen-
ger-regulated signaling enzymes to β2-ARs.



New Signal Transduction Paradigms 93

3.1.4. Postsynaptic Density-95
Postsynaptic density 95 (PSD-95), a multiple PDZ domain-containing scaf-

folding protein, was identified by as a specific binding partner of the β1-AR-C-
terminus using a yeast two hybrid approach (35). The interaction was confirmed
with in vitro fusion proteins, which showed a specific interaction with the third
PDZ domain of PSD-95. In addition, the full-length β1-AR was found to associ-
ate with PSD-95 in cells by coimmunoprecipitation experiments and co-localiza-
tion. This interaction was mediated by the last few amino acids of the β1-AR
because mutation of the C-terminus eliminated the binding and disrupted
co-localization. Agonist-induced internalization of β1-ARs in HEK293 cells was
markedly attenuated by PSD-95 coexpression, whereas coexpression of PSD-95
did not affect either β1-AR desensitization or cAMP accumulation. PSD-95 also
facilitated formation of a complex between β1-ARs and N-methyl-D-aspartate
receptors as assessed by coimmunoprecipitation (35). These data suggest that
PSD-95 is a specific β1-AR-binding partner that modulates its function and
facilitates physical association with synaptic proteins.

3.1.5. Membrane-Associated Guanylate
Kinase Inverted-2/Synaptic Scaffolding Molecule

Overlay and pull-down techniques were used to show that the β1-AR C-termi-
nus also associates with membrane-associated guanylate kinase inverted-2
(MAGI-2), a protein also known as synaptic scaffolding molecule (S-SCAM)
(36). MAGI-2 is a multidomain scaffolding protein that contains nine potential
protein–protein interaction modules, including six PDZ domains, two WW
domains, and a guanylate kinase-like domain. The β1-AR C-terminus is bound
with high affinity to the first PDZ domain of MAGI-2, with the last few amino
acids of the β1-AR C-terminus the key determinants. Association of full-length
β1-ARs with MAGI-2 in cells occurred constitutively and was enhanced by
agonist stimulation. Agonist-induced internalization of β1-ARs was markedly
increased by coexpression with MAGI-2, in contrast to the effect of coexpres-
sion with PSD-95 described in Section 3.1.4. MAGI-2 also promoted associa-
tion of β1-ARs with the cytoplasmic signaling protein β-catenin, a known
MAGI-2 binding partner. Thus, MAGI-2 appears to be a specific β1-AR bind-
ing partner that modulates its function and may facilitate its association with
intracellular proteins involved in signal transduction and synaptic regulation,
possibly acting as a molecular scaffold.

3.1.6. CNrasGEF

Pak et al. (37) reported that β1-ARs binds to the PDZ domain of the cAMP-
dependent Ras exchange factor, CNrasGEF, via its C-terminal SKV motif.
When cells were cotransfected with β1-ARs and CNrasGEF, Ras was found to
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be activated by isoproterenol, suggesting an agonist-dependent association. This
activation was abolished in β1-AR mutants that could not bind CNrasGEF or in
CNrasGEF mutants lacking the catalytic CDC25 domain or cAMP-binding
domain, suggesting it depended on direct interactions. In addition, the activation
required GSα and not Gβγ. In contrast, β2-ARs could neither bind CNrasGEF nor
activate it after agonist stimulation. These results suggest that a physical inter-
action between β1-ARs and CNrasGEF facilitates GSα-mediated cyclic AMP
production into Ras activation.

3.1.7. c-Src

The nonreceptor tyrosine kinase c-Src has been implicated in the pathways by
which β2-ARs activate MAPK. Fan et al. (38) showed that agonist stimulation
triggered tyrosine phosphorylation of β2-ARs and recruitment and activation of
c-Src. Phosphorylation of tyrosine 350 in the β2-AR C-terminus created a canoni-
cal Src homology 2 (SH2) binding site and appeared to be obligatory for agonist-
induced desensitization, suggesting a role for this nonreceptor tyrosine kinase in
this phenomenon.

c-Src was also shown to be required for extracellular signal regulated kinase
(ERK) activation by β2-ARs and be recruited to activated receptor through bind-
ing of the Src homology 3 (SH3) domain to proline-rich regions of the adapter
protein β-arrestin-1. In this manner, it appears to terminate receptor–G protein
coupling and initiate a second wave of signal transduction in which the “desen-
sitized” receptor functions as a critical structural component of a mitogenic
signaling complex (39) (see also Section 5).

Although β3-ARs lack sites for phosphorylation and β-arrestin binding, MAPK
activation by β3-ARs still requires c-Src. Cao and coworkers (40) showed that
ERK activation and Src coimmunoprecipitation with β3-ARs occurs in adipocytes
in an agonist-dependent and pertussis toxin-sensitive manner. Protein interac-
tion studies showed that β3-ARs interact directly with the SH3 domain of Src
through proline-rich motifs (PXXP) in the third intracellular loop and the C-
terminus. ERK activation and Src coimmunoprecipitation were abolished in
cells expressing point mutations in these PXXP motifs, suggesting a novel mecha-
nism for activation of MAPK by β3-ARs, in which the intracellular domains
directly recruit c-Src.

3.1.8. Endophilins

The β1-ARs contain polyproline motifs within their intracellular domains,
which in other proteins are known to mediate interactions with SH3 domains.
Using the proline-rich third intracellular loop of the β1-AR as bait, Tang et al. (41)
identified SH3p4/p8/p13 (also referred to as endophilin 1/2/3), a SH3 domain-
containing protein family, as binding partners for β1-ARs. Both in vitro and in
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HEK293 cells, SH3p4 specifically bound to the third intracellular loop of β1-ARs
but not β2-ARs. The interaction appeared to be mediated by the C-terminal SH3
domain of SH3p4, and it was found that overexpression of SH3p4 promoted
agonist-induced internalization and caused a small decrease in coupling to Gs.
These results suggest a role for the SH3p4/p8/p13 protein family in β1-AR sig-
naling through an interaction with the third intracellular loop.

3.1.9. Eukaryotic Initiation Factor 2B
The α-subunit of eukaryotic initiation factor 2B (eIF-2B), a guanine nucleotide

exchange factor that helps regulate translation, was found to associate with the C-
terminal domains of α2A- and α2B-ARs in a yeast two-hybrid screen (42). This
interaction was shown to be specific for a subset of GPCRs, including the α2A-,
α2B-, α2C, and β2-ARs. eIF-2Bα specifically coimmunoprecipitated with full-
length β2-ARs and was co-localized by fluorescence microscopy in intact cells.
This co-localization appeared exclusively in plasma membrane regions in contact
with the extracellular medium but not in membranes making cell–cell contacts.
Overexpression of eIF-2Bα in 293 cells caused a small (~15%) but specific en-
hancement of β2-AR-mediated activation of adenylyl cyclase, suggesting that this
guanine nucleotide exchange factor may influence AR signaling.

3.2. α1-AR Interacting Proteins
Less attention has been focused on α1-AR interacting proteins, although some

binding partners have been identified. Because of their relatively long C-termi-
nal tails, most attention has been focused on finding proteins interacting with this
domain.

3.2.1. Transglutaminase II
The α1-ARs have been shown to copurify with and activate a high molecular

weight G protein, Gh, which is structurally unrelated to heterotrimeric G proteins
and has been shown to be the enzyme transglutaminase II (43). This response has
been shown to be activated by the α1B- and α1D-, but not the α1A-, subtypes (44).
However, the functional significance of this pathway remains unclear because Gh

knockout mice show no overt phenotype with respect to α1-AR signaling (45).

3.2.2. gC1qR
A yeast two-hybrid screen of a complementary deoxyribonucleic acid (cDNA)

library from rat liver with the C-tail of the hamster α1B-AR identified gC1qR as
a potential protein-binding partner (46). gC1qR was initially described as a
receptor for the globular heads of the complement factor C1q and is also known
as p32 or p33. gC1qR has been found to recognize multiple ligands, is present in
different cellular compartments, and has been implicated in several different
functions (47). Interestingly, α1B-ARs expressed alone were exclusively found
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on the plasma membrane, gC1qR was localized in the cytoplasm when expressed
alone; however, cells coexpressing α1B-ARs and gC1qR showed that most of the
α1B-ARs were co-localized with gC1qR in intracellular compartments. In addi-
tion, a remarkable downregulation of receptor expression was observed, sug-
gesting a possible role for gC1qR in expression and localization of this receptor
subtype (48). The interaction appears to occur through an arginine-rich motif
located shortly after the seventh transmembrane-spanning domain. Because a
similar domain is found in α1D-, but not α1A-, ARs, not surprisingly further studies
suggested that gC1qR interacts specifically with α1B- and α1D-, but not α1A-, ARs,
and this interaction depends on the presence of an intact C-tail (49).

3.2.3. Neuronal Nitric Oxide Synthase

The C-terminal four amino acids (GEEV) of human α1A-ARs were reported
to interact with the PDZ domain of neuronal nitric oxide synthase (nNOS) in a
yeast two-hybrid system (50). The other two α1-AR subtypes have no sequence
homology in this region, suggesting that this might be an example of subtype-
specific interactions. Using coimmunoprecipitation and functional approaches
with epitope-tagged α1-ARs, it was found that cotransfection of α1A-ARs
and nNOS resulted in the expected interaction (51). However, the interaction
between α1A-ARs and nNOS did not appear to be subtype specific, and nNOS
also coimmunoprecipitated with α1B- and α1D-ARs, with each of the three α1-AR
subtypes that had been C-terminally truncated, epitope-tagged β1- and β2-ARs.
Thus, despite the apparent specificity in the yeast two hybrid screen (50), it
appears that nNOS does interact with full-length α1A-ARs, but that this interac-
tion is not subtype-specific and does not require the C-terminal tail, raising
questions about its functional significance (51).

3.2.4. AP2

A yeast two-hybrid screen identified the μ 2 subunit of the clathrin adaptor
complex 2 as a protein interacting with the C-tail of the α1B-AR (52). Direct
association between α1B-ARs and μ 2 was also demonstrated using an overlay
assay. The α1B-AR/μ 2 interaction also appeared to occur in intact cells because
they could be coimmunoprecipitated following cotransfection. Mutational
analysis of α1B-ARs revealed that the μ 2 binding site involved the same highly
charged arginine-rich stretch in the receptor C-tail as gC1qR (48). Binding of
μ 2 involved both its N-terminus and subdomain B of its C-terminal portion
(52). The α1B-AR specifically interacted with μ 2, but not with μ 1, μ 3, or μ
4 subunits belonging to other AP complexes. Deletion of the μ 2 binding site
in the C-tail markedly decreased agonist-induced receptor internalization, and
thus it was suggested that this interaction might be involved in clathrin-medi-
ated receptor endocytosis.
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3.3. α2-AR Interacting Proteins
Similarly, only a few interacting proteins have been identified for α2-AR

subtypes. Compared to α1-ARs, α2-ARs have shorter C-terminal tails and much
longer third intracellular loops, so most attention has been given to the third
intracellular loops of these receptors.

3.3.1. Spinophilin
Spinophilin is a PDZ domain-containing protein that appears to interact with

α2-ARs via a novel, non-PDZ domain-mediated mechanism involving the third
intracellular loops of the receptors (53). Spinophilin is ubiquitously expressed,
but its localization in dendritic spines led to its name. Spinophilin was found to
interact with all three α2-AR subtypes in an agonist-regulated fashion and was
suggested to contribute to both α2-AR localization and signaling in polarized
epithelial cells, particularly by stabilizing surface expression of α2B-ARs (54).

3.3.2. 14-3-3 ζ
Gel overlay assays were used to demonstrate that the third intracellular loop

of α2-ARs interact with the ζ isoform of the ubiquitously expressed, predomi-
nantly cytosolic, 14-3-3 proteins. These proteins exist as dimers with a con-
served ligand-binding surface and regulate many cellular effectors, including
protein kinases, members of the ras signaling pathway, RGS proteins, and cell
cycle components (55). α2-AR third intracellular loops bound 14-3-3 ζ in a
subtype-dependent manner (α2B ≥ α2C >> α2A). The 14-3-3 ζ also interacted
with all three native α2-AR subtypes with different affinities through their third
intracellular loops. Subsequent studies suggested that sequential or competi-
tive interactions among spinophilin, arrestin, or 14-3-3 ζ may play a role in α2A-
AR function (56).

3.3.3. β-Arrestins
Wu et al. (57) first showed that β-arrestins bind to the third intracellular loop

of α2-ARs. The role of these proteins in trafficking of α2-ARs was examined
subsequently (58), and it was shown that internalization of α2B-, α2C-, and to a
lesser extent α2A-ARs is both arrestin and dynamin dependent, although arrestin
did not appear to play a role in MAPK activation by these receptors. Later studies
showed that arrestin-3 (β-arrestin 2) binds to two discrete regions within the α2B-
AR third intracellular loop (59), and that disruption of arrestin binding selec-
tively blocked agonist-promoted receptor internalization.

3.3.4. eIF2Bα
As mentioned in Section 3.1.9., elongation factor 2Bα, appears to interact

with each of the three known α2-AR subtypes, although the functional conse-
quences of this interaction are still unclear (54).
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4. Dimerization of ARs
Dimerization of growth factor and cytokine receptors is essential for their

signaling (60). However, GPCRs have traditionally been thought to function
as monomers, with a single receptor binding ligand and activating G proteins.
Although early studies showed that two binding-deficient muscarinic/adrener-
gic chimeras could form a receptor capable of ligand binding and signaling on
coexpression (61), little attention was paid to the likelihood of receptor dimer-
ization until 1999. In that year, it was shown by several groups that GABAB

receptors required heteroligomerization of two different GPCRs to form a single
functional receptor (1,4). Since that time, reports of GPCR homo- and hetero-
dimerization have appeared with increasing frequency (62), and it is now clear
that dimerization plays important roles in GPCR function, although except in
isolated instances the specifics are not yet well understood.

4.1. Homodimerization
The first evidence for AR homodimerization came from Hebert et al. (63),

using β2-ARs. Coimmunoprecipitation using β2-ARs with different epitope tags
provided direct biochemical evidence for β2-AR homodimers (63). An interest-
ing feature of these dimers was their relative resistance to sodium dodecyl sulfate
(SDS) denaturation on SDS polyacrylamide gel electrophoresis. They often
migrated as mixtures of molecular species corresponding to monomers, dimers,
or higher order oligomers based on the predicted monomeric mass. This resis-
tance to SDS is also commonly observed with other highly hydrophobic proteins
forming dimers in cells (64), such as glycophorin A. The functional importance
of β2-AR dimerization was supported by the observation that a peptide-derived
transmembrane domain VI, thought to be involved in homodimer formation,
inhibited β2-AR stimulation of adenylyl cyclase (63). Similar results were
obtained with other receptor types (62), including epitope-tagged α1-ARs, for
which it was found that all three subtypes exist as monomers, dimers, and higher
order oligomers on Western blots (65).

In an effort to determine whether GPCR dimers exist in living cells, several
groups took advantage of biophysical assays based on light resonance energy
transfer. Using GPCRs fused via their C-tails to bioluminescent (luciferase) or
fluorescent (green fluorescent) proteins, bioluminescence resonance energy
transfer (BRET) or fluorescence resonance energy transfer (FRET) were used to
show homodimerization of human β2-ARs (66). Subsequent studies showed
similar results for a variety of GPCRs (62), including α1A and α1B-ARs (67,68).
These results suggest that many GPCRs form constitutive homodimers in intact
cells and raise the question of the role of this phenomenon in receptor activation
because most of these homodimers appear essentially independent of agonist
stimulation (62).
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4.2. Heterodimerization With Other ARs
Heterodimerization between ARs of different subtypes is observed with

increasing frequency (67,69–72). These include β1/β2 (73), β1/α2A (69), α1A/α1B

(67,70), and α1B/α1D (70).
Heterodimerization between members of the α1-AR subfamily has now been

reported by two separate groups (67,70) and appears to be of particular interest.
Uberti et al. (70) reported that α1-AR heterodimerization is subtype specific,
with α1B-ARs interacting with α1A- or α1D-ARs, but with no detectable interac-
tions between α1A- and α1D-ARs. Interestingly, heterodimerization did not alter
apparent ligand-binding properties, but rather resulted in increased receptor
expression. In particular, α1B/α1D-AR heterodimerization increased cell surface
expression of α1D-ARs as monitored by a luminometer assay. Because α1D-ARs
are almost always exclusively intracellular following heterologous expression in
various cell types (74,75), this was quite intriguing.

Further studies using green fluorescent protein or cyan fluorescent protein
tagged receptors showed that α1B/α1D-AR heterodimerization appeared to com-
pletely control the surface expression and functional coupling of α1D-ARs on the
plasma membrane (76). Coexpression of α1B, but not α1A-, ARs resulted in almost
exclusively surface localization of the normally intracellular α1D-ARs, consis-
tent with the specificity observed in previous coimmunoprecipitation studies.
Further studies showed that the hydrophobic core of the α1B-AR is the major
structural determinant of this interaction, and that G protein coupling was not
required (76). These studies suggest that subtype-specific heterodimerization of
ARs may control surface expression, and that these observations may be relevant
to many other class I G protein-coupled receptors, for which the functional
consequences of this phenomenon are still poorly understood.

4.3. Heterodimerization With Other Receptor Types
Jordan et al. (77) observed coimmunoprecipitation of β2-AR and δ-opioid

receptors and found that β2-AR agonists promoted δ-opioid internalization, sug-
gesting a functional heterodimer was expressed at the cell surface. However,
some caution in interpreting these results was provided by McVey and col-
leagues (78). These authors showed that homodimerization of β2-ARs and δ-
opioid receptors could be detected by coimmunoprecipitation, BRET, and FRET.
However, heterodimerization was detected only after coimmunoprecipitation,
and no significant BRET or FRET signals were observed with coexpression. The
authors concluded that heterodimerization might represent a biochemical arti-
fact of aggregation of hydrophobic proteins during coimmunoprecipitation (78).
Such conflicting results are not unexpected in an emerging field but emphasize
the care that must be used in data extrapolation. Heterodimerization between α1B-
ARs and histamine H1 receptors has also been proposed (68), and use of inactive
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mutants and G protein fusion proteins resulted in the conclusion that dimeriza-
tion resulted in transactivation of the associated G proteins. This surprising result
will clearly need further corroboration before it is likely to be widely adopted.

5. Role of Receptor Internalization in Signaling
Agonist treatment of ARs leads not only to activation of receptor signaling and

desensitization, but also to internalization of the receptor from the cell surface
(4). This was first thought to be only part of the process of desensitization;
however, internalization is now also known to positively regulate receptor sig-
nalling (4). Multiple pathways of internalization have been described, some of
which involve clathrin-coated pits, cavolae, or even uncoated vesicles. However,
the best-characterized mechanism for β2-AR internalization is β-arrestin depen-
dent through clathrin-coated vesicles. β-Arrestins bind to agonist-occupied,
phosphorylated receptors as described above and with clathrin and the β2-adaptin
subunit of the clathrin adaptor protein AP-2 (4), targeting the ARs to clathrin-
coated pits. These pits are pinched off by the actions of the large GTPase dynamin,
and the receptors are rapidly recycled, targeted to larger endosomes and recycled
more slowly, or degraded in lysosomes (4).

It is now clear that β-arrestins also function as adaptor/scaffolds that bind
proteins such as c-Src. Interaction of β-arrestin with c-Src regulates β2-AR inter-
nalization by promoting tyrosine phosphorylation of dynamin. β-Arrestins also
lead to activation and subcellular targeting of two different MAPK cascades
(ERK and c-Jun N-terminal kinase 3 [JNK3]) by interacting with the last three
kinases in each cascade. β-Arrestins bring these kinases into proximity, facilitat-
ing phosphorylation and activation. Surprisingly, this scaffolding leads to cyto-
solic retention of the active kinases, thereby promoting receptor internalization
and co-localization of the receptor, β-arrestin, and the components of the MAPK
cascade in large endocytic vesicles (4). This enhances overall MAPK activation
but inhibits their traditional nuclear signaling. It should be noted that these β-
arrestin-scaffolded pathways are only one of many ways by which ARs can
activate MAPK cascades, and cellular context is critical for determining which
MAPK pathways are used. However, it now seems clear that direct interactions
with such scaffold/adaptor proteins is important not only in internalization and
subcellular localization, but also in particular signaling pathways.

6. Summary and Models
for New Signal Transduction Paradigms

It is now abundantly clear that the relatively linear signaling pathways acti-
vated by ARs, widely accepted for decades, are much more complex than previ-
ously realized. Individual ARs can interact with each other directly to form
homo- or heterodimers, possibly creating pharmacologically and functionally
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distinct receptor species. ARs can interact with multiple G proteins, depending
on cellular context and prior signaling history, and appear to be able to switch
their G protein preferences under particular conditions. Most strikingly, ARs are
now known to interact directly with a large variety of scaffold and adaptor
proteins in addition to their specific G proteins, sometimes in a regulated, phos-
phorylation-dependent mechanism. The startling large number and variety of
such proteins that have been identified suggest that the intracellular surface of
ARs must be a very busy place indeed, with multiple large proteins competing
for interacting sites (Fig. 1).

The structural effects of these scaffolding proteins, their participation in novel
signaling pathways, and their competitive/interactive natures remain largely to
be determined. Although a few examples of functional consequences of such
interactions are now clear, many more are likely to appear in the near future.

Fig. 1. Potential complexity of signaling involving adrenergic receptor dimers, G
proteins, and scaffolding/adaptor proteins. As an illustration, dimers of two β2-ARs are
shown in a contact dimer formation (62) with some of the large variety of proteins
suggested to bind to their intracellular surfaces, illustrating the potential complexity of
intracellular signaling that may be initiated by receptor activation. Transmembrane
helices are indicated by the barrel-like structures and intracellular and extracellular
domains as lines. Interacting proteins are shown as various shapes in the approximate
localization where they are thought to bind. Abbreviations are defined in the text. MEK,
MAPK/ERK kinase.
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Finally, the role of internalization in receptor signaling, particularly through
intracellular pathways such as the MAPK pathways, has been made abundantly
clear. Thus, the complexity of the system extends to receptor compartmentation
and subcellular localization within cells, resulting in even more potentially com-
plex scenarios. In the age of proteomics, these complexities are likely to expand
exponentially until the underlying organizing principles are clearly elucidated.
Until then, we are likely to see more and more examples of such signaling
complexity and will have our hands full trying to understand its meaning.
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Regulation of the Cellular Localization
and Trafficking of the Adrenergic Receptors

Michael T. Piascik, Mary Lolis García-Cazarin,
and Steven R. Post

Summary

The family of adrenergic receptors (ARs; the α1-, α2-, and β-ARs) are key
regulators of the sympathetic division of the autonomic nervous system,
involved in both central and peripheral cardiovascular function. Here,
we review our current understanding of the cellular localization and traf-
ficking properties of the α1-, α2-, and β-ARs. We then examine recent evi-
dence indicating that the cellular localization of these receptors and their
excursion into intracellular compartments play an underappreciated role
in the activation of both G protein and novel non-G protein-dependent
cellular signaling.

Key Words: Adrenergic receptors; cellular localization or receptors; cel-
lular trafficking of receptors; receptor subtypes; signaling from intracel-
lular receptor complexes.

1. Introduction

The regulation of cellular signaling by the adrenergic receptors (ARs) is a
complex and multifaceted process. Indeed, as our knowledge of these processes
increases, so does an appreciation of the breadth of this complexity. As depicted
in Fig. 1, cellular signaling was viewed as a linear process with a G protein-
coupled receptor (GPCR) envisioned to couple to a single, or small subset, of G
protein(s), which in turn activated a discrete set of second messenger systems
common to all GPCRs. This signaling paradigm has been found to be entirely too
simplistic and inadequate to account for recent observations.
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To illustrate, we know that subtypes of the β-ARs, the α1 and α2-ARs, can be
expressed in intracellular compartments. Furthermore, despite having similar
sequences and the fact that the α- and β-AR subtypes can couple to similar
signaling pathways in heterologous expression systems, these receptors exhibit
a high degree of signaling fidelity in vivo. For example, the α1B-AR and α1D-ARs
can couple to inositol phosphate formation, increasing intracellular calcium and
mitogen-activated protein kinases (MAPKs) when expressed in Chinese hamster
ovary (CHO) cells or Rat1 fibroblast cells (1,2). However, these receptors differ
significantly in the ability to contract vascular smooth muscle and regulate sys-
temic arterial blood pressure, cardiac contraction, and hypertrophic responses.
This is but one example.

It is not completely understood how the specificity of coupling for GPCRs is
achieved. An emerging concept is that the different sequences within the receptor
control novel interactions with modulators of cellular signaling and target the
receptor to discrete signaling packages within the cell. These signaling packages
would contain different G proteins and other signaling molecules. Thus, the
formation of the signaling complexes offers a degree of complexity and speci-
ficity not possible by cell surface receptors dependent on random interactions
with G proteins to trigger changes in cellular activity.

Fig. 1. Linear relationship among a GPCR, G proteins, and the activation of cellular
signaling.
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In this review, we consider the regulation of cellular localization and traffick-
ing of the family of ARs. Because cellular trafficking appears to be inexorably
linked to the activation of novel signaling pathways and the formation of signal-
ing packages within the cell, we also include a discussion of these processes.

2. The β-Adrenergic Receptors
There are three known β-ARs: β1, β2, and β3. Pharmacological evidence of a

β4-AR has been suggested; however, it now appears that the β4-AR may actually
be an ortholog of the β1-AR (3). Our knowledge of the cellular trafficking of the
family of the β-ARs has been extensively reviewed in a number of excellent
articles and thus is only briefly summarized here (4–8). We then delve into the
more recent and provocative findings regarding the regulation of cellular traf-
ficking and signaling for the β-ARs.

2.1. Overview of β-AR Phosphorylation,
Internalization, and Downregulation

Figure 2 is a diagrammatic representation of our understanding of the traffick-
ing of the β-ARs and was adapted from similar figures (4,6–8). Agonist activa-
tion of the β-AR results in breaking of intramolecular bonds within the receptor,
allowing surfaces in the third intracellular loop and C-terminal tail to interact
with the G protein heterotrimer promoting the exchange of guanosine 5′-diphos-
phate for guanosine 5′-triphosphage and the initiation of G protein-mediated
cellular signaling. Also activated are a series of incompletely understood reac-
tions and protein interactions that significantly affect receptor function as well
as receptor cellular localization and signaling. Receptor desensitization and
downregulation occur as a consequence of activating these regulatory pathways.
Receptor desensitization refers to the phenomenon by which the receptor is less
efficiently coupled to its cognate G protein(s). Receptor downregulation occurs
when there is a decrease in the number of cell surface receptors.

β-AR activation results in the activation of specific protein kinases, which
can in turn regulate receptor function (4–8). For example, protein kinase A
(PKA) phosphorylation reduces β-AR interactions with Gs proteins. Because
PKA-mediated phosphorylation of the receptor is not occupancy dependent
and can occur following activation of other GPCRs coupled to increases in
cyclic adenosine 5′-monophosphate, this type of cross regulation is referred to
as heterologous desensitization. The β-ARs are also phosphorylated by a
unique family of protein kinases, the G protein-coupled receptor kinases
(GRKs) (4–6). Originally referred to as βARK (β-adrenergic receptor kinase),
at least seven GRK family members have been identified. In contrast to PKA,
GRK phosphorylation of receptors occurs only when the receptor is occupied
with agonist. Thus, GRK-dependent phosphorylation allows for a much more
specific form of desensitization, referred to as homologous desensitization.
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GRK-mediated phosphorylation of the β-AR promotes the binding of an
arrestin molecule to the receptor. Arrestins are a family of regulatory proteins
that bind to GPCRs following GRK-dependent phosphorylation (4–6). Four
arrestin family members have been identified (5). Arrestin binding inhibits
receptor–G protein interaction, further curtails G protein-mediated signaling,
and initiates receptor internalization. Arrestins bind to clathrin and to the β-
subunit of the clathrin adaptor protein AP2. This begins the assembly of clathrin-
coated vesicles (4–9). The nascent vesicles containing the ligand–receptor
complex is pinched from the cell surface by the actions of dynamin. The inter-
nalized receptor–ligand complex is then transported to early endosomes, in
which the low pH of the endosome causes the ligand to dissociate from the
receptor. The acidic environment stimulates the dephosphorylation of the recep-
tor by endosomal-associated phosphatases. Ligand dissociation and receptor
dephosphorylation cause arrestins to dissociate from the receptor. Subsequently,
the receptor can be recycled to the cell membrane, where it can be reinserted as
a signaling competent receptor or be transported to late endosomes and then
degraded in lysosomes.

2.2. Arrestin Scaffolds as Signaling Complexes
In addition to binding to the phosphorylated β-AR and restricting further G

protein signaling, arrestins serve an intracellular scaffolding function. Engage-
ment of the internalization/endocytotic machinery positions the β2-AR–arrestin
complex in discrete cellular locations in association with a diverse array of sig-
naling proteins (4–9). This localization is envisioned to allow for activation of
a series of signals not based on G proteins. For example, it was recently shown
that GRK forms a cytosolic complex with phosphoinositide-3 kinase (PI3K), and
that activation of the β-AR recruits the GRK–PI3K complex to the cell mem-
brane (10). This results in both receptor phosphorylation by GRK and the
phosphorylation of phosphoinositides by PI3K. PI3K-mediated phosphoryla-
tion of membrane phospholipids is involved in the recruitment of multiple
endocytic proteins and may serve to enhance β-AR internalization.

Other data demonstrated that activation of the MAPK extracellular signal-
regulated kinase 1/2 (ERK1/2) by the β2-AR occurs as a result of engaging the
endocytotic machinery (11,12). These studies also showed that treatment of
HEK-293 cells with isoproterenol induced an interaction between the tyrosine
kinase Src and β-arrestin. The β-arrestin–Src complex is localized with AP2 and
the nascent clathrin-coated pit. Using β-arrestin mutants unable to bind to clathrin
inhibited β2-AR-mediated activation of ERK1/2, indicating that arrestin-medi-

Fig. 2. (Opposite page) Agonist-mediated internalization, desensitization, and down-
regulation of the β2-AR.



112 Piascik, García-Cazarin, and Post

ated formation of β2-AR complexes is important for activation of certain signal-
ing pathways. Further, Fan and associates (13) demonstrated that GRK-depen-
dent phosphorylation of the β2-AR is enhanced by Src. These authors postulated
that association of Scr with β2-AR promotes GRK activation and β2-AR desen-
sitization. Together, these data indicate that the formation of multiprotein com-
plexes regulates receptor internalization and desensitization as well as the
activation of specific signaling pathways.

2.3. β-AR Regulatory Activities
Resulting From Novel Protein Interactions

As discussed in Sections 2.1. and 2.2., β2-AR interactions with novel binding
proteins could have profound effects on β-AR signaling (see also Chapter 3). Of
particular interest are PDZ proteins that interact with C-terminus of the β2-AR
and the localization of β2-AR to cell surface microdomains, such as caveolae.

2.3.1. β-AR–PDZ Protein Interaction

PDZ-binding domains are binding cassettes contained within a discrete set of
regulatory proteins thought to be vital in the targeting and assembly of protein
complexes (14). The interaction between a PDZ protein and the target interacting
protein is thought to result in the anchoring of proteins to a particular cellular
domain as well as the construction of signaling scaffolds. Both the β1-AR and β2-
AR contain PDZ domains in the last several amino acids in the C-terminal tail.
The PDZ-binding sequence in the β2-AR is SDSLL; in the β1-AR, the sequence
is SESKV (15). Evidence has shown that the interaction of PDZ sequences in the
β-ARs with PDZ-binding proteins can profoundly affect the cellular trafficking
of these receptors.

One example of a PDZ-binding protein that interacts with the β-ARs is the
ezrin-radixin-moesin (ERM)-binding phosphoprotein-50 (EBP50), which is
also known as NHERF (Na+/H+ exchange regulatory factor). Cao and associates
(16) demonstrated that the rapid recycling of β2-AR from early endosomes back
to the cell surface is dependent on the receptor interaction with EBP50. By
mutating a serine in the PDZ-binding motif of the β2-AR, the authors were able
to disrupt interaction of the receptor with EBP50. The mutated receptor was
rapidly internalized. However, unlike the wild-type receptor, the alanine-con-
taining mutant was transported to lysosomes and degraded. In addition, these
investigators demonstrated that the mutated serine residue (S411) could be
phosphorylated by GRK5, and that this phosphorylation promoted the rapid
lysosomal degradation of the β2-AR. Because phosphorylation of this serine is
not necessary for the β-arrestin binding, the authors concluded that this regula-
tory effect of GRK5 is independent of the arrestin-based internalization path-
way. Overall, these results support the conclusion that EBP50 plays a vital role
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in the rapid recycling of the β2-AR to the cell surface via a PDZ domain-depen-
dant interaction, and that this interaction might be modified by receptor phos-
phorylation (16,17).

In addition to EBP50, in vitro data demonstrated interactions between the β-
ARs and other PDZ-binding proteins. For example, Hu et al. (15,18) demon-
strated an interaction between the C-terminal-binding domain of the β1-AR and
PSD-95, resulting in a decrease in receptor internalization. PSD-95 contains
multiple PDZ domains and has been shown to complex with the N-methyl-D-
aspartate receptor (19) and the Kv 1.4 potassium channel (20). Phosphorylation
of serine in the terminal SESKV sequence by GRK5 blocks the association of the
β1-AR with PSD-95, resulting in increased receptor internalization. In addition,
Xu and coworkers (21) showed that MAGI-2 (membrane-associated guanylate
kinase inverted-2; also known as S-SCAM for synaptic scaffolding molecule)
binds to the PDZ domain of the β1-AR and enhances the internalization of the β1-
AR. Thus, PSD-95 and MAGI-2 have reciprocal effects on β1-AR internaliza-
tion.

The interaction between the β-AR and PDZ proteins can significantly affect
the physiological response of the receptor to agonist activation. For example,
Xiang et al. (22) used cardiomyocytes cultured from the hearts of a β1-/β2-AR
double-knockout line of mice to show that the effect of agonist activation on
contractile rate depended on the subtype of β-AR transfected into the cardio-
myocytes. Transfection of β2-AR resulted in a brief increase in contractile rate
followed by a more sustained period of negative chronotropy. The period of
negative chronotropy depended on Gi activation and receptor internalization
(22). In contrast, transfection with the β1-AR only increased the contractile rate.
However, transfection with a β1-AR receptor containing a mutated PDZ interac-
tion sequence incapable of interacting with PSD-95 resulted in a biphasic effect
to agonist that was similar to that seen following transfection of the wild-type β2-
AR. The β2-AR does not interact with the PSD-95; therefore, this type of regu-
latory activity does not occur for this receptor.

Although the PDZ domain of the β2-AR does not couple to the PSD-95, there
is evidence for a physiological role of other PDZ-binding proteins in regulating
β2-AR function. In particular, Xiang et al. (23) and Kobilka (9) showed that the
specific interaction between the β2-AR and EBP50 affects the signaling of this
subtype. Agonist treatment of cardiomyocytes isolated from the β1/β2-AR double-
knockout mice transfected with the wild-type β2-AR resulted in the expected
biphasic effect on contractile rate (see above). In contrast, expression of a β2-AR
in which the last three C-terminal amino acids were mutated to alanines signifi-
cantly increased the initial positive chronotrophic effect but did not enhance the
subsequent negative effects on contractile rate. The authors concluded that dis-
rupting the interaction between the β2-AR and EBP50 inhibited receptor recy-
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cling after agonist-induced internalization, thus preventing its ability to couple
to Gi and produce negative chronotrophic effect. The authors could not rule out
the possibility that other proteins bind to the C-terminus of the receptor, such as
the membrane fusion regulatory protein N-ethylmaleimide-sensitive factor (NSF)
(17), and have a similar effect on the rapid recycling of the receptor to the cell
surface.

Although not completely understood, the role of the interaction between the
β-ARs and these novel binding partners could be to regulate the recycling and
degrading of the β-AR independent of the arrestin/clathrin pathways. As depicted
in Fig. 3, the interaction with proteins like EBP50, NSF, PSD-95, and MAGI-2
could circumvent the clathrin-coated pit pathway and target the receptor for
continued residence near the cell surface (PSD-95), rapid internalization and
recycling (EBP50, NSF), or rapid receptor degradation (MAGI-2). Furthermore,
the differential ability of these proteins to interact with the β1- and β2-AR suggests
a further level of complexity in the regulatory activity of the β-AR.

2.3.2. β-AR–Caveolae Interactions

Caveolae are membrane structures that serve multiple regulatory functions
(24,25). However, there is still a great deal unknown regarding the regulatory
activity of these membrane domains (24,25). Several groups have shown that the
β1-AR is predominantly localized to caveolae, whereas only a small fraction of
the β2-AR is localized in caveolae (24,25). Agonist activation disrupts the cav-
eolar localization of the β2-AR. This divergence in caveolar localization behav-
ior is thought to contribute to the noted differences in the regulatory activities
between these receptors. For example, neonatal myocytes cultured from β1-AR
and β2-AR double-knockout mice were transfected with either receptor, and the
effect on contractile rate was studied (26). Disruption of the caveolar localization
of the β2-AR with filipin converted the biphasic effect (see above), with an
increase in rate followed by a decrease in contractile rate to a prolonged monopha-
sic (26). In contrast, filipin had no effect on the β1-AR response. These authors
concluded that the caveolar localization of the β2-AR is essential for its typical
signaling properties.

Rapacciuolo et al. (27) demonstrated that, following agonist activation, the
β1-AR can undergo both caveolar-mediated as well as clathrin-mediated inter-
nalization. Indeed, these authors showed that both internalization pathways make
an approximately equal contribution to β1-AR internalization. These authors
further showed that the nature of the protein kinase that phosphorylated the
receptor determined its internalization fate. For example, PKA-mediated phos-
phorylation of the β1-AR resulted in internalization via the caveolae pathway. In
contrast, GRK phosphorylation led to the expected arrestin/clathrin internaliza-
tion pathway.
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2.4. Summary
Figure 1 presents a model in which receptor activation is envisioned as linear

and highly dependent on random collisions between receptor and G protein. It is
apparent that signaling is not that of an elementary or capricious event. Indeed,

Fig. 3. Effect of novel binding proteins on the intracellular localization and traffick-
ing properties of the β-ARs.
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the internalization scheme presented in Fig. 2 is also too simplistic to account for
recent observations. It seems clear that receptor activation of signaling does not
take place only on the cell surface and that receptor internalization is not only
involved in signal inactivation. Rather, the signaling and internalization path-
ways converge. This is illustrated in part in Fig. 2, which shows how clathrin-
mediated internalization can trigger non-GPCR signaling. However, newly
discovered receptor–protein complexes argue for a far more complicated rela-
tionship between internalization and signaling. For example, PDZ-type interac-
tions could “short circuit” the clathrin internalization pathway and “fast track”
receptor resensitization and reinsertion into the cell membrane.

3. The α1-Adrenergic Receptors

Three α1-ARs (α1A, α1B, and α1D) have been isolated, cloned, and character-
ized (1,2). Similar to the observations made with the β-ARs, the cellular local-
ization and trafficking properties of the three α1-ARs do not conform to the
dogmatic thinking regarding GPCRs.

3.1. The Cellular Localization of the α1-ARs
Using a peptide antibody that specifically recognizes a sequence in the C-

terminus of the α1B-AR, Fonseca et al. (28) showed that the α1B-AR stably trans-
fected in HEK-293 cells is localized predominantly on the cell membrane.
Similarly, an α1B-AR/green fluorescent protein (GFP) fusion protein transiently
transfected into COS-7 cells was primarily localized to the cell membrane (29).
In contrast, an α1A-AR/GFP construct was localized in intracellular compart-
ments. Intracellular α1A-AR expression was confirmed using antibodies directed
against a FLAG-tagged epitope inserted into the α1A-AR (29). Commercially
available peptide antibodies that recognize the C-terminus of the α1-AR subtypes
(Santa Cruz Biotech. Santa Cruz, CA) were used to localize these receptors in
stably transfected Rat1 fibroblasts (30,31). Using this approach, the α1B-AR was
detected mainly on the cell surface, consistent with previous observations. These
authors also noted that although a portion of the α1A-ARs was expressed intra-
cellularly, a significant cell surface population could be observed (29). Surpris-
ingly, the α1D-AR was predominantly localized intracellularly in a perinuclear
endosomal compartment (30,31). Overexpression of wild-type β-arrestin or the
dominant negative form of arrestin had no effect on the intracellular expression
of the α1D-AR (32). Similar localization patterns were obtained using α1-AR/
GFP fusion proteins transfected into HEK-293 cells (32,33). Together, data
obtained using heterologous expression systems indicate a high degree of sub-
type-specific regulation of cellular localization.

It is highly relevant to show that the differential cellular localization of the
three α1-ARs occurs in cells that natively express these receptors. The difficulty
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with studying natively expressing cells such as vascular smooth muscle cells or
cardiomyocytes is that these cells are difficult to transfect with conventional
methods and the available antibodies have only limited potency, making detec-
tion of endogenous receptor difficult. The intracellular expression of the α1-ARs
in vascular smooth muscle was observed in a unique series of studies using
BODIPY-FL-labeled prazosin to image α1-AR subtypes in cultured prostate
smooth muscle cells (34). These authors noted intracellular expression for each
of the three subtypes and estimated that, in smooth muscle cells, 40% of the total
α1-AR population is expressed intracellularly.

We developed adenoviral constructs of the human α1B-AR and the α1D-AR
coupled with GFP. These constructs infected human aortic smooth muscle cells
(Cascade Biologics, Portland, OR) with approx 70% efficiency (35). Confocal
images of infected cells (Fig. 4; see Color Plate 1 following p. 148.) show that
the α1B-AR/GFP is primarily expressed on the cell surface of vascular smooth
muscle cells, although some cytoplasmic expression is also observed. This local-
ization pattern agrees with the work of MacKenzie et al. (34).

The basal intracellular localization of the α1D-AR was also examined using
adenoviral-mediated transfer into human aortic smooth muscle cells (see Fig. 4
and Color Plate 1 following p. 148). In agreement with studies from heterologous

Fig. 4. Confocal imaging of human aortic smooth muscle cells transfected with an
adenovirus containing either (A) the α1B-AR or (B) α1D-AR. To facilitate imaging, each
receptor was expressed as a fusion protein with GFP. See Color Plate 1 following p. 148.
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expression systems, we observed that a significant portion of the α1D-ARs were
located in intracellular compartments. In addition to the expected intracellular
localization, we noted cell surface expression of this receptor. Why the α1D-AR
is expressed predominantly intracellularly is not understood. Numerous reports
indicated that this receptor is consititutively active (31,36,37). This constitutive
activity could account for the intracellular localization by promoting continuous
endocytosis from the cell membrane to the intracellular space. Studies using
receptor constructs indicated that amino acids 1–79 of the extracellular N-termi-
nus of the α1D-AR contain a sequence(s) that regulates cell surface localization
(38,39). Deleting this sequence greatly increased the cell surface expression of
the α1D-AR, whereas replacing analogous regions of either the α1A- or the α1B-
AR with the 1–79 sequence of the α1D-AR significantly decreased expression of
these receptors.

Although these experiments with adenoviral transfer of the human α1B- and
α1D-ARs receptors into human cells are preliminary, they do suggest that there
may be differences in α1-AR expression in human cells when compared to het-
erologous systems. The α1D-AR may be expressed on the cell surface to a greater
degree in human cells, and the α1B-AR is expressed in intracellular compart-
ments.

3.2. Agonist-Mediated Phosphorylation,
Internalization, and Desensitization of the α1-ARs

Our understanding of the phosphorylation, internalization, and desensitiza-
tion of the α1-ARs is not nearly as well developed as for the β-ARs. Critical
aspects related to these phenomena have been reviewed (40–42). For example,
Diviani et al. (43) observed that serines 404, 408, and 410 in the α1B-AR were
phosphorylated by GRK following stimulation with epinephrine. These same
serines along with serines 394 and 400 were also phosphorylated following
treatment with phorbol ester, indicating that they are also protein kinase C (PKC)
sites in the α1B-AR (44).

Agonist-mediated internalization of the α1B-AR was initially described in the
1980s (45,46). More recently, Fonseca et al. (28) used immunocytochemistry to
show that the α1B-AR is internalized in an agonist-dependent manner to compart-
ments also containing the transferrin receptor. Additional studies by Wang et al.
(47) identified subdomains of the C-terminus of the α1B-AR that were essential
for receptor internalization and downregulation. Truncation of the receptor after
amino acid 366 yielded an α1B-AR that could neither be internalized nor
downregulated. Deletion studies have shown that internalization and downregu-
lation of the α1B-AR are regulated by different sequences in the C-terminus (47).

In addition to requiring GRK-mediated phosphorylation, Diviani et al. (48)
noted that the α1B-AR internalized in an arrestin-dependent manner. This conclu-
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sion was supported by the work of Chalothorn and associates (33), demonstrating
that overexpression of a dominant negative form of arrestin completely blocked
α1B-AR internalization. Consistent with other internalization studies, an intact C-
terminus was necessary for interaction of α1B-AR with arrestin (49).

In contrast to the α1B-AR, much less is known about the phosphorylation,
internalization, and desensitization properties of the other α1-ARs. The α1A-AR
is phosphorylated following agonist activation, although not to the same extent
as the α1B-AR (50). As predicted from the relative extent of phosphorylation, the
α1B-AR was desensitized to a greater degree than was the α1A-AR. Chalothorn
et al. (33) compared agonist-mediated receptor internalization of the α1B- and
α1A-AR/GFPs in living transiently transfected HEK-293 cells. The α1B-AR is
rapidly internalized with a significant intracellular signal observed within 5 min.
On the other hand, the α1A-AR was internalized at a much slower rate, with 30
min to 1 h required to observe significant receptor internalization (33). Like the
α1B-AR, internalization of the α1A-AR receptor was blocked by cotransfection
with a dominant negative form of arrestin (33). Together, these data suggest that
α1A-AR and α1B-AR are differentially phosphorylated and desensitized follow-
ing agonist treatment.

Inserting the C-terminus of the α1B-AR into the α1A-AR resulted in a receptor
chimera that was more extensively phosphorylated and desensitized than the
wild-type α1A-AR (50). These results indicate that C-terminal sequences control
the phosphorylation and desensitization of the α1-ARs. Price et al. (51) demon-
strated that the α1A-AR was internalized and desensitized in an apparent GRK2-
dependent manner. In contrast to the results with α1B-AR or those obtained by
Vazquez-Prado et al. (50), Price et al. (51) showed that neither agonist-mediated
internalization nor desensitization of the α1A-AR was dependent on sequences in
the C-terminal tail.

Probably the least well studied of the α1-ARs in terms of phosphorylation,
desensitization, or internalization is the α1D-AR. No internalization of those α1D-
ARs expressed on the cell surface has been observed (31,32). Yang and cowork-
ers (52) used stably transfected fibroblasts to show that the increase in inositol
phosphates mediated by the α1A- and α1B-ARs could be desensitized; the increase
mediated by the α1D-AR was refractory to agonist-mediated desensitization. In
contrast to these results, Garcia-Sainz et al. (53) used stably transfected fibro-
blasts to show that the α1D-AR could be phosphorylated and desensitized follow-
ing exposure to norepinephrine. Thus, desensitization of the α1D-AR is very
different from that of the other α1-ARs.

3.3. Summary

Our understanding of the cellular trafficking properties of the α1-AR subtypes
is not nearly as refined as for the β-ARs. We also do not know if these receptors
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internalize using analogous protein pathways and binding partners as do the β-
ARs or if novel α1-AR/protein interactions contribute to non-G protein-based
signaling. We do know that these receptors are phosphorylated and internalized
in an arrestin-dependent manner. It has also been demonstrated that following
internalization, both the α1A- and α1B-ARs can be found co-localized with β-
arrestin (32). In addition, Diviani et al. (54) noted a direct interaction between the
μ2 of the AP2 complex and the α1B-AR. Interestingly, the AP2 complex usually
interacts with GPCRs via arrestins. Therefore, in addition to the regulated inter-
action with the AP2 complex via arrestins, the α1B-AR could internalize via direct
interaction with AP2. Also not clear is whether the association of α1-AR with
arrestins and their subsequent internalization can trigger non-G protein signal-
ing as it does for the β-ARs. Such a possibility was suggested by Alcantara-
Hernandez et al. (55), who noted that a novel association between PKC and the
α1B-AR forms following agonist activation may participate in receptor desensiti-
zation. Another interaction that is poorly described relates to the caveolar local-
ization of α1-ARs. Fujita et al. (56) found that α1-ARs were localized in caveolae.
Subsequently, it was noted that the α1B-AR subtype could be localized to a cave-
olar subdomain (57).

It is tempting to speculate that the cellular trafficking properties of the α1-ARs
will be similar to those observed for the β-AR system. Although the overall
trafficking and regulatory patterns are similar, each of the adrenergic receptor
subtypes has shown a tendency to develop distinctly unique avenues of regula-
tory activities. Therefore, it would not be much of a surprise if we find that the
trafficking patterns of the α1-ARs are different in significant ways from those
observed for the β-AR.

4. The α2-Adrenergic Receptors
4.1. Cellular Localization of the α2-AR

Similar to the α1-ARs, our knowledge of the cellular trafficking properties of
the α2-AR family is not as nearly refined as that for the β-ARs. Three α2-ARs
(α2A, α2B, and α2C) have been isolated, cloned, and characterized. An overview
of the nature of the α2-AR subtypes, their localization, and their cellular traffick-
ing properties has been published (58). Reminiscent of the α1-ARs, subtypes of
the α2-ARs are differentially localized within the cell. Indeed, results from stud-
ies conducted with polarized Madin-Darby canine kidney cells showed that the
α2-ARs are selectively expressed on the basolateral surface (exposed to the
blood) as opposed to the apical aspect (exposed to urine) of these renal cells
(59,60). In investigating the mechanism for this differential localization, Wozniak
and Limbird (60) noted that α2A-AR is inserted directly and selectively into the
basolateral membrane. The targeting of this receptor to the basolateral aspect is
determined by a sequence as yet poorly defined near the lipid–α2A-AR interface;
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the retention at the basolateral surface is dependent on sequences in the third
intracellular loop (61). In contrast to the adenosine A1-receptor, which requires
microtubules for selective basolateral expression, the basolateral expression of
both α2B- and α2C-ARs is achieved by differences in receptor half-lives. Initially,
both α2B- and α2C-ARs are expressed equally on the basolateral and apical mem-
branes. However, as a result of specific sequences in the third intracellular loop,
both α2B- and α2C-ARs have much longer half-lives for retention on the basolateral
surface when compared to the apical aspect of the membrane (60,62). Because
of the more rapid loss from the apical membrane, a selective basolateral local-
ization for the α2B- and α2C-ARs is achieved.

Evidence has suggested that interactions between the third intracellular loop
of the α2-ARs and spinophilin, a multidomain protein thought to be involved in
the assembly of protein complexes, may contribute to the selective basolateral
localization of these receptors (63,64). Brady et al. (64) also demonstrated that,
in embryo fibroblasts from spinophilin null mice, the α2B-AR internalized at a
much faster rate than that observed in fibroblasts from wild-type mice. These
results suggest that, like PSD-95 or NSF interactions with the β-AR, novel pro-
tein interactions with the α2-AR family can affect receptor distribution and ago-
nist-mediated internalization. In addition to the cell surface expression, the
α2C-AR is localized in intracellular compartments such as the endoplasmic reticu-
lum and the Golgi (60,65).

4.2. Agonist-Mediated Internalization,
Phosphorylation, and Desensitization of the α2-ARs

Internalization of the α2B-AR subtypes has been extensively studied in heter-
ologous systems. These data have consistently shown that this receptor is rapidly
internalized following agonist activation (65–69). DeGraff et al. (70) demon-
strated that the internalization of the α2B-AR in transiently transfected COS-1
cells could be enhanced by overexpressing either β-arrestin-1 or -2. Conversely,
the internalization could be blocked by cotransfection with a dominant negative
form of dynamin (70). Olli-Lahdesmaki et al. (71) demonstrated that α2B-AR
endocytosis could be blocked by treatment with hyperosmotic sucrose, indicat-
ing that this receptor internalized in a clathrin-dependent manner. Together,
these data suggest that a pathway involving arrestin coupling of the receptor and
clathrin internalizes the α2B-AR.

Data with the α2A-AR are more controversial. In stably transfected CHO cells,
Eason and Liggett (66,67) noted that the α2A-AR could be internalized following
agonist activation. In contrast, in transfected HEK-293 cells, α2A-AR internaliza-
tion was not observed (65,71). Despite the demonstration that the α2A-AR binds
arrestin, internalization of the α2A-AR could only be marginally enhanced by
arrestin overexpression (70,72,73). Furthermore, in contrast to the α2B-AR, α2A-
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AR endocytocsis was only partially blocked by inhibiting clathrin-coated pit
endocytosis with hyperosmotic sucrose. A complete blockade of internalization
was accomplished by treatment with filipin, an agent that inhibits caveolae-
mediated internalization. These data suggest that the α2A-AR is internalized via
both clathrin- and caveolae-mediated pathways and could account for the obser-
vations of DeGraff et al. (70) that noted only a modest effect of arrestin
overexpression on α2A-AR endocytosis.

Both the α2A- and α2B-ARs have been shown to undergo agonist-mediated
phosphorylation and desensitization (66,67). Jewell-Motz and Liggett (74)
showed that an acidic environment within the C-terminus (amino acids 294–309)
was necessary for the GRK-dependent phosphorylation and agonist-mediated
desensitization of the α2B-AR. Similarly, an EESSSS motif in the C-terminus of
the α2A-AR was found to be critical for the GRK-dependent phosphorylation and
agonist-mediated desensitization of this receptor. Liang et al. (75) demonstrated
that PKC could also phosphorylate the α2A-AR. Mutation of serine 360 resulted
in a significant decrease in PKC phosphorylation and agonist-dependent desen-
sitization. Therefore, pathways independent of GRK can desensitize the α2A-AR.
Another novel desensitization pathway involving the α2A-AR was found by Bawa
et al. (76). These workers noted that treatment of BE (2)-C human neuroblastoma
cells with epinephrine resulted in α2A-AR desensitization that was mediated by
GRK3, and α2A-AR downregulation was produced as a consequence of activat-
ing β2-AR. Eason and associates (77) showed that a palmitoylated cysteine in the
C-terminus was necessary for agonist-mediated desensitization of the human
α2A-AR. This residue is missing in the human α2C-AR.

Results of studies with the human α2C-AR indicate that this receptor neither
phosphorylated nor desensitized following agonist activation (66,67). In con-
trast, work from Bylund’s laboratory showed that the opossum α2C-AR is phos-
phorylated by GRK and undergoes agonist-dependent desensitization (69,78).
Deupree and coworkers (78) then demonstrated that the opossum receptor con-
tains the sequence EESTSE. This sequence is also contained within the α2A-AR
and is phosphorylated by GRK. The human α2C-AR contains DESSAAAAE,
suggesting that hydroxyl amino acids in an acidic environment were necessary
for the receptor to undergo GRK-mediated phosphorylation.

4.3. Perspective

Like the α1-ARs, the α2-AR family has unique localization and cellular traf-
ficking properties. Both receptor families have a subtype that is localized to
intracellular compartments. Whether this intracellular localization has functional
consequences or is an artifact of the methods used to localize these receptors is
not known. Unknown also is whether the α2-AR participates in the activation of
non-G protein-dependent signaling pathways. However, we do know that acti-
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vation of ERK1/2 by the α2-AR does not depend on receptor internalization
(68,70). Whether the α2-AR can be regulated by interactions with novel binding
partners such as PSD-95, NSF, or MAGI-2 is unknown.

References

1. Piascik MT, Perez DM. α1-Adrenergic receptors: new insights and directions. J
Pharmacol Exp Ther 2001;298:403–410.

2. Zhong H, Minneman KP. α1-Adrenoceptor subtypes. Eur J Pharmacol 1999;375:
261–276.

3. Kaumann AJ, Engelhardt S, Hein L, Molenaar P, Lohse M. Abolition of (–)-CGP
12177-evoked cardiostimulation in double β1/β2-adrenoceptor knockout mice.
Obligatory role of β1-adrenoceptors for putative β4-adrenoceptor pharmacology.
Naunyn Schmiedebergs Arch Pharmacol 2001;363:87–93.

4. Claing A, Laporte SA, Caron MG, Lefkowitz R. Endocytosis of G protein-coupled
receptors: roles of G protein-coupled receptor kinases and β-arrestin proteins.
Prog Neurobiol 2002;66:61–79.

5. Krupnick JG, Benovic JL. The role of receptor kinases and arrestins in G protein-
coupled receptor regulation. Annu Rev Pharmacol Toxicol 1998;38:289–319.

6. Pierce KL, Premont RT, Lefkowitz RJ. Seven-transmembrane receptors. Nat Rev
Mol Cell Biol 2002;3:639–650.

7. Luttrell LM. G protein-coupled receptor signalling in neuroendocrine systems. J
Mol Endrocrinol 2003;30:117–126.

8. Sorkin A, Zastrow M. Signal transduction and endocytosis: close encounters of
many kinds. Nature 2002;3:600–613.

9. Kobilka BK. Agonist-induced conformational changes in the β2 adrenergic recep-
tor. J Pept Res 2002;60:317–321.

10. Naga Prasad SV, Laporte SA, Chamberlain D, Caron MG, Barak L, Rockman HA.
Phosphoinositide 3-kinase regulates β2-adrenergic receptor endocytosis by AP-2
recruitment to the receptor/β-arrestin complex. J Cell Biol 2002;158:563–575.

11. Daaka Y, Luttrell LM, Lefkowitz RJ. Switching of the coupling of the β2-adren-
ergic receptor to different G proteins by protein kinase A. Nature 1997;390:88–91.

12. Luttrell LM, Ferguson SS, Daaka Y, et al. β-Arrestin-dependent formation of β2

adrenergic receptor-Src protein kinase complexes. Science 1999;283:655–661.
13. Fan G, Shumay E, Malbon CC, Wang H. c-Src tyrosine kinase binds the β2-adr-

energic receptor via phospho-Tyr-350, phosphorylates G-protein-linked receptor
kinase 2, and mediates agonist-induced receptor desensitization. J Biol Chem
2001;276:13,240–13,247.

14. Hung A, Sheng M. PDZ domains: structural modules for protein complex assem-
bly. J Biol Chem 2002;277:5699–5702.

15. Hu LA, Chen W, Premont RT, Cong M, Lefkowitz RJ. G protein-coupled receptor
kinase 5 regulates β1-adrenergic receptor association with PSD-95. J Biol Chem
2002;277:1607–1613.

16. Cao TT, Deacon HW, Reczek D, Bretscher A, von Zastrow M. A kinase-regulated
PDZ-domain interaction controls endocytic sorting of the β2-adrenergic receptor.
Nature 1999;401:286–290.



124 Piascik, García-Cazarin, and Post

17. Cong M, Perry SJ, Hu LA, Hanson PI, Claing A, Lefkowitz RJ. Binding of the β2

receptor to n-ethylmaleimide-sensitive factor regulates receptor recycling. J Biol
Chem 2001;276:45,145–45,152.

18. Hu LA, Tang Y, Miller WE, et al. β1-Adrenergic receptor association with PSD-
95. Inhibition of receptor internalization and facilitation of β1-adrenergic receptor
interaction with N-methyl-D-aspartate receptors. J Biol Chem 2000;275:38,659–
38,666.

19. Christopherson KS, Hillier BJ, Lim WA, Bredt DS. PSD-95 assembles a ternary
complex with the N-methyl-D-aspartic acid receptor and a bivalent neuronal NO
synthase PDZ domain. J Biol Chem 1999;274:27,467–27,473.

20. Imamura F, Maeda S, Doi T, Fujiyoshi Y. Ligand binding of the second PDZ
domain regulates clustering of PSD-95 with the Kv1.4 potassium channel. J Biol
Chem 2002;277:3640–3646.

21. Xu J, Paquet M, Lau AG, Wood JD, Ross CA, Hall RA. β1-Adrenergic receptor
association with the synaptic scaffolding protein membrane-associated guanylate
kinase inverted-2 (MAGI-2). J Biol Chem 2001;276:41,310–41,317.

22. Xiang Y, Devic E, Kobilka B. The PDZ binding motif of the β1 adrenergic receptor
modulates receptor trafficking and signaling in cardiac myocytes. J Biol Chem
2002;277:33,783–33,790.

23. Xiang Y, Kobilka B. The PDZ-binding motif of the β2-adrenoceptor is essential for
physiologic signaling and trafficking in cardiac myocytes. Proc Natl Acad Sci
USA 2003;100:10,776–10,781.

24. Razani B, Woodman SE, Lisanti MP. Caveolae: from cell biology to animal physi-
ology. Pharmacol Rev 2002;54:431–467.

25. Hnasko R, Lisanti MP. The biology of caveolae: lessons from caveolin knockout
mice and implications for human disease. Mol Interventions 2003;3:445–456.

26. Xiang Y, Rybin VO, Steinberg SF, Kobilka B. Caveolar localization dictates
physiologic signaling of β2-adrenoceptors in neonatal cardiac myocytes. J Biol
Chem 2002;277:34,280–34,286.

27. Rapacciuolo A, Suvarna S, Barki-Harrington L, et al. Protein kinase A and G
protein-coupled receptor kinase phosphorylation mediates β1 adrenergic receptor
endocytosis through different pathways. J Biol Chem 2003;278:35,403–35,411.

28. Fonseca MI, Button DC, Brown RD. Agonist regulation of α1B-adrenergic receptor
subcellular distribution and function. J Biol Chem 1995;270:8902–8909.

29. Hirasawa A, Sugawara T, Awaji T, Tsumaya K, Ito H, Tsujimoto G. Subtype-
specific differences in subcellular localization of α1-adrenoceptors: chlorethyl-
clonidine preferentially alkylates the accessible cell surface α1-adrenoceptors
irrespective of the subtype. Mol Pharmacol 1997;52:764–770.

30. Hrometz SL, Edelmann SE, McCune DF, et al. Expression of multiple α1-
adrenoceptors on vascular smooth muscle: correlation with the regulation of con-
traction. J Pharmacol Exp Ther 1999;290:452–463.

31. McCune DF, Edelmann SE, Olges JR, et al. Regulation of the cellular localization
and signaling properties of the α1B- and α1D-adrenoceptors by agonists and inverse
agonists. Mol Pharmacol 2000;57:659–666.

32. Chalothorn D, McCune DF, Edelmann SE, Garcia-Cazarin ML, Tsujimoto G,
Piascik MT. Differences in the cellular localization and agonist-mediated internal-



Regulation of Cellular Localization and Trafficking 125

ization properties of the α1-adrenoceptor subtypes. Mol Pharmacol 2002;61:1008–
1016.

33. Chalothorn D, McCune DF, Edelmann SE, et al. Differential cardiovascular regu-
latory activities of the α1B- and α1D-adrenoceptor subtypes. J Pharmacol Exp Ther
2003;305:1045–1053.

34. Mackenzie JF, Daly CJ, Pediani JD, McGrath JC. Quantitative imaging in live
human cells reveals intracellular α1-adrenoceptor ligand-binding sites. J Pharmacol
Exp Ther 2000;294:434–443.

35. Garcia-Cazarin ML, Edelmann SE, Smith J, Kraner SD, Piascik MT. Construction
of adenoviral vectors expressing the α1-adrenoceptors for the efficient transfection
of vascular smooth muscle cells. FASEB J 2004;18:5401.

36. Garcia-Sainz JA, Torres-Padilla ME. Modulation of basal intracellular calcium by
inverse agonists and phorbol myristate acetate in rat-1 fibroblasts stably express-
ing α1d-adrenoceptors. FEBS Lett 1999;443:277–281.

37. Gisbert R, Noguera MA, Ivorra MD, D’Ocon P. Functional evidence of a consti-
tutively active population of α1D-adrenoceptors in rat aorta. J Pharmacol Exp Ther
2000;295:810–817.

38. Pupo AS, Uberti MA, Minneman KP. N-terminal truncation of human α1D-
adrenoceptors increases expression of binding sites but not protein. Eur J Phar-
macol 2003;462:1–8.

39. Hague C, Chen Z, Pupo AS, Schulte N, Toews ML, Minneman K. The N-terminus
of the human α1D-adrenergic receptor prevents cell surface expression. J Pharmacol
Exp Ther 2004;309:388–397.

40. Garcia-Sainz JA, Vazquez-Prado J, del Carmen Medina L. α1-Adrenoceptors:
function and phosphorylation. Eur J Pharmacol 2000;389:1–12.

41. Cotecchia S, Bjorklof K, Rossier O, Stanasila L, Greasley P, Fanelli F. The α1b-
adrenergic receptor subtype: molecular properties and physiological implications.
J Recept Signal Transduct Res 2002;22:1–16.

42. Toews ML, Prinster SC, Schulte NA. Regulation of α1B adrenergic receptor local-
ization, trafficking, function, and stability. Life Sci 2003;74:379–389.

43. Diviani D, Lattion AL, Cotecchia S. Characterization of the phosphorylation sites
involved in G protein-coupled receptor kinase- and protein kinase C-mediated
desensitization of the α1B-adrenergic receptor. J Biol Chem 1997;272:28,712–
28,719.

44. Iacovelli L, Franchetti R, Grisolia D, De Blasi A. Selective regulation of G protein-
coupled receptor-mediated signaling by G protein-coupled receptor kinase 2 in
FRTL-5 cells: analysis of thyrotropin, α1B-adrenergic, and A1 adenosine receptor-
mediated responses. Mol Pharmacol 1999;56:316–324.

45. Leeb-Lundberg LM, Cotecchia S, DeBlasi A, Caron MG, Lefkowitz RJ. Regula-
tion of adrenergic receptor function by phosphorylation. I. Agonist-promoted
desensitization and phosphorylation of α1-adrenergic receptors coupled to inositol
phospholipid metabolism in DDT1 MF-2 smooth muscle cells. J Biol Chem 1987;
262:3098–3105.

46. Cowlen MS, Toews ML. Evidence for α1-adrenergic receptor internalization in
DDT1 MF-2 cells following exposure to agonists plus protein kinase C activators.
Mol Pharmacol 1988;34:340–346.



126 Piascik, García-Cazarin, and Post

47. Wang J, Wang L, Zheng J, Anderson JL, Toews ML. Identification of distinct
carboxyl-terminal domains mediating internalization and down-regulation of
the hamster α1B-adrenergic receptor. Mol Pharmacol 2000;57:687–694.

48. Diviani D, Lattion AL, Larbi N, et al. Effect of different G protein-coupled
receptor kinases on phosphorylation and desensitization of the α1B-adrenergic
receptor. J Biol Chem 1996;271:5049–5058.

49. Mhaouty-Kodja S, Barak LS, Scheer A, et al. Constitutively active α1b adrener-
gic receptor mutants display different phosphorylation and internalization fea-
tures. Mol Pharmacol 1999;55:339–347.

50. Vazquez-Prado J, Medina LC, Romero-Avila MT, Gonzalez-Espinosa C,
Garcia-Sainz JA. Norepinephrine- and phorbol ester-induced phosphorylation of
α1a-adrenergic receptors. Functional aspects. J Biol Chem 2000;275:6553–
6559.

51. Price RR, Morris DP, Biswas G, Smith MP, Schwinn DA. Acute agonist-medi-
ated desensitization of the human α1a-adrenergic receptor is primarily indepen-
dent of carboxyl terminus regulation. Implications for regulation of α1a AR
splice variants. J Biol Chem 2002;277:9570–9579.

52. Yang M, Ruan J, Voller M, Schalken J, Michel MC. Differential regulation of
human α1-adrenoceptor subtypes. Naunyn Schmiedebergs Arch Pharmacol
1999;359:439–446.

53. Garcia-Sainz JA, Vazquez-Cuevas F, Romero-Avila M. Phosphorylation and
desensitization of α1d-adrenergic receptors. Biochem J 2001;353:603–610.

54. Diviani D, Lattion AL, Abuin L, Staub O, Cotecchia S. The adaptor complex 2
directly interacts with the α1b-adrenergic receptor and plays a role in receptor
endocytosis. J Biol Chem 2003;278:19,331–19,340.

55. Alcantara-Hernandez R, Leyva-Illades D, Garcia-Sainz JA. Protein kinase C-α1b-
adrenoceptor coimmunoprecipitation: effect of hormones and phorbol myristate
acetate. Eur J Pharmacol 2001;419:9–13.

56. Fujita T, Toya Y, Iwatsubo K, et al. Accumulation of molecules involved in α1-
adrenergic signal within caveolae: caveolin expression and the development of
cardiac hypertrophy. Cardiovasc Res 2001;51:709–716.

57. Toews ML, Prinster SC, Schulte NA. Regulation of α1B adrenergic receptor local-
ization, trafficking, function, and stability. Life Sci 2003;74:379–389.

58. Saunders C, Limbird LE. Localization and trafficking of α2-adrenergic receptor
subtypes in cells and tissues. Pharmacol Ther 1999;84:193–205.

59. Keefer JR, Limbird LE. The α2A-adrenergic receptor is targeted directly to the
basolateral membrane domain of Madin-Darby canine kidney cells independent
of coupling to pertussis toxin-sensitive GTP-binding proteins. J Biol Chem 1993;
268:11,340–11,347.

60. Wozniak M, Limbird LE. The three α2-adrenergic receptor subtypes achieve
basolateral localization in Madin-Darby canine kidney II cells via different tar-
geting mechanisms. J Biol Chem 1996;271:5017–5024.

61. Keefer JR, Kennedy ME, Limbird LE. Unique structural features important for
stabilization vs polarization of the α2A-adrenergic receptor on the basolateral
membrane of Madin-Darby canine kidney cells. J Biol Chem 1994;269:16,425–
16,432.



Regulation of Cellular Localization and Trafficking 127

62. Saunders C, Limbird LE. Microtubule-dependent regulation of α2B adrenergic
receptors in polarized MDCKII cells requires the third intracellular loop but not
G protein coupling. Mol Pharmacol 2000;57:44–52.

63. Richman JG, Brady AE, Wang Q, Hensel JL, Colbran RJ, Limbird LE. Agonist-
regulated interaction between α2-adrenergic receptors and spinophilin. J Biol Chem
2001;276:15,003–15,008.

64. Brady AE, Wang Q, Colbran RJ, Allen PB, Greengard P, Limbird LE. Spinophilin
stabilizes cell surface expression of α2B-adrenergic receptors. J Biol Chem 2003;
278:32,405–32,412.

65. Daunt DA, Hurt C, Hein L, Kallio J, Feng F, Kobilka BK. Subtype-specific intra-
cellular trafficking of α2-adrenergic receptors. Mol Pharmacol 1997;51:711–720.

66. Eason MG, Liggett SB. Subtype-selective desensitization of α2-adrenergic recep-
tors. Different mechanisms control short and long term agonist-promoted desen-
sitization of α2C10, α2C4, and α2C2. J Biol Chem 1992;267:25,473–25,479.

67. Eason MG, Liggett SB. Functional α2-adrenergic receptor-Gs coupling undergoes
agonist-promoted desensitization in a subtype-selective manner. Biochem Biophys
Res Commun 1993;193:318–323.

68. Schramm NL, Limbird LE. Stimulation of mitogen-activated protein kinase by G
protein-coupled α2-adrenergic receptors does not require agonist-elicited endocy-
tosis. J Biol Chem 1999;274:24,935–24,940.

69. Jones SB, Leone SL, Bylund DB. Desensitization of the α2 adrenergic receptor in
HT29 and opossum kidney cell lines. J Pharmacol Exp Ther 1990;254:294–300.

70. DeGraff JL, Gagnon AW, Benovic JL, Orsini MJ. Role of arrestins in endocytosis
and signaling of α2-adrenergic receptor subtypes. J Biol Chem 1999;274:11,253–
11,259.

71. Olli-Lahdesmaki T, Scheinin M, Pohjanoksa K, Kallio J. Agonist-dependent
trafficking of α2-adrenoceptor subtypes: dependence on receptor subtype and
employed agonist. Eur J Cell Biol 2003;82:231–239.

72. von Zastrow M, Link R, Daunt D, Barsh G, Kobilka B. Subtype-specific differ-
ences in the intracellular sorting of G protein-coupled receptors. J Biol Chem
1993;268:763–766.

73. Wu G, Krupnick JG, Benovic JL, Lanier SM. Interaction of arrestins with intra-
cellular domains of muscarinic and α2-adrenergic receptors. J Biol Chem 1997;
272:17,836–17,842.

74. Jewell-Motz EA, Liggett SB. An acidic motif within the third intracellular loop of
the α2C2 adrenergic receptor is required for agonist-promoted phosphorylation
and desensitization. Biochemistry 1995;34:11,946–11,953.

75. Liang M, Eason MG, Theiss CT, Liggett SB. Phosphorylation of ser360 in the
third intracellular loop of the α2A-adrenorecptor during protein kinase C-medi-
ated desensitization. Eur J Pharmacol 2002;437:41–46.

76. Bawa T, Altememi GF, Eikenburg DC, Standifer KM. Desensitization of α2A-
adrenoceptor signalling by modest levels of adrenaline is facilitated by β2-
adrenoceptor-dependent GRK3 up-regulation. Br J Pharmacol 2003;138:921–931.

77. Eason MG, Jacinto MT, Theiss CT, Liggett SB. The palmitoylated cysteine of
the cytoplasmic tail of α2A-adrenergic receptors confers subtype-specific agonist-
promoted downregulation. Proc Natl Acad Sci USA 1994;91:11,178–11,182.



128 Piascik, García-Cazarin, and Post

78. Deupree JD, Borgeson CD, Bylund DB. Down-regulation of the α2C adrenergic
receptor: involvement of a serine/threonine motif in the third cytoplasmic loop.
BMC Pharmacol 2002;2:9.



Adrenergic Receptors in Clinical Medicine 129

129

From: The Receptors: The Adrenergic Receptors: In the 21st Century
Edited by: D. Perez © Humana Press Inc., Totowa, NJ

5

Adrenergic Receptors in Clinical Medicine

Martin C. Michel and Paul A. Insel

Summary

The sympathetic nervous system is a main regulator of homeostasis and
mediates most of its effects via the nine subtypes of α1-, α2-, and β-adr-
energic receptors. Although recent years have witnessed major progress
in the identification of adrenergic receptor subtypes with specific cell
and tissue functions in experimental animals, similar progress for human
tissues remains limited. At present, most data are available for β-adren-
ergic receptor subtypes in the human heart, but substantial information
is available regarding urogenital tissues, particularly the prostate and
the bladder. The discovery of a specific role of α1A-adrenergic receptors
in the human prostate has led to the development of selective antago-
nists that effectively treat prostate symptoms without major effects on
blood pressure. Hence, α1-adrenergic antagonists have largely replaced
surgery as the primary treatment of the highly prevalent condition of
benign prostatic hyperplasia. It is hoped that better phenotyping of
other human tissues will contribute to similar progress in other disease
states.

Key Words: Adrenergic receptor; artery; bladder; clinical; heart; lung;
prostate.

1. Introduction

Adrenergic receptors play an important role in several aspects of clinical
medicine. This is perhaps not surprising given the importance of the autonomic,
particularly the sympathetic, nervous system in the regulation of virtually every
organ system in the body. Physiological regulation of these organ systems occurs
in response to norepinephrine as the sympathetic postganglionic synaptic neu-
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rotransmitter and epinephrine as a hormone released into the circulation by chro-
maffin cells, primarily located in the adrenal medulla. Such regulation is deter-
mined by two key factors: the concentration of neuronally released and circulating
catecholamines and expression and functional activity of the various adrenergic
receptors (and receptor subtypes) that bind and respond to those amines. Thus,
normal function of the cardiovascular, pulmonary, endocrine-metabolic, geni-
tourinary, and other systems is influenced by “sympathoadrenal (adrenergic)
tone.”

Clinical disorders in those and other organ systems can be associated with
altered sympathetic nervous system activity (and, in turn, tissue and circulating
levels of catecholamines) or with altered expression and activity of adrenergic
receptors. Such diseases include settings with prominently enhanced levels of
catecholamines, such as chromaffin cell tumors (pheochromocytoma) and dis-
orders with more modest (and thus sometimes more difficult to document)
changes in circulating or tissue catecholamines. Examples of the latter include
essential hypertension and congestive heart failure, two widely prevalent cardio-
vascular disorders. The ability of catecholamines to desensitize and downregu-
late adrenergic receptors creates a conundrum in trying to assess and define
primary vs secondary roles for altered receptor expression and function in clini-
cal settings.

Because of their widespread expression in human tissues and ability to have
an impact on numerous physiological systems, adrenergic receptors have proved
to be highly useful pharmacological targets. Knowledge regarding the presence
and function of human adrenergic receptors, especially of various receptor sub-
types (Table 1) is incomplete, particularly when compared to results from ani-
mal studies, including murine knockouts of most of the receptor subtypes.
Nevertheless, completion of the human genome project has shown definitively
that humans express genes for only nine adrenergic receptor subtypes (α1A,B,D,
α2A,B,C, β1,2,3) (1). The principal reason for the lack of information regarding
tissue expression of the various receptor subtypes is the lack of appropriate
pharmacological agents that can specifically identify functional protein for each
of the subtypes. Considerable data exist regarding detection of messenger ribo-
nucleic acid (mRNA) of the receptor subtypes, but it is questionable whether
there will be precise correspondence between mRNA and protein expression.
Moreover, data from studies with experimental animals does not necessarily
predict expression and function of adrenergic receptors in humans (2–5).

Agonists and antagonists for each of the types and certain subtypes of adren-
ergic receptors have been used to treat many clinical disorders (Table 2). Detailed
discussion of the physiological roles of adrenergic receptors and the identity and
uses of all the agonists and antagonists directed to these receptors is beyond the
scope of this chapter. Such information is available in textbooks of physiology and
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pharmacology or in other sources (6–8). In addition, numerous recent reviews
describe information regarding clinical development and indications for the use
of adrenergic receptor agonists and antagonists (9–17). Therefore, in this chapter
we briefly summarize the role of adrenergic receptors in cardiovascular and pul-
monary medicine and then focus on urogenital disease, a field in which the last
decade has witnessed substantial progress and growing clinical utility for drugs
that target adrenergic receptors.

2. Adrenergic Receptors in Cardiovascular Medicine
The most extensively studied human tissue regarding adrenergic receptors is

the heart, in which β-adrenergic receptors mediate positive chronotropic, inotro-
pic, dromotropic, and bathmotropic effects (i.e., increased rate, force, excitabil-
ity, and conductivity) (18). Although β1-adrenergic receptors appear to dominate
in the human heart for most of these functions, β2-adrenergic receptors can con-
tribute to a relevant degree, particularly in the atria. It has also been suggested
that β3-adrenergic receptors mediate negative inotropic response (albeit prob-
ably not in response to endogenous catecholamines) in the human heart (19), but
others have not confirmed these findings. In addition, a propranolol-resistant
state of the β1-adrenergic receptor exists; this was previously sometimes referred
to as a β4-adrenergic receptor (20).

β-Adrenergic agonists have been used for acute inotropic support, but their
long-term use in patients with chronic heart failure appears detrimental (21).
On the other hand, β-adrenergic antagonists, particularly those selective for β1-
adrenergic receptors, have been very useful for the treatment of coronary heart
disease, including the secondary prevention of myocardial infarction, as well
as for hypertension and certain arrhythmias. β-Adrenergic receptor antago-
nists are useful drugs for the chronic treatment of congestive heart failure (22–
24).

In contrast, α1-adrenergic receptors exert only a minor, if any, role in the
human heart, and the subtype involved has not been studied in detail. α2-Adren-
ergic receptors inhibit transmitter release from sympathetic and parasympathetic
nerve fibers, and although no postsynaptic role has been identified for them in the
human heart, data have indicated a role for an α2B-adrenergic receptor genetic
variant in acute coronary events and sudden death, suggesting that this variant
may be a risk factor for cardiovascular disease (25–27). Such an effect might
result from enhanced tendency for coronary artery thrombosis; of note, though,
the receptor subtype that promotes activation and aggregation of platelets by
catecholamines is the α2A-subtype (28).

The presence of α1-adrenergic receptor subtypes has been mapped in the
human vasculature at the mRNA level (29), but few vessels have been studied
functionally. In resistance vessels, α1A-adrenergic receptors appear to dominate
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the response to exogenously applied agonists (30,31), but other subtypes may
contribute, particularly in larger vessels (29,32). An understanding of the role
of α2-adrenergic receptors in human blood vessels has been hampered by the
fact that receptors on vascular smooth muscle cells can mediate contraction,
whereas those on the endothelium mediate vasodilation. Little information is
available regarding the α2-adrenergic receptor subtypes involved. Although it
is generally assumed that vasodilation occurs via β2-adrenergic receptors, β1-
receptors may contribute in certain blood vessels (33,34). Limited information
is known regarding the role of β3-adrenergic receptors in human blood vessels,
but extrapolating from animal studies, it is likely that this subtype contributes
to vasodilation in humans (35,36).

Some time ago, we proposed that an altered expression of α1-or α2-adren-
ergic receptors might play a role in the pathogenesis of essential hypertension
(37). This proposal was based on evidence for increased α-adrenergic receptor
expression in spontaneously hypertensive rats (mainly in the kidney), which
preceded the blood pressure elevation and absence of this increase in animal
models of acquired hypertension. Similarly, an increase in expression of α2A-
adrenergic receptors on platelets of hypertensive patients had been noted, and
this increase was present in normotensive offspring of hypertensive patients.
However, later genetic studies in both rats and humans failed to confirm a
pathogenetic role for α2-adrenergic receptors in essential hypertension (38,39).
The expression of β-adrenergic receptors had also been found to be altered in
hypertension, including in animal models of acquired hypertension (40); simi-
lar changes in humans were reversed on blood pressure normalization (41).
Taken together, available studies do not support a major role of adrenergic
receptors in the pathogenesis of essential hypertension. However, a number of
studies have explored the possibility that genetic variants of adrenergic recep-
tors might contribute to the development, prognosis, or therapeutic response of
hypertensive patients, an intriguing hypothesis for which no firm consensus
has yet been reached (42,43).

The α- and β-adrenergic antagonists have been used for many years to lower
blood pressure in patients with arterial hypertension, but more recent data have
questioned this use, particularly for α1-adrenergic receptor antagonists. The
arm of the ALLHAT (Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial) study that involved administration of those agents
was stopped prematurely because the α-adrenergic antagonist used (doxazosin)
did not provide benefits relative to a thiazide diuretic and may have been asso-
ciated with a greater incidence of hypertension-associated complications (44).
Therefore, α1-adrenergic receptor antagonists are no longer recommended as
first-line monotherapy for hypertensive patients. More recently, based on new
results and a reevaluation of those from older studies, it has been proposed that
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β-adrenergic receptor antagonists may also provide less benefit than other
classes of antihypertensive drugs (45). Nevertheless, β-adrenergic receptor
antagonists remain a widely accepted choice for the first-line treatment of
hypertension.

In addition to their possible role in contributing to hypertension, disease-
related changes in adrenergic receptors have been hypothesized to accompany
or underlie other cardiovascular disorders. Of particular interest is the possibil-
ity that antibodies directed against β-adrenergic receptors might play a role in
cardiomyopathy. Certain clinical observations and studies with experimental
animals have supported this possibility, but evidence for such a role is not yet
definitive (46,47). In addition, in limb ischemia, hyperresponsiveness of skel-
etal muscle resistance arteries to noradrenaline is accompanied by enhanced
α1-adrenergic receptor reserve without a change in the profile of receptor sub-
types (48).

3. Adrenergic Receptors in Pulmonary Medicine
All three subtypes of α1-adrenergic receptors (particularly the α1A-subtype)

and all three subtypes of α2-adrenergic receptors are expressed in human lung
at the mRNA level, but no major role in the regulation of human airway function
has been described (49–53). Among the β-adrenergic receptors, β1- and β2-
adrenergic receptors coexist in the human lung; the β3-subtype appears to be
absent (53). β2-Adrenergic receptors are more abundant than β1-adrenergic
receptors in all pulmonary cell types (except in pulmonary blood vessels) and
are apparently the only subtype on airway smooth muscle cells (53). Accord-
ingly, relaxation of airway smooth muscle is a prototypical function of β2-
adrenergic receptors, and β2-selective agonists have been used for many years
as bronchodilator drugs in asthma, chronic obstructive pulmonary disease, and
other pulmonary conditions. Short-acting β-adrenergic agonists, such as sal-
butamol or terbutaline, are well established as acute bronchodilators, whereas
long-acting β-adrenergic agonists, such as salmeterol or formoterol, are pre-
ferentially used alone or together with inhaled corticosteroids in prophylaxis
and as suppressors of chronic bronchoconstriction (54,55). The expression and
responsiveness of airway β2-adrenergic receptors can be regulated by a variety
of factors that include genetics, age, disease states, and, possibly most important
in therapeutics, drug treatment (43,56,57). The last includes desensitization on
treatment with β-adrenergic agonists and sensitization (or prevention of desen-
sitization) in patients treated with inhaled or systemically administered gluco-
corticoids. β2-Adrenergic receptors on inflammatory cells, which have products
that influence bronchial airway cell function and which are responsive to glu-
cocorticoids, appear to show greater propensity for desensitization than do the
receptors on airway smooth muscle (58,59).
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4. Adrenergic Receptors in the Urogenital Tract
The expression pattern of adrenergic receptors and their subtypes within the

urogenital tract varies greatly among the individual tissues. The human kidney
expresses few α1-adrenergic receptors (and these are primarily on renal arteries
and of the α1A subtype; 29), but a large number of α2-adrenergic receptors, par-
ticularly the α2A-subtype, are involved in the regulation of vascular resistance,
inhibition of renin release, and modulation of tubular function (60). Hence, blood
pressure lowering by α2-adrenergic agonists is accompanied by smaller alter-
ations of renal perfusion than that by other classes of blood pressure-lowering
drugs.

Healthy human bladder expresses few α1-adrenergic receptors; these are pre-
dominantly of the α1D-subtype, but their physiological role remains to be deter-
mined (61). Some data obtained with experimental animals raise the possibility
that bladder dysfunction is accompanied by enhanced action of these receptors,
and that such regulation may involve a subtype switch (62). Human bladder also
expresses a large number of α2-adrenergic receptors, largely belonging to the
α2A-subtype, for which no physiological postjunctional function has as yet been
identified (63). β-Adrenergic receptors are considered the main physiological
mediator for relaxation of bladder smooth muscle, hence allowing accommoda-
tion of increasing volumes of urine at acceptable pressure during the filling phase
of the micturition cycle (64). In humans, this appears to occur predominantly, if
not exclusively, through a β3-subtype (65). The finding that few other human
tissues are so enriched in β3-adrenergic receptors makes these receptors attrac-
tive as a target for drugs that treat bladder dysfunction (66). Accordingly, several
β3-selective agonists are currently in clinical development for the treatment of
the overactive bladder syndrome and urinary urge incontinence.

The bladder outflow tract, particularly the urethra, also expresses several
types of adrenergic receptors. α1A-Adrenergic receptor-mediated urethral con-
traction may contribute to bladder outlet resistance and the maintenance of
continence. α-Adrenergic agonists have been used “off label” to treat stress
urinary incontinence (67), but the best-studied drug, phenylpropanolamine, was
withdrawn from the market by the Food and Drug Administration because of
concerns of increased risk for stroke during treatment. An α1A-selective partial
agonist, Ro 115-1240, demonstrated efficacy without cardiovascular effects in
a placebo-controlled study of women with stress incontinence (68), but its clini-
cal development has been stopped.

Hyperplastic growth of the prostate, an important part of the male bladder
outflow tract, occurs with increasing age; the resultant enlargement, benign
prostatic hyperplasia (BPH), is frequently associated with bothersome symp-
toms (69). This hyperplasia represents growth of stromal and, to a lesser extent,
glandular-epithelial elements and is accompanied by a dynamic component:
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increased smooth muscle tone within the prostatic capsule and bladder outlet,
largely as a consequence of adrenergic innervation (70). The human prostate
contains a large number of α2-adrenergic receptors, mostly of the α2A-subtype,
and all three β-adrenergic receptors, but their function remains unclear (63,71).
The human prostate also expresses α1-adrenergic receptors, predominantly of
the α1A-subtype, as detected both at the mRNA and protein levels and primarily
located on smooth muscle cells; thus, α1A-adrenergic receptors are the main, if
not exclusive, subtype that mediates prostatic contraction (70,72). As a conse-
quence, α1-adrenergic antagonists have become a mainstay of medical treatment
of BPH.

BPH, a histological diagnosis, affects the majority of elderly men by causing
lower urinary tract symptoms (LUTS) that affect both the voiding and storage
phase of the micturition cycle. In the past, BPH was treated surgically, but with
the advent and success of α1-adrenergic antagonists, the majority of patients now
primarily receive this form of medical treatment. The use of α1-adrenergic recep-
tor antagonists to treat LUTS suggestive of BPH was originally based on the
concept that α1-adrenergic receptors, particularly of the α1A-subtype, mediate
contraction of the prostate, bladder neck, and urethra and hence contribute to the
dynamic (phasic) component of increased bladder outlet resistance (70). How-
ever, α1-adrenergic antagonists have only moderate effects in the treatment of
BPH-associated obstruction but are considerably more effective in alleviating
irritative LUTS, implying that symptoms of BPH that occur during the storage
phase of the micturition cycle are unlikely to result directly from obstruction.
Therefore, it is currently thought that an additional component contributes to
symptom relief in BPH patients, possibly blockade of α1D-adrenergic receptors
located in the bladder or the spinal cord (72).

Inhibitors of the enzyme 5α-reductase (e.g., finasteride and dutasteride) are
the other current main option for medical treatment of BPH. Four comparative
studies with a duration of 6 mo to longer than 4 yr demonstrated that α1-adren-
ergic receptor antagonists are more effective than 5α-reductase inhibitors in
relieving BPH symptoms (73–76). Although 5α-reductase inhibitors are inferior
in relieving symptoms, they prevent prostatic growth and can reduce BPH com-
plications, such as acute urinary retention, over periods of 4 yr and longer (76,77).
Because of their different mechanisms of action, it is not surprising that the
combined administration of an α1-adrenergic receptor antagonist and a 5α-
reductase inhibitor has significantly greater long-term effects on BPH progres-
sion than either drug alone (76).

Prior to their use in BPH patients, α1-adrenergic receptor antagonists were
used in the treatment of arterial hypertension. Therefore, α1-antagonists origi-
nally developed for the treatment of hypertension, such as doxazosin and
terazosin, lower blood pressure when used to treat BPH patients; as a result, such
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patients can have blood pressure-related side effects, such as orthostasis, dizzi-
ness, and asthenia. Interestingly, alfuzosin, which is chemically similar to
doxazosin and terazosin, largely lacks these side effects and has a tolerability
similar to placebo despite exhibiting some blood pressure lowering (78).
Tamsulosin is a chemically different α1-antagonist with selectivity for α1A- and
α1D- relative to α1B-adrenergic receptors (79). In therapeutically equivalent doses,
tamsulosin causes much less vasodilation than do other α1-adrenergic receptor
antagonists (80) and even when given in combination with anti-hypertensive
drugs causes little blood pressure lowering (81). Accordingly, its tolerability is
close to placebo, including in patients with comorbidities or who are taking
multiple medications (81,82). Whether this tolerability and relative lack of vas-
cular effects of tamsulosin are explained by its subtype selectivity or its pharma-
cokinetic properties remains unclear, but slow-release formulations of other
α1-antagonists also show improved tolerability (83,84). Taken together, these
data show that α1-adrenergic receptor antagonists are an effective form of medi-
cal treatment for LUTS resulting from BPH, and that subtype selectivity or
pharmacokinetic factors can provide selectivity for the urogenital relative to the
cardiovascular system.

The human penis expresses various subtypes of α-adrenergic receptors that
are involved in smooth muscle contraction (85,86). Nevertheless, the α2-antago-
nist yohimbine has only moderate efficacy in treating erectile dysfunction (87),
and α1-adrenergic receptor antagonists have failed to demonstrate efficacy rela-
tive to placebo in clinical trials for this indication (9). β2 and β3-Adrenergic
receptors have been shown to relax corpus cavernosum smooth muscle and thus
are suggested as possible targets for treatment of erectile dysfunction (88).

The human uterus expresses α1-adrenergic receptors that mediate contraction,
but specific roles of individual subtypes and the overall contribution to myome-
trial tone are not well established (89). All three α2-adrenergic receptor subtypes
are also expressed; their expression is highly regulated during pregnancy, with
protein expression of the α2A-subtype predominating at term (90). The relaxant
action of β-adrenergic receptors opposes the contractile responses of myometrial
α-adrenergic receptors. Among the β-adrenergic receptors, expression of the β2-
subtype dominates in the human myometrium, but the other two subtypes can
also be detected (91). There is considerable intersubject variability in expression
of β2-adrenergic receptors, with a decrease in expression at term that likely
contributes to an enhancement in uterine tone at that time (92,93). β-Adrenergic
agonists have been used for many years to treat preterm labor, but myometrial β2-
adrenergic receptors undergo rapid desensitization and downregulation on ago-
nist treatment (94). Accordingly, β2-adrenergic agonists have only moderate
efficacy, particularly when used for more than a few days (10). It has been
suggested that β3-adrenergic agonists might provide an alternative approach for
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such tocolytic therapy, but no clinical assessment of such agents has been under-
taken (95).

5. Conclusions and Future Perspective

Many physiological functions have been linked to specific subtypes of α1-,
α2-, and β-adrenergic receptors in various animal species. Because of the obvious
reason of limited access, particularly regarding healthy tissue, similar progress
for human adrenergic receptors has been slower and in many cases limited to the
characterization of expression of RNA for the receptor subtypes. A more exten-
sive characterization of protein and function for all the human adrenergic recep-
tor subtypes is needed to identify specific targets for possible therapeutic
intervention.

The interindividual variability in responsiveness to adrenergic agonists and
antagonists presents not only a major challenge, but also an important opportunity
for the future use of such drugs. Part of this variability has a genetic basis (i.e.,
polymorphisms and other variants in the genes encoding the adrenergic receptor
subtypes) (42,43,96–98). Although variation in the genes for the adrenergic recep-
tors (or their signaling machinery) have the potential to influence tissue respon-
siveness to adrenergic drugs, variants in the genes that encode drug-metabolizing
enzymes also may influence adrenergic drug responses. Another type of
interindividual variability derives from differences in the regulation of adrenergic
receptor expression and responsiveness that result from physiological factors such
as age, pregnancy, and pathophysiological conditions such as heart failure or
asthma and from drug treatment (6). This has been best documented for the heart
(18) and airways (56). These intrinsic (genetic) and extrinsic (disease, drug treat-
ment) factors are likely to interact, but only limited data are available regarding
such interaction (43,99). It thus remains unclear whether information gleaned
from assessment of interindividual differences will allow “personalized medi-
cine” (i.e., beyond individual trial and error) in terms of the clinical administration
of adrenergic agonists and antagonists. Of particular importance for the future,
especially since the completion of the human genome, will be to determine whether
intrinsic differences (i.e., genetic variants) or extrinsic factors are more important
for interindividual variability. The ability to predict phenotype based on a given
genotype, especially in terms of combinations of variants defined by genetic hap-
lotypes, is an area that is just beginning to be explored.
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Use of Fluorescent Ligands and Receptors
to Visualize Adrenergic Receptors

John C. McGrath and Craig J. Daly

Summary

This chapter reviews and compares the strengths, limitations, and poten-
tial for development of the two major methodologies employed to visu-
alize the locations and properties of adrenergic receptors: fusion
proteins of receptors with fluorescent protein tags and fluorescent
ligands. In each case, the three subfamilies of adrenergic receptors (β,
α1, and α2) are considered. Emphasis is placed on time sequence imag-
ing in live cells, providing insights to receptor mobilization and regula-
tion. The use of recombinant fusion proteins such as green fluorescent
protein has been mainly confined to cell culture; fluorescent ligands
can also be utilized in native tissues. It is shown how the two approaches
can validate each other and provide complementary information. The im-
portance of appropriate image acquisition and quantitative image analysis
is stressed if meaningful data are to be acquired. These approaches have
resulted in the recent discovery of more diverse adrenergic receptor
locations in both unexpected tissue types and subcellular locations.
Finally, the ability to exploit the changing fluorescent properties of
interacting fluorophores to elucidate interactions between receptor
molecules, such as dimerization or chaperoning, are considered. It is
concluded that we have entered a new phase in which visualization
of adrenergic receptors in multidimensional analysis is providing new
insights to receptor biology, and that visualization in live heteroge-
neous organs and tissues is bringing this to the physiological level.

Key Words: β-, α1-, and α2-Adrenergic receptors; confocal microscopy;
fluorescent ligands; green fluorescent protein; image analysis.
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1. Introduction

Knowledge of the organ, tissue, and subcellular location of adrenergic recep-
tors (ARs) has recently been given some interesting new directions through the
use of fluorescent labels. Essentially, this has won new information on receptor
distribution at the tissue level plus dynamic data on receptor mobility/trafficking
at the cellular level. Essentially, ARs have now been found in cells not previously
considered, and the cell surface membrane is no longer considered their domi-
nant location.

The discovery of the three families of ARs depended entirely on classical
agonist–antagonist–response pharmacology, as did the first division of the β-
AR family into two subtypes. This was enabled by the convenient availability
of bioassay tissues for each receptor type that responded with unique character-
istics to selective agonists, antagonists, or both. It was implicit in this that the
different receptors resided on different cell types and mediated different types
of responses. In the immediate precloning era, the proliferation of further sub-
types was accomplished using radioligand binding to build on the established
functional pharmacology of antagonists. This relied on aberrations from the
expected affinity series to predict receptor subtypes, so it no longer required
isolation of a specific cellular response and could be achieved in tissues with
cellular heterogeneity. When cloning methodology became available, the antag-
onist series was paramount in distinguishing the characteristics of reexpressed
receptors. Reverse pharmacology was then employed to seek native receptors
with the binding characteristics of the clones. This turned out to be nontrivial
because the selectivity of the available antagonists was more difficult to establish
in functional terms in native tissues than in binding.

It would have helped at that point if antibodies to the receptors could have been
employed to map the location of the receptor subtypes by immunohistochemis-
try. In retrospect, two factors stand out as confounding this and diverting the
visualization of ARs along the alternative routes of epitope labeling and fluores-
cent ligand binding. These factors are apparent nonselectivity and actual hetero-
geneity, which may be different sides of the same coin.

Regarding apparent nonselectivity, although a number of laboratories made
the attempt, it proved difficult to find “satisfactory” antibodies to selectively
label each subtype with certainty. They often proved satisfactory in purified
membranes or cell clones only to fail in native tissues, labeling many cell types
when they were expected to target only a subpopulation. In some cases, this may
have involved a lack of antibody selectivity because of high conservation of
sequence among G protein-coupled receptors (GPCRs).

For actual heterogeneity, in retrospect, difficulties with antibodies may also
have been partly caused by the receptors actually present, unexpectedly, on
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diverse cell types where no function for them had been established or where a
particular receptor was masked, in functional experiments, by the presence of
another member of the same subfamily.

As it turned out, the use of fluorescent ligands and fluorescent epitopes coupled
with simultaneous improvements in microscope technology meant that the visu-
alization of ARs could be accomplished in live cells and tissue. This gave imme-
diate access not only to subcellular localization, but also to receptor trafficking
and to the ability to tie localization of receptors to the pharmacological properties
of the drugs that activate or block them. This chapter sets out how our current
knowledge of ARs was informed by these approaches.

2. General Use of Green Fluorescent Protein
and G Protein-Coupled Receptor Fusion Proteins

The ARs, particularly β2 were among the first examples of GPCR for which
green fluorescent proteins (GFP) fusion proteins were employed to visualize
receptor location (1). Recent reviews of the general use of GFP–GPCR fusion
proteins cover the general issues (2). These are essentially the validation of the
fusion protein vs the wild-type receptor with respect to ligand binding and local-
ization in the cell to exclude, respectively, interference with the binding pocket
and mislocation from, for example, aggregation of the receptor in an inappropri-
ate location because of the properties of the GFP. Validation of localization, of
course, can be tricky if the point under investigation is that localization is not
known. In general, this is most satisfactory if both a fluorescent ligand and
receptor antibody are available, and in recombinant systems, an antibody to an
additional epitope is generally the most satisfactory solution. Some early work
may still require revalidation.

In nonactivated cells, once validated, GFP–GPCRs inform on localization of
receptors. Indeed, this can be used as an efficient means of identifying effectively
transfected cells to clone them. However, there is a danger of prejudice concern-
ing the desirable characteristics of cells to be cloned. GFP–GPCRs transfected
into native tissues or used transgenically may hold out a more fruitful use in
establishing the cellular localization of receptors.

The most widespread use of GFP–GPCR fusion proteins is in the study of the
mechanisms underlying agonist-induced internalization and recycling of recep-
tors. This is confined to situations in which the net distribution of receptors
throughout cells is altered in a clearly visualizable manner. It cannot inform on
the subtler situation for which accelerated recycling occurs without a net change
of receptor distribution (i.e., outward equals inward movement, although at an
accelerated rate).

Because data from modern microscopes usually starts as digital data, images
are pictorial representations of this to aid analysis, but the data are there for other
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forms of quantitative analysis. With GFP–GPCR fusion proteins, the obvious
applications of quantitative analysis are quantification of the receptors in a par-
ticular location, such as a comparison of the receptor density in different parts of
the cell or a global comparison of, say, surface and intracellular receptors and
their net redistribution following agonist-activated internalization. Moreover,
this can be done in three dimensions (3D) to capture an entire cell’s complement
of receptors, whereas with two dimensions (2D) they may not redistribute in the
same plane. This can then be extended to the time dimension in either 2D or 3D,
which can assess the rate of the process under analysis.

2.1. Application of GFP to β-ARs

The β2-AR was the first of the family of ARs to be cloned. Consequently, this
subtype has been most widely studied and manipulated by genetic techniques.
Despite the relatively large size (238 aa) of the GFP, Barak et al. (1) created
a human β2–GFP fusion protein that retained full function when transiently
expressed in HEK-293 cells. In addition, agonist and antagonist binding to the
β2–GFP fusion protein was almost identical to that of the native receptor. The β2–
GFP construct distributed mainly on the cell surface under stable conditions and
relocated to endosomal compartments on agonist stimulation (1). Similar char-
acteristics were observed when the construct was expressed in HeLa cells, in
which agonist stimulation caused receptor relocation to endosomes and lysos-
omes (3). The human β1–GFP fusion has also been shown to retain its native
pharmacology and cellular distribution (4). Following agonist stimulation, the
phosphorylated receptor can bind β-arrestin, leading to internalization. How-
ever, the β1–AR has been shown to exhibit a low affinity for β-arrestin, therefore
making this subtype relatively resistant to internalization. Work by Shiina et al.
(5) demonstrated this difference in β1-AR and β2-AR internalization through the
use of GFP–arrestin expression in HEK-293 cells.

β-ARs are expressed on a wide range of native cell types; therefore, caution
is advised when extrapolating the mechanisms of receptor turnover in model
cells (i.e., HEK-293, HeLa, etc.) to that of native tissue. Nevertheless, GFP
fusions expressed in cells are still an excellent model for the study of GPCR
internalization and degradation (for review, see ref. 6).

The hypothesis that β1-ARs downregulate in response to antidepressant treat-
ment has been studied using a β1-AR–GFP fusion expressed in C6 glioblastoma
cells (7). These authors reported almost identical dissociation constants for
[3H]CGP-12177 binding at the native and GFP fusion with β1-AR. Furthermore,
approx 22% of β1–GFP ARs internalized within 3 min of agonist (isoprenaline)
treatment. From a methodological viewpoint, this study is interesting in that it
used image restoration and 3D segmentation of confocal volumes to estimate the
degree of receptor internalization.
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2.2. Application of GFP to α1-ARs
Fully functional GFP fusion proteins have been made for all three α1-AR sub-

types (8). Differences in the cellular distribution between α1-AR subtypes have
been a notable issue (see Chapter 4). One of the earliest reports of α1-AR–GFP
subtype distribution in cells suggested that the α1B-AR was predominantly located
on the surface, and the α1A-AR was mainly intracellular (9). The membrane-
located hamster α1B–GFP was next shown to have identical binding properties to
the WT receptor (expressed in mouse αT3 cells) and to undergo agonist-induced
internalization (10). This is consistent with the α1B-AR belonging to the same class
of receptor as the β2-AR (as classified in 11) in displaying higher affinity for
β-arrestin-2. Interestingly, Oakley et al. (11) also show differential distribution of
the arrestin–GFP isoforms within the cell cytoplasm and nucleus.

Chalothorn et al. (8) conducted a comprehensive study of the cellular distribu-
tion of GFP-linked αB-AR subtypes in HEK-293 cells. This study demonstrated
a preferential surface membrane location of α1B-ARs, an intracellular predomi-
nance of α1D-ARs, and a heterogeneous distribution of α1A-ARs, although this
was not quantified, relying solely on interpretation of pictures. Agonist-induced
internalization was more readily observed for α1B-ARs, with little or no internal-
ization of α1D-AR, so this was attributed to the initial location of the receptors,
with α1D-AR having little scope for internalization. This is in line with an earlier
study (nonimaging) of differential agonist-induced downregulation of the
human α1-AR subtypes in which the α1D-AR was relatively resistant and the α1B-
AR had greatest sensitivity (12). The difference in initial localization of subtypes
has been associated with the different degree of constitutive activity of the sub-
types, with α1D-AR having the greatest activity and thus a greater degree of self-
internalization (13).

Two subsequent studies concentrated on the potential role of oligomeriza-
tion on the spontaneous or activated internalization of α1-AR subtypes (see
Chapter 3). Both used confocal imaging and GFP and CFP constructs to enable
co-localization of different subtypes. Stanasila et al. (14), using fluorescence
resonance energy transfer (FRET), demonstrated that oligomerization of the α1-
AR subtypes correlated with their ability to cointernalize on exposure to the
agonist. The α1A-selective agonist oxymetazoline induced the cointernalization
of the α1A- and α1B-AR, whereas the α1B-AR could not cointernalize with the
NK1 tachykinin or CCR5 chemokine receptors. They proposed that oligomer-
ization might therefore represent an additional mechanism regulating the physi-
ological responses mediated by the α1A- and α1B-AR subtypes. Hague et al.
(15), studying all three subtypes using probe co-localization, indicated differ-
ential interactions and possible dimerization between α1-subtypes, such that
α1B/D heterodimerization promotes surface expression of α1D-AR whereas
α1A/D does not.
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Overall, studies with GFP-linked α1-ARs expressed in model cell lines
appear to provide almost unanimous support for a predominantly intracellular
location of the α1A- and α1D-subtypes and a mainly cell surface location for α1B.
It is interesting that, in the one native system in which attempts have been made
to study the function of all three α1-AR subtypes (i.e., contraction of vascular
smooth muscle), α1A and α1D have the dominant role, and that of α1B is minor
(16). This suggests either that a balance in favor of intracellular rather than
surface receptors is a physiologically normal situation or that recombinant cell
systems do not reflect accurately the true physiological situation. This may be
further informed by visualization of receptors in native systems as discussed in
Section 3.

2.3. Application of GFP to α2-ARs

At this time, there are no data on GFP–α2-AR fusion proteins. Information on
the differential distribution of α2-AR subtypes was obtained in cell cultures using
antibodies to epitope tags (17). There is a lack of published imaging data on the
subcellular distribution of α2-AR.

2.4. Transfection of Native Tissues

The ability to transfect cell cultures efficiently with fully functional GFP-
linked AR subtypes prompted us to attempt an in vitro transfection of the cells
in a blood vessel. We chose the α1B-AR–GFP that cell culture work suggested
might have a cell surface location. The vessel employed was the mouse mesen-
teric artery, which has a functional response that is mainly through α1A-AR but
for which there is evidence for the presence of α1B because its receptor pharma-
cology changes in the α1B-KO (16). We also had evidence from other blood
vessels that the vascular adventitial cell population was altered in α1B-AR-KO
mice (18,19), suggesting a trophic influence of this receptor. In vitro transfection
using the lipofection method incorporating the use of TfxTM-50 (promega) showed
a diffuse pattern of fluorescence from the α1B-AR–GFP on mesenteric arterial
smooth muscle cells (Fig. 1C). Thus, when artificially transfected, the receptors
distributed themselves on the smooth muscle cell surface as previously demon-
strated in cell culture. This was done on vessels from the α1B-AR-KO mouse in
an attempt to minimize competition from native receptors.

This still leaves the question of whether the native receptors adopt this dis-
tribution. We took two separate approaches to this. First, we carried out the
transfection with the α1B-AR–GFP fusion protein under its own promoter (20).
This proved negative in vascular smooth muscle, presumably because the native
expression level is low, but positive expression was found in adventitial cells.
This not only showed that the transfection/promoter system was effective when
the native expression level was high, but also suggested that α1B-AR expression
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level is low in vascular smooth muscle and thus that the expression level was
artificially high with the first transfection method.

We then took a separate approach to visualizing the native α1-AR population
using a fluorescent ligand for α1-ARs related to the α1-AR antagonist prazosin
(BODIPY FL-prazosin, also known as QAPB) (see Section 3). This showed
that α1-AR subtypes existed in both clustered and diffuse arrangements in
smooth muscle cells of WT mouse mesenteric artery (Fig. 1A). In the α1B-KO
mouse, receptors remaining (presumably α1A) existed almost entirely as intra-
cellular clusters (Fig. 1B) similar to those observed in transfected cells (8). This
suggested that the native α1B-AR exists in a more diffuse (i.e., less-clustered)
arrangement, as shown by the transfected α1B-AR–GFP receptors. A caveat
here, of course, is that the change caused by knocking out the α1B-AR does not
necessarily represent the straightforward loss of the image of α1B-AR because
the oligomerization studies showed that one subtype may alter the disposition
of others.

In vitro transfection for 5 d of the GFP–α1B-AR under its mouse promoter
showed a readily detectable fluorescence signal in adventitial cells, including
cells with long processes, previously identified as “sensory nerves.” Cells that
were readily identified as fibroblasts, from their morphology, showed a distribu-
tion of GFP-based fluorescence very similar to cultured fibroblasts transfected
with ARs, with a high-intensity punctuate intracellular fluorescence. The sen-
sory nerves showed perinuclear fluorescence together with fluorescence extend-
ing for a limited distance along their elongated processes, consistent with a
time-dependent distribution of newly synthesized receptors. Both cell pheno-
types bound fluorescent α-AR ligands at similar sites, and the sensory nerves
showed binding along the full length of their processes. The transfection process
was shown to be effective in all cells of the cultured vessel, as indicated by
transfection with GFP alone. Thus, the limitation of the GFP– α1B-promoter

Fig. 1. α1-AR distribution in mouse mesenteric artery: (A) WT showing 30-nm
QAPB (BODIPY FL-prazosin) binding; (B) α1B-AR-KO showing 30-nm QAPB bind-
ing; (C) α1B-KO following in vitro transfection with α1B-AR–GFP.
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construct to a high-intensity signal in the adventitial cells can be attributed to this
as the main source of native α1B expression in these vessels. This is consistent
with the classical functional pharmacology, which shows that the main contrac-
tile response in the vascular smooth muscle is caused by α1A-AR (16). The
localization of the α1B-AR to the adventitial cells focuses attention toward func-
tions that have been tentatively ascribed to these cells, including a role in vascular
remodeling (21).

This section indicates that is possible to transfect cells with GFP fusion pro-
teins of the AR families. The co-localization of these proteins with fluorescent
ligands provides a link that allows comparison with native cell systems that do
not possess such useful tags but that bind the fluorescent ligands. However, an
additional utility is provided by the ability to label receptors in native systems
with GFP, which provides the opportunity for receptor translocation studies in
native cells. This has been accomplished on two levels. First, by in vitro trans-
fection of native tissues or cells (see Fig. 1C) and second by creating transgenic
mice harboring the GFP–AR constructs (see Chapter 7).

3. Fluorescent Ligands for Adrenergic Receptors
Fluorescent ligands offer significant advantages over traditional methods of

ligand binding and immunohistochemistry (22). Historically, fluorescent ligands
were used as stains in a more histological approach rather than used as high-
affinity markers for receptors on live cells. The number of studies employing the
use of fluorescent ligands has increased markedly over the last few years and now
involves the use of both fluo-antagonist and fluo-agonists (18). Multiple fluo-
ligands are now used in combination in ever-more-elaborate studies. An excel-
lent example is the study by Pick et al. (23), who used different colored ligands
to track the time-course of expression of the 5-HT3 receptor in isolated cells.
Similar approaches, using fluo-ligand combinations, have revealed the cluster-
ing and mobility of nicotinic acetylcholine and opioid receptors (24,25).

The pH sensitivity of some fluorophores may be of use in determining their
fate during transport though endosomal compartments of varying pH. In the vast
majority of studies using fluo-ligands, internalized receptor appears in a peri-
nuclear region. Using a combination of red and green BODIPY-deltorphin ana-
logs it has been shown that μ- and δ-receptors take different routes to the
perinuclear region (26). The accumulation of receptor subtypes in one cellular
compartment, not necessarily associated with degradation, raises interesting
questions about possible functional interactions at this site. It would be interest-
ing to perform detailed co-localization studies in the early endosomes and recy-
cling regions. Green and red forms of somatostatin have already been used to
demonstrate receptor oligomerization by FRET (27), presenting an alternative to
GFP labeling of the receptors and therefore possible use in native tissues.
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Fluorescent derivatives of drugs that bind to the ligand recognition site of
GPCRs are employed, in principle, in exactly the same way as radioligands and
are subject to the same considerations. In addition, their affinity for the receptor
is more likely to be changed by the bulkier fluorescent tag than by the trivial
changes inherent in a radioactive isotope, so this must be assessed. Another
factor, itself an advantage, is that, in native systems, the pharmacology of the
compound can be established so that when it is visualized there is a high prob-
ability of a direct connection between the label and the pharmacological action
in question.

If live cells are employed, another useful issue, sometimes employed in
radioligand binding is that, because the ligand approaches and binds to the recep-
tor on its extracellular face, the ligand would be expected to be visualized at the
cell surface unless the receptor moves inside with the ligand attached. This issue
is exploited in studies of receptor internalization. One of the most widespread
uses of fluorescent ligands has been the internalization of fluorescent agonists,
which activate the receptor and are subsequently carried inside when this activa-
tion leads to internalization. A condition for such an experiment is that the ligand
should not be able to enter the cell unless attached to the receptor. This leads to
another feature of the test molecule that must be validated, its permeability into
the cell, independent of receptors. For most purposes, impermeability is desir-
able. This is a general property expected of GPCR ligands, which are generally
charged molecules that penetrate cells, if at all, via carrier-mediated processes.
However, fluorescent moieties are often highly lipophilic. Being covalently
bound to otherwise hydrophilic molecules may alter their cellular distribution
(e.g., concentrate them in liposomes).

Quantitative analysis of fluorescent ligand data can cover the same ground as
for GFP–GPCRs and enables two further gains. First, when receptors are redis-
tributed, GFP–GPCRs show only the net redistribution, but a ligand attached to
the internalizing receptor shows which receptors internalize even if the net dis-
tribution remains unaltered because of recycling balancing the overall picture.
Second, the binding of the fluorescent ligand to the receptor is subject to com-
petition. Thus, the prevention or reversal of binding by competitor nonfluorescent
ligands can provide quantitative information on the binding site’s properties, for
example, (1) indicating some modification of binding under a particular set of
circumstances or (2) allowing the subtype of a receptor to be determined when
the fluorescent ligand has a degree of promiscuity but highly subtype-specific
competitor ligands are available.

An advantage for fluorescent ligands over 3H ligands is the ability to visualize
binding to whole tissues without the need for tissue fixation, freezing, or mem-
brane disruption. This enables ligand binding to be viewed in situ among varying
cell types and at varying tissue depths if confocal microscopy is used (Fig. 2A,B).
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We have identified a surprisingly high degree of “adrenoceptor” binding in the
adventitia of mouse arteries (particularly mesentery; see Fig. 2A). The presence
of binding to cells with long processes (Fig. 2A) is of interest as their function
(possibly sensory nerves) is not entirely clear at this time.

Figure 2 shows the binding of a fluorescent prazosin analog (α1-antagonist)
to a segment of unfixed “live” mesenteric artery. Ligand binding is viewed from
either the adventitial surface (Fig. 2A) or luminal surface (Fig. 2B) in combina-
tion with a fluorescent nuclear stain.

3.1. Application of Fluorescent Ligands for β-AR Studies
The earliest studies of β-ARs using a fluorescent form of propranolol (9-AAP

and DAPN) indicated that the receptors existed in a clustered conformation
(28,29). Later studies with NBD-alprenolol (fluorescent form) demonstrated
that β-ARs were both mobile and clustered (30). However, the fluorescent antago-
nists NBD-alprenolol and NBD-pindolol were subsequently shown to be both
nonselective and noncompetitive (31).

A further significant development was the synthesis of a fluorescent form of
the hydrophilic β-AR ligand CGP12177 (32). These authors synthesized both a
BODIPY and FITC version of CGP12177 and found that the BODIPY form
exhibited similar binding characteristics when compared with the native form.
Our own work with both these compounds also observed significant photo-
bleaching of the FITC form; the BODIPY form was far more stable under fluores-
cence excitation.

Fig. 2. QAPB (α1-AR–ligand) and CGP12177 (β-AR–ligand) binding to segments
of mouse and rat mesenteric artery: (A) 30-nm QAPB binding to the adventitia of
mouse mesenteric artery; (B) 30-nM QAPB binding to mesenteric artery viewed from
the luminal surface, showing smooth muscle cell binding (vertical light stripes)
and the presence of nuclear “syto” stain in endothelial cells (horizontal dark ovals);
(C) CGP12177 (1 μM) binding to cut ring segments of fixed rat mesenteric artery.
Endothelial cells are separated from the (lower) smooth muscle cells by the highly
fluorescent internal elastic lamina; both cell types show ligand-induced fluorescence.
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Red and green BODIPY CGP12177 were until recently commercially avail-
able and were used by Baker et al. (33), on recombinant human β2-AR. In their
studies on CHO-K1 cells, the compound was confined to the location of the
plasmalemmal membrane, suggesting that it did not penetrate the cell, as expected
of a lipophilic antagonist ligand that binds to a receptor that does not internalize
unless activated.

BODIPY TMR CGP12177 was employed by us and colleagues on pressure-
fixed, small mesenteric resistance rat arteries and segments of rat aorta. The
fluorescent ligand was shown to be an antagonist of the β1-AR that mediates
vasodilation in mesenteric artery. The fluorescent ligand was localized to the
medial smooth muscle cells and adventitial cells. It was concluded that the recep-
tors on the mesenteric artery smooth muscle cells were responsible for the vaso-
dilation to β-AR agonists such as isoprenaline. Although this may seem unsur-
prising, it is in fact the first demonstration of visualization of β-AR on vascular
smooth muscle cells at high resolution. The receptors were distributed both on
the cell surface and at perinuclear intracellular sites (Fig. 3), a distribution that
is very similar to that for α1-AR on similar cells (22; see Section 3.2).

The compound was also used to visualize β-AR in cardiac myocytes. In this
case, it was difficult to obtain high-resolution images of receptors on the cell
surface, but after incubation for 60 min, they could be visualized at distinct
intracellular sites, which thus represent the highest density of β-ARs in cardiac

Fig. 3. BODIPY TMR-CGP12177 (1 μM) binding to segments of rat mesenteric
artery: (A) more intracellular clustered binding in medial smooth muscle; (B) more
membrane-bound locations of CGP binding. Note also β-AR on adventitial cells with
long processes (possibly sensory nerves).
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myocytes. This is not altogether surprising because these cells are mostly occu-
pied by contractile proteins, leaving little space for other essential organelles,
such as mitochondria and endoplasmic reticulum, which are thus confined to
limited regions throughout the cell but particularly perinuclear.

3.2. Application of Fluorescent Ligands for α1-AR Studies
Over 10 yr ago, the first fluorescent form of the α1-AR antagonist prazosin was

synthesized and supplied by Molecular Probes Incorporated. The fluorophore of
choice was BODIPY FL because of its relative pH insensitivity and stability
under excitation (i.e., photobleached more slowly than FITC). Our first observa-
tions confirmed that BODIPY FL-prazosin bound to the medial smooth muscle
cells of small resistance arteries and strips on anococcygeus in a manner consis-
tent with the orientation of the cells (Fig. 4). In addition to the expected cell
surface, we also observed significant amounts of intracellular clustered binding
that could be inhibited by preincubation with nonfluorescent antagonists (Fig. 4;
34). One interesting observation (and powerful advantage) was that the BODIPY
FL-prazosin appeared to fluoresce more (or only) when bound. This character-
istic made it possible to visualize antagonist binding without washing and thus
at true equilibrium. Therefore, it was possible to construct binding-induced
fluorescence intensity (concentration) curves and compare these with ligand
binding of [3H]prazosin on membranes of identical cells. We found that image
analysis-based methods of antagonist binding gave very similar results to those
of traditional ligand binding (35).

The α1-AR subtypes have been implicated in the pathogenesis of benign pro-
static hyperplasia, so prostatic smooth muscle cells were a natural target for
investigation with this technique. Two drugs, which were favored therapeuti-
cally, were doxazosin (nonselective) and YM12617 (α1A-selective tamsulosin).

Fig. 4. QAPB (100 nM) binding to rat mesenteric artery and anococcygeus muscle
(A) mesenteric artery medial smooth muscle cells; (B) anococcygeus smooth muscle;
(C) anococcygeus in the presence of 10-μM YM12617, a high-affinity α1-AR antago-
nist.
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Doxazosin is a quinazoline and structurally related to prazosin (and therefore
BODIPY FL-prazosin). In addition, YM12617 inhibits BODIPY FL-prazosin
binding to rat anococcygeus smooth muscle (our unpublished observations,
(1995; Fig 4). Therefore, it was of interest to examine the receptor distribution
in isolated human prostate smooth muscle cells. We observed and quantified
significant amounts of intracellular binding in these cells, and this was elimi-
nated by the selective α1A-AR antagonist RS100329 (36,37), which is consistent
with the belief held by some workers that α1A-ARs are located in mainly intra-
cellular locations (9).

In most blood vessels, the presence of more than one AR subtype can be
detected. However, α1A-ARs are widely believed to be the main subtype involved
in activation of resistance artery smooth muscle (for review, see ref. 38). The
small arteries of rat skeletal muscle exhibit mainly an α1A-AR profile (39) and
express large quantities of intracellular receptor, as identified by the binding of
BODIPY FL-prazosin (40; Fig. 5).

3.3. Application of Fluorescent Ligands for α2-AR Studies
Immunohistochemical or immunofluorescence techniques have demonstrated

a differential distribution and agonist-mediated internalization of the α2-AR

Fig. 5. QAPB (BODIPY FL-prazosin) binding to neuronal cells: (A) autofluorescence
from neurons cultured from mouse cortex functionally characterized as containing α2D-
adrenoceptors; (B) binding of QAPB (5 nM) to cultured neurons; (C) QAPB in the
presence of rauwolscine (10 μM); (D) subtraction of image C from B showing the area
of displacement (i.e., specific binding to α2-adrenoceptors). Panel (E) shows a simu-
lated fluorescence projection of a section of anococcygeus muscle incubated with 30 nM
QAPB. The nerve cells on the surface of the muscle exhibit strong fluorescence, which
is reversed by rauwolscine (see Fig. 6).
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subtypes (41,42). Because antibodies generally require tissue fixation for access
and GFP fusions are not forthcoming, it would be useful to have fluorescent
ligands. However, presently we are not aware of any commercially available
fluorescent ligands for α2-ARs. Our own preliminary work with BODIPY FL-
prazosin has indicated that this compound has a relatively low affinity for the
rabbit prejunctional α2A- (pKd 6.08) and mouse α2D-AR (pKd 6.06). These
values correlate well with those of prazosin at the same sites (5.83 and 6.53,
respectively). In binding experiments, BODIPY FL-prazosin showed slightly
higher affinity than prazosin at all three subtypes (pKi): α2A, 7.83; α2B, 7.34; α2D,
7.78. The affinity of prazosin for the same sites was 6.13, 7.61, and 6.27, respec-
tively. Thus, BODIPY FL-prazosin can recognize α2-ARs with moderate to low
affinity but is not subtype selective. It can therefore be used to visualize α2-AR
provided that precautions are taken to eliminate or take into account binding to
α1-AR.

Although our binding and functional studies indicated that BODIPY FL-pra-
zosin was a weak α2-AR ligand, fluorescence studies showed that 5-nm binding
to cultured neurons was reversed by rauwolscine (Fig. 5). Using image subtrac-
tion, we found that specific binding sites were localized at the perinuclear region
(presumably intracellular) and in clusters (Fig. 5D). In addition, binding to ano-
coccygeus was observed within the smooth muscle and surface-located neuronal
cells (Fig. 5E). The binding-induced fluorescence to these anococcygeus neu-
ronal cells could be reversed by addition of rauwolscine (Fig. 6).

We have observed, in endothelial cells of mouse carotid artery, BODIPY FL-
prazosin binding that is inhibited by the α2-antagonist rauwolscine. The presence
of α2-ARs on vascular endothelium is not new (43–45), but its visualization is.
In addition, a report has suggested the presence of α1D-ARs on the endothelium
(46), so as methodology improves, we can anticipate visualization of α1-ARs on
endothelium.

4. Visualization Techniques and Quantitative Image Analysis
The generation of images in scientific research is now commonplace. We

can image virtually the whole spectrum of biomolecular activity, from a whole
body magnetic resonance imaging scan to a visual map of gene activity on a
microarray. Clinical diagnoses are derived from magnetic resonance imaging,
positron emission tomography, computerized tomography, ultrasound, and X-
ray images. Molecular processes are viewed using blots, gels, microarrays, and
digital images. Therefore, we can image everything from drug binding through
cell signaling to tissue metabolism. The importance of imaging in the pharma-
ceutical industry was highlighted in two articles in Drug Discovery World (47)
and PharmaGenomics (48). Both articles reflected the way in which basic
imaging techniques play a huge role in drug discovery, with almost 70% of
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experiments resulting in image formation. However, there are two key factors:
(1) image quality must be high and accurately reflect the biological process, and
(2) some form of quantitative or qualitative analysis must be possible.

With the drug–receptor complex, we have a moving target. Both entities are
recycled within cells, and both are candidates for degradation. Therefore, imag-
ing this process is a multidimensional problem (four dimensions [4D] over time
and multiple dimensions if more than one probe is visualized). The first (and
most important) issue is removal of optical artifacts and calibration of the data.

Fig. 6. QAPB (BODIPY FL-prazosin, 5 nM) binding to neuronal cells on the surface
of a section of rat anococcygeus: (A) xy view of fluorescence at time-point zero, before
addition of rauwolscine; (B) intensity profile plot of image a showing varying fluores-
cence intensity as peaks; (C) 2 min after addition of rauwolscine (30 μM), the height of
the peaks is reduced; (D) after 12 min, the maximum reduction in fluorescence (peak
height) is achieved. The two rectangular areas shown in A have their respective fluores-
cence intensity measured and plotted over time (see inset) to show the development of
fluorescence intensity reduction.
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At the most basic level, the data can be visualized (rendered) as an image volume
viewed at varying angles and manually compressed or stretched to fit. Alterna-
tively, a more mathematical approach can be taken if the optical aberrations can
be measured. In 3D fluorescence microscopy, this measurement is known as the
point spread function (psf), and a process of deconvolution can be used to correct
any aberrations with a known psf. Once corrected, the data can be rendered for
viewing and measurement with confidence.

With respect to studying ARs (or any GPCRs), there are a few key processes
we wish to visualize and measure. These can be achieved only with high-quality
imaging and can be broadly viewed as follows:

Receptor density:
It is necessary first to establish how the signal relates to the proportion of
receptor. For instance, is the concentration of the probe proportional to the
concentration of the receptor? Do all of the probes occupy all/only the
receptors. How is nonspecific binding assessed? How is the detection
device controlled for making comparative studies?

Receptor location:
If sufficiently high resolution (without aberration) can be achieved, then
establishing the subcellular location is not difficult. Some questions then
arise. Does the receptor co-localize with markers for specific cell orga-
nelles? If this involves co-localization (or FRET), do the optical param-
eters of the various probes overlap? Is there a need to correct for this? As
receptors move around in vesicles, can they be tracked?

Optical illusion:
A common issue arises if, say, most receptors are widely distributed at a
low density, but a minority are highly concentrated. Oversimplistic inter-
pretation of an image may detect only the latter. This can be a particular
factor when interpreting images of receptors that are “expected” to be on
the cell surface. Consider a cell as a water-filled sphere. If a quantity of
paint is spread over the surface, it will be more visible than if is diluted in
the cell water. Setting an inappropriately low threshold will show only
surface receptors.

Receptor function:
There are many probes that report on cell activation via the concentration
of other cellular molecules (e.g., calcium). We have simultaneously visu-
alized fluo-antagonist binding and agonist-induced Ca2+ activation in single
cells. Ideally, we would combine receptor density, location, and functional
experiments to determine exactly which receptors, at what location, drive
a particular form of activation. The individual components of this process
can be digitally captured. However, visualization of such a complex mul-
tidimensional process has not yet been achieved.
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4.1. Imaging ARs
As outlined in this chapter, ARs can be visualized using fluorescent antibodies

(9,17,42), protein conjugates (1,3,4,8), or ligands (33,35). Each technique has its
own set of advantages and disadvantages. However, all present similar issues for
effective visualization and quantification.

Once a 2D image or 3D volume is captured, it can be processed, visualized,
and measured. A simple 2D image can be very informative as it can show, at a
given tissue or cell depth, the pattern of diffuse or clustered receptor distribution
(see Figs. 1 and 4). In a whole tissue, a single 2D image, if carefully selected from
the midregion, can show the receptor distribution in individual cells and even the
distribution of receptors at the outer edge of the tissue (see Fig. 3). Our interpre-
tation of our own image data, collected over many different cell and tissue types,
is that the overall distribution of receptors in model cell systems and native
tissues is similar. In particular, we have seen a large amount of intracellular ARs
in every tissue we have examined. In contrast to some model cells expressing
GFP-fused ARs, we have never seen native cells that express receptor at the cell
surface exclusively. Although the location of native and recombinant receptors
appears similar, it is uncertain if the mechanisms of sequestration and internal-
ization are the same. Ideally, this process would be studied in cells in situ and
would necessitate the use of 3D and 4D imaging.

There are several software packages and modules available to enable volume
rendering, co-localization of multiple probes, particle tracking, and isosurface
modeling to visualize and measure structures of interest (i.e., receptor-containing
vesicles). A limited number of studies have examined AR distribution using 3D
imaging (7,36,37). We are unaware of any 4D studies that have used advanced
imaging and particle tracking to study receptor turnover in living tissues. This is
one of our goals for the future.

The resolution of confocal microscopy is not high enough to resolve actual
protein structure. Therefore, ligand–receptor or receptor–G protein complexes
are resolved as “hot spots” of intense light at high ligand concentrations and as
diffuse scatterings of bright points at low concentrations. Isosurfaces are an ideal
way to display these different conditions (see Fig. 7). Once a surface is generated,
the software can report the surface area and volume of a selected object. In
addition, the distance an object travels over time can be plotted and measured.
Although such software is available, it has not yet been properly exploited in
applications of receptor sequestration and recycling.

An additional complexity is the possibility of protein–protein interactions
during the cascade of receptor-recycling events. We now know that receptor
subtypes can form oligomers, and this has become an area of great interest.
The visualization of protein–protein interactions can be achieved using simple
co-localization studies (15) or FRET (14). Co-localisation is a process whereby
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Fig. 7. QAPB (BODIPY FL-prazosin, 30 nM) binding to isolated smooth muscle cells.
(A,B) Single orthoslice views of two individual cells B)show binding to the surface mem-
brane and prominent binding to intracellular sites. The optical slices are the midpoint
images of a full serial section collected by confocal microscopy. (C,D) The surface-
rendered models of both cells are shown from different viewing angles. Three threshold
levels have been rendered in each cell to show the low-intensity binding-induced fluores-
cence (generally cell surface), midrange intensity (light color intracellular surface), or high
intensity (dark surface). (Images generated from data collected by Y. P. R. Jarajapu.)
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the relative amounts of two overlapping fluorescent signals are measured. How-
ever, overlapping fluorescent signals can also be problematic if the requirement
is to see separate signals. To address this a technique of spectral unmixing has
been developed which holds the promise of having the ability, for instance, to
separate a GFP signal from a broad “green” autofluorescence signal. In addi-
tion, it may be necessary to conduct co-localization studies of multiple 4D
volumes if the fate of two or more subtypes is to be tracked following agonist
stimulation. This provides an interesting technical challenge for both image
capture and analysis.

In summary, there is huge potential to be gained in working with images.
However, analysis of images is fraught with danger if sufficient care has not
been taken during the acquisition and postprocessing/correction stages.

5. Conclusion

Fluorescence techniques have been used in various formats for the study of
receptors for over 30 yr. In the past, the experimental result was a 2D micrograph.
Today, the result can be in the form of a 4D movie. This creates many exciting
possibilities for future research. Receptors can be engineered to be endogenously
fluorescent, constitutively active, nonfunctional, or a host of other mutant forms.
Advances in microscopy, live cell imaging, and image analysis make it possible
to visualize the life cycle of the receptor. If the images acquired are accurate, then
we can begin to understand more fully the relationships that exist between the
various AR subtypes. For a given tissue, we would want to know how the indi-
vidual receptor subtypes are distributed in different cell types: Do they undergo
internalization? Do they dimerize? Are intracellular receptors functionally
coupled? What happens when one or more are knocked out? How do these
features relate to disease? Through the use of fluorescent ligands, antibodies, and
proteins used in combination with high-performance computing and microscopy,
we can now begin to answer these questions and more.
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Localization of Adrenergic Receptor
Subtypes and Transgenic Expression
of Fluorescent-Tagged Receptors

Dianne M. Perez

Summary

Although the adrenergic receptors have been cloned since the late 1980s
and early 1990s, analysis of the expression of the subtypes in specific tis-
sues and cell types has been hampered because of the lack of high-affin-
ity and high-avidity antibodies. Most of the antibodies currently available
have limited use in transfected systems in which receptor density is high
but give poor results when used to determine endogenous expression.
This limitation in antibody avidity is common in membrane proteins and
in G protein-coupled receptors (GPCRs) because of poor protein purifi-
cation and membrane epitope recognition. Although analysis of ligand
binding to tissue homogenates yields an estimate of the tissue content of
the various adrenergic receptor subtypes, it does not have sufficient reso-
lution to determine cell type distribution. Currently, methods useful for
determining receptor localization are in situ hybridization histochemis-
try and receptor autoradiography. This chapter reviews the localization
of the various adrenergic receptors using these methods. I also introduce
the concept and utility of using transgenic mice expressing fluorescent-
tagged adrenergic receptor subtypes to determine the cell type-specific
localization of these receptors using the α1-adrenergic receptor as a model
system.

Key Words: Adrenergic receptor; autoradiography; brain; fluorescent;
green fluorescent protein; hybridization; in situ hybridization; RNA; local-
ization; transgenics.
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1. Introduction

Although many studies have used radioligand binding on cell lines or tissues
to determine the localization of the adrenergic receptor (AR) subtypes, I only
review the distribution based on either in situ hybridization histochemistry or
receptor autoradiography because these are the only methods that can determine
cellular localization. The use of in situ hybridization histochemistry in particular
can discern subtype specificity. I also limit discussion of AR localization based
on polymerase chain reaction (PCR) data because of the vast potential for con-
tamination at both the ribonucleic acid (RNA) and tissue levels. Also, PCR
cannot determine exactly where in the tissue the receptor is located. The limita-
tion of in situ hybridization is that the distribution of messenger RNA (mRNA)
may not define protein localization because the mRNA can be transported from
cell bodies. The use of radioligands for autoradiography is also limited by the
lack of discrimination of the subtypes and high background binding. In general,
most tissues contain multiple AR subtypes and multiple members within each
subfamily. In the brain, all of the ARs are prominent in the gray areas, with very
little expression in the white matter. Dominant expression of a particular subtype
cannot yet be ascertained until the receptor protein for all subtypes can be quan-
titated. Unless specified, all localizations discussed below are in the rat.

2. Localization Based on In Situ Hybridization
or Receptor Autoradiography: α1-Adrenergic Receptors
2.1. Brain

The distribution of α1-AR subtypes in the brain has been determined by either
receptor autoradiography or in situ hybridization to mRNAs (1–3). Most studies
have used rat brain, but analyses in the mouse and other species indicate that they
are similar to the rat (4). One of the most important differences noted between
species, however, was the high density of total α1-ARs in human and monkey
hippocampi; in all other species, such as the rat and mouse, the total α1-AR
density was low. The distribution of the α1-AR subtypes in this study was not
performed. Although there are numerous discrepancies between published stud-
ies, the general pattern of α1-AR expression is consistent.

Autoradiography is performed using a nonselective antagonist (either
[3H]prazosin or [125I]-2-[-(3-iodo-4-hydroxyphenyl)-ethylaminomethyl tetralone
([125I]HEAT). Therefore, the particular α1-AR subtype involved cannot be deter-
mined. Although some studies used somewhat selective antagonists such as
WB4101 or 5-methylurapidil to discriminate α1a-ARs (10- to 100-fold α1a-selec-
tive), these compounds cannot distinguish between the α1b- and α1d-ARs. There-
fore, we know the general patterns of α1-AR subtype expression but cannot be
conclusive because of the use of nonselective compounds or the transport of the
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mRNA. AR distribution for all subtypes determined via these methods is sum-
marized in Tables 1 and 2.

In cats, the highest levels of total α1-AR density, labeled with [3H]prazosin,
were found in laminae II, IX, and X of the cerebral cortex (5). The highest levels
of α1A-AR mRNA expression were seen in the olfactory bulb, tenia tectae, hori-
zontal diagonal band/magnocellular preoptic area, zona incerta, ventromedial
hypothalamus, lateral mammillary nuclei, ventral dentate gyrus, piriform cortex,
medial and cortical amygdala, magnocellular red nuclei, pontine nuclei, superior
and lateral vestibular nuclei, brain stem reticular nuclei, and several cranial nerve
motor nuclei. Using in situ hybridization and combining a probe for choline
acetyltransferase mRNA with a probe specific for the α1A-AR, the α1A-AR mRNA
was determined to be expressed in cholinergic motor neurons. Prominent α1A-
AR signals were also seen in the neocortex, claustrum, lateral amygdala, ventral
cochlear nucleus, raphe magnus, and the ventral horn of thoracic spinal cord (6).
Consistently, the α1A-AR was primarily localized in the olfactory bulb, interme-
diate layers of the cortex, but inconsistently in the hippocampus and the reticular
nucleus of the thalamus according to the 1993 studies of McCune et al. (2).

The α1B-AR is expressed in intermediate and deep layers of the cortex, thala-
mus, hippocampus, dorsal raphe, and cerebellum (2). The distribution of α1B-AR
immunoreactivity has been determined in female rat brain regions involved in
stress and neuroendocrine function. The pattern of immunolabeling seen resem-
bles that obtained in previous in situ hybridization studies. Several hypothalamic
areas that control pituitary function show intense immunolabeling, including the
paraventricular nucleus (PVN) of the hypothalamus, the supraoptic nucleus, and
the median eminence. α1B-AR immunoreactivity is also observed in large pyra-
midal neurons of layer V of the cerebral cortex and the frontal cortex. Virtually
all of the thalamic regions are labeled, especially the lateral and ventral areas. In
addition, labeled cells are present in hippocampus, the medial septum, the hori-
zontal and vertical limbs of the diagonal band of Broca, and the caudate putamen.
Finally, some midbrain and hindbrain regions important for motor function are
immunoreactive (7). However, most investigators in the field believe that these
antibodies are not sensitive and specific enough to detect endogenous protein,
but they are mentioned here because this is the only report of their use in the brain,
and the pattern of expression is consistent with the RNA studies.

The PVN of the hypothalamus contains a number of neuroendocrine cell
groups involved in the hormonal stress response. Ascending noradrenergic
afferents to the PVN, acting through α1-ARs, are thought to play a role in
stress-induced activation of the hypothalamic-pituitary-adrenal axis. The α1D-
AR subtype is the most prominently expressed mRNA in the PVN. In sections
through the PVN, nearly all oxytocin neurons expressed the α1D-AR mRNA,
suggesting a direct role for α1-ARs in the regulation of oxytocin secretion (8).
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In another study, α1D-AR mRNA was expressed at high levels in the PVN,
primarily in magnocellular cells, and at low levels in parvocellular cells (9).
This receptor mRNA is not regulated by glucocorticoids in vivo. In addition,
the same group found by in situ hybridization that the α1B-AR mRNA was also
expressed in CRH-containing, stress-responsive cells of the PVN and was
highly sensitive to circulating levels of corticosterone (10), and that the mRNA
encoding the α1B-AR subtype was present at moderate levels in parvocellular
cells of the rat PVN (2,3,9). Expression of α1B-AR mRNA within the PVN and
its dependence on circulating glucocorticoids is consistent with the observa-
tion that the promoter region of the gene contains a glucocorticoid response
element (11). So, both α1-AR subtypes may be present in the hypothalamus, but
because the RNA may be regulated differently, no conclusions about protein
abundance can be justified.

The hippocampus receives major adrenergic input from the locus ceruleus
(12), and various ARs are present in various types of cells in the hippocampus,
determined through patch-clamping of the principal excitatory neurons (13),
interneurons (14), and glial cells (15). Based on mRNA arguments, the α1D-AR
is also thought to be the major α1-AR subtype expressed in hippocampus (16).
Other studies suggested that the α1A-AR is dominant, but the α1B-AR message is
still present, although at 10-fold lower values (17). The distributions of the α1-
AR subtypes (α1A and α1B) in human and rat hippocampus were analyzed by
quantitative receptor autoradiography. α1-ARs are labeled by [3H]prazosin. The
α1A-AR subtype is visualized by [3H]prazosin after irreversible blockade of α1B-
ARs with chloroethylclonidine or directly by [3H]5-methylurapidil. The α1B-AR
subtype is investigated by [3H]prazosin binding in the presence of the α1A-AR
antagonist 5-methylurapidil. Considerable differences in the regional and lami-
nar patterns of α1-ARs are found between rat and human hippocampi. A low
overall density and a rather homogeneous distribution characterize the rat hip-
pocampus. This is in contrast to the human pattern, which shows a much higher
overall level of α1-AR density and a restriction of α1-ARs to the CA3 region of
Ammon’s horn and the dentate gyrus. Moreover, α1A- and α1B-ARs of the human
hippocampus are differentially distributed, with the α1A-AR subtype concen-
trated in the hilus and lucidum layer of CA3 and the α1B-ARsubtype concentrated
in the molecular layer of the dentate gyrus (18). In another study using [3H]5-
methylurapidil, suggesting α1A-AR-binding sites, the CA1, CA3, and dentate
gyrus were labeled in the rat (19).

In the spinal cord, α1-AR mRNA was detected at four levels in humans (cer-
vical enlargement, thoracic, lumbar, sacral). α1-AR mRNA was present in ven-
tral gray matter, anterior horn motor neurons at all levels, dorsal nucleus of
Clarke and intermediolateral columns in cervical enlargement, and parasympa-
thetic nucleus in sacral spinal cord. However, although all three α1-AR subtypes
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were present throughout human spinal cord, again the α1D-AR mRNA predomi-
nated overall (20).

The postnatal development of α1-ARs was also studied in the rat brain with
receptor autoradiography using [I125]HEAT (21). In some regions, such as the
globus pallidus, binding sites were present at birth and increased during the first
week but then decreased to very low levels by adulthood. In contrast, other regions,
such as the olfactory bulb and cerebral cortex, had little binding at birth but showed
an increase in receptor density during week 2 that continued to adulthood. Several
regions had binding at birth, an increase in binding sites in the first few weeks, and
then a small decrease in binding sites as adulthood approached. These studies
suggest that α1-ARs in various brain regions develop at different rates.

The limitations in these studies are that hybridization of the probes is not equal
among the α1-AR subtypes, which may be dependent on the secondary structure
of the probes. Therefore, probe intensity cannot be used to quantitate mRNA
levels. Another limitation is that the α1D-AR is known to express an abundance of
mRNA, but the expression of functional protein is usually the lowest among the
α1-AR subtypes, at least in transfected systems and in some limited mouse tissue-
binding studies (22). In the α1D-AR knockout mice of Tanoue et al. (23), the α1D-
AR density was only 10% reduced in whole brain, also suggesting poor protein
expression of this subtype in the brain.

2.2. Kidney, Urethra, Bladder, and Prostate

In both proximal and distal renal tubules, each of the α1-AR mRNAs was less
abundant in the cytoplasm than in the arteries. In the glomeruli, weak staining
was detected in the endothelium, but there was no obvious staining in the veins
(24). [3H]Prazosin binding to rat, dog, and human kidney revealed binding to the
vasculature, with additional receptors confined to the renal cortex in rat. In the
rat kidney, autoradiography showed that binding in the renal cortex was largely
in the proximal tubules. In all three species, the autoradiographic studies support
a role for α1-ARs in control of renal blood flow. In the rat, the location of α1-ARs
suggests that they can also have an important influence on fluid and electrolyte
balance, gluconeogenesis, and production of prostanoids (25).

α1-ARs are predominantly located in urethral smooth muscle, indicating their
contractile importance in maintaining continence (26). Furthermore, autoradio-
graphic studies showed a heterogeneous distribution of α1-AR along the longitu-
dinal axis of the urethra within the smooth muscle fibers, with the receptors
localized more densely in the proximal than in the distal urethra (27). In situ
hybridization studies showed no significant differences in the cross-sectional
distribution of α1-AR subtype mRNAs between male and female human urethras.
Among the subtypes, intense α1A-AR localization was observed in the smooth
muscle of the urethra, but α1B and α1D-AR expression was much less intense (28).
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The α1A-AR mRNA was localized in all smooth muscle areas of the rat, mon-
key, and human urinary bladder and prostate. High levels of α1A mRNA were
detected in bladder dome and bladder base urothelium (29). In the prostate, in situ
hybridization localizes the α1A-AR mRNA predominantly to the stromal com-
partment (30). By immunohistochemistry, using the low-affinity antibodies, the
α1A-AR was also detected in the stroma and not in the glandular epithelium. The
α1B-AR was localized predominantly in the epithelium and was weakly present
in the stroma. Lower levels of the α1B-AR were detected in the hyperplastic
prostatic epithelium. The α1D-AR was detected in areas of stroma and was abun-
dantly present in blood vessels (31). In another study, WB-4101 and SNAP 5272,
which are α1A-AR selective, inhibited 100% of the specific [125I]HEAT binding
in the stroma, suggesting that all of the stromal α1-AR population is the α1A-AR
subtype. WB-4101 inhibited none of the specific [125I]HEAT binding in the
epithelium, suggesting that the α1-ARs in the epithelium are the α1B-AR subtype
(32). In a third study, the α1A-AR subtype was found in both prostate stromal and
glandular cells; α1B-AR and α1D-AR subtypes were expressed in glandular cells
(33). Therefore, a consensus is that the α1A-AR is prominent in the stroma, and
the other subtypes are prominent in the glandular areas.

2.3. Vasculature
In situ hybridization showed that all three α1-AR subtype mRNAs are local-

ized in the smooth muscle cells of the medial layer of arteries (34,35), and the
distribution pattern of all three mRNAs in the main arteries was the same as in
the branch arteries. However, the intensity of signals for α1D-AR and α1B-AR
probes was lower than that for the α1A-AR probe (36). Expression of all three α1-
AR subtype mRNAs was confirmed in the arteries of the renal cortex (arciform,
interlobular, arteriole), but among the three subtypes, the α1B-AR was less appar-
ent (24).

2.4. Lymphocytes
In situ hybridization cytochemistry revealed the presence of all three α1-AR

mRNA in human peripheral blood lymphocytes. Lymphocytes hybridized for
the α1A-AR subtype represented approx 30% of total lymphocytes; those hybrid-
ized for the α1B- and α1D-AR subtypes averaged 42 and 25% of total lymphocytes,
respectively (37).

3.  Localization Based on In Situ
or Autoradiography : α2-Adrenergic Receptors
3.1. Brain

In early studies, localization of α2-ARs in the rat brain with [3H]idazoxan
binding sites closely paralleled that of [3H]clonidine sites and corresponded to



AR Localization With ISH and Autoradiography 183

areas of noradrenergic innervation. The α2-ARs, labeled with [3H]idazoxan, were
found mainly in laminae II, III, and X, with moderate densities in lamina IX of
the cerebral cortex (5). Densest [3H]idazoxan labeling appeared over anterior
olfactory nuclei, fundus striatum, septum, thalamus, hypothalamus, amygdala,
entorhinal cortex, central gray, inferior colliculus, dorsal parabrachial nucleus,
locus ceruleus, and nucleus of the solitary tract. High-density [3H]rauwolscine
labeling appeared over nucleus caudate putamen, nucleus accumbens, olfactory
tubercle, islands of Calleja, hippocampus, parasubiculum, basolateral amygda-
loid nucleus, and substantia nigra. (38). Since then, some reports have deter-
mined the localization of these receptors in rat brain cells by using in situ
hybridization with oligonucleotides or riboprobes (39–41); however, there are
inconsistencies among the several studies similar to the results in the α1-AR.

α2A-AR mRNA labeling was most pronounced in neurons in layer VI of the
cerebral cortex, hypothalamic PVN, reticular thalamic nucleus, pontine nuclei,
locus coeruleus, vestibular nuclei, trapezoid nuclei, deep cerebellar nuclei,
nucleus tractus solitarii, ventrolateral medullary reticular formation, and the
intermediolateral cell column of the thoracic spinal cord. The α2B-AR probe,
which primarily labels the kidney, gave only a very light signal in the thalamus
in the central nervous system (CNS). α2C-AR mRNA labeling was primarily
observed in the olfactory bulb, cerebral cortex, islands of Calleja, striatum, hip-
pocampal formation, cerebellar cortex, and dorsal root ganglia (41). α2C-AR
localization via an antibody approach also found labeling in the anterior olfactory
nucleus, piriform cortex, septum, diagonal band, pallidum, preoptic areas, supra-
optic nucleus, suprachiasmatic nucleus, PVN, amygdala, hippocampus (CA1 and
dentate gyrus), substantia nigra, ventral tegmental area, raphe (pontine and med-
ullary), motor trigeminal nucleus, facial nucleus, vestibular nucleus, dorsal motor
nucleus of the vagus, and hypoglossal nucleus. Labeling was found in specific
laminae throughout the cortex, and a sparse distribution of very darkly labeled
cells was observed in the striatum (42). In the human frontal cortex, in addition
to binding to the α2A-AR subtype, [3H]RX-821002 bound also to a small portion
of α2B- and α2C-AR in layer III. In the hippocampus, both α2A- and non-α2A-ARs
were labeled in the dentate gyrus and the CA1 field, together with 5-HT1A recep-
tors (43). Receptor localization was not determined in areas containing princi-
pally white matter, but the optical density in those areas was similar to film
background, suggesting a very low receptor density. However, low receptor
concentrations were also found in areas that do not contain a high percentage of
white matter, such as lateral septum and ventromedial hypothalamic nucleus (44).

Although the α2A-AR mRNA is highly expressed in layer VI of the cortex and
the locus coeruleus, α2B-AR mRNA is expressed predominantly in the thalamus
and in the Purkinje layer of the cerebellum, and α2C-AR mRNA is expressed in the
putamen caudate region of the mouse brain. Both α2A and α2C-AR mRNA dem-
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onstrate strong expression in the amygdaloid complex, hypothalamus, olfactory
system, and the hippocampal formation. A transgenic approach was attempted
with 3 kb of the upstream promoter for the α2A-AR gene fused to LacZ as a reporter
gene, and expression of β-galactosidase activity was assessed in transgenic off-
spring. Therefore, this system used the promoter to drive a reporter gene, not the
actual receptor. Although the spatial expression of LacZ in the adult brain often
overlaps that for the endogenous α2A-AR, both ectopic expression and the absence
of appropriate expression were noted, but in contrast, five of the six lines showed
temporal expression characteristic of the endogenous α2A-AR gene. The findings
from these studies indicated that 3 kb of promoter has imparted faithful temporal
but not spatial expression for the α2A-AR gene, suggesting that additional regu-
latory sequences might be necessary (45).

In an attempt to delineate the regulatory mechanism of the α2B-AR subtype
expression in the CNS, Wang et al. (46) created another transgenic mouse that
regulated transgene (LacZ) expression by the 4.7-kb promoter region of α2B-AR
gene. The selective expression of α2B-AR in the brain as indexed by β-galactosi-
dase activity was examined during development. The temporal course of exami-
nation was from gestation day 9.5 (E9.5) to postnatal day 28 (P28). Significant
expression was detected in the dorsal root ganglion and cranial nerves V and VII
at E12.5. By E18.5, expression was noted in the cerebral cortex, anterior olfac-
tory nucleus, hypothalamus, brainstem, and cerebellar Purkinje cells. Reporter
expression was detected in the hippocampal dentate gyrus first at P4. The tem-
poral course of expression up to P28 in this area is in accordance with the devel-
opmental profiles of granule neurons of dentate gyrus. From P7 on, transgene
expression was detected in additional brain areas, including the septum and
thalamus. The expression correlates well with the noradrenergic innervations
as evidenced by co-localization by using tyrosine hydroxylase or dopamine-β-
hydroxylase immunocytochemistry (46). This mouse seemed to correlate better
with previous endogenous expression than the α2A-AR promoter mouse earlier
studied. In another developmental study, α2A-AR mRNA was strongly increased
by E19 and E20. The increased expression was in the cortical plate and interme-
diate and subventricular zones, corresponding to tiers of migrating and differen-
tiating neurons. This transient upregulation of α2A-ARs was restricted to the
lateral neocortex (47).

Strong α2A- and α2C-AR mRNA expression was also found in motor neurons
and other cells in the ventral horns of the spinal cord (48,49). In the dorsal horns,
strong α2A-AR mRNA expression was found in all layers and in the lateral spinal
nucleus, whereas α2C-AR mRNA was weakly expressed. The α2B-AR mRNA
signal was only detected in some small cells superficially in the dorsal horn.
Regarding axotomy, only a marginal effect was observed for α2C-AR mRNA in
the ventral horn, indicating that the α2C-AR-expressing cells are interneurons.
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The results suggest that α2-ARs are involved in both sensory and motor process-
ing (48,49).

3.2. Vasculature
To investigate the hypothesis that differing mRNA levels underlie gender

differences in the contractile response of the rat tail artery, α2-AR mRNA was
measured using in situ hybridization. RNA for the α2A- and α2C-AR subtypes was
localized to the smooth muscle layer. There was no detectable mRNA present for
the α2B-AR subtype (50).

3.3. Pancreas and Kidney
All three 2-AR subtypes were identified in sections of formalin-fixed, par-

affin-embedded human pancreas using riboprobes labeled with digoxigenin.
Although some labeling of the three α2-AR mRNA subtypes was seen in the
islets, the labeling was most intense in the exocrine tissue of the pancreas for
each receptor subtype (51). Using an antibody to the third intracellular loop of
the α2B-AR, the receptor protein was localized in the basolateral membrane of
proximal convoluted and straight tubules. No specific immunoreactivity was
detected in other nephron segments (52).

4.  Localization Based on In Situ
or Autoradiography: β-Adrenergic Receptors
4.1. Brain

Cells containing β1-AR mRNA are located in the superficial pineal gland, deep
pineal gland, and pineal stalk of the rat (53). By in situ hybridization, Northern
blot analysis, and reverse transcriptase PCR, a day/night rhythm in β1-AR mRNA
was seen in the rat pineal gland, with elevated levels during the dark period (54),
confirming localization. By oligonucleotide probes, labeling for β1-AR mRNA
was found in the anterior olfactory nucleus, cerebral cortex, lateral intermedi-
ate septal nucleus, reticular thalamic nucleus, oculomotor complex, vestibular
nuclei, deep cerebellar nuclei, trapezoid nucleus, abducens nucleus, ventrolat-
eral pontine and medullary reticular formations, intermediate gray matter of the
spinal cord, and pineal gland; β2-AR mRNA expression was strongest in the
olfactory bulb, piriform cortex, hippocampal formation, thalamic intralaminar
nuclei, and cerebellar cortex (55). Again, the use of oligonucleotides may not be
sensitive enough to be discriminatory. Using [125I]cyanopindolol ([125I]-CYP)
and selective antagonists in autoradiography, β1-AR was highly expressed in the
rat cerebral cortex, piriform, amygdaloid, thalamic nuclei, caudate putamen,
globus pallidus, substantia nigra, and superior colliculus, and β2-AR signals
were lower in those areas (56). High-level expression of β2-AR mRNA was also
observed in the parietal, frontal, and piriform cortices; the medial septal nuclei;
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the olfactory tubercle; and the midbrain. Moderate signals were found in the
striatum, the retrosplenial cortex, the hippocampus, and the thalamic nuclei (57).

Dramatic species differences between rats and guinea pigs were observed in
the neuroanatomical regional localization of the β-AR subtypes. For example,
using [125I]CYP autoradiography in the thalamus, prominent β1- and β2-AR popu-
lations were identified in the rat; however, the entire thalamus of the guinea pig
had few, if any, β-ARs of either subtype. Hippocampal area CA1 had high levels
of β2-ARs in both rats and guinea pigs but was accompanied by a widespread
distribution of β2-ARs only in rats (58).

The localization of β-AR in the rabbit pituitary has also been studied using
[125I]CYP for autoradiographic distribution. The displacement curves obtained
from optical density of radioautograms demonstrated that β-ARs were mostly of
the β2-AR subtype and highly concentrated in the intermediate lobe. Low con-
centrations of β2-ARs were evenly distributed in both the anterior and posterior
lobes (59). Rat pituitary autoradiograms showed specific binding sites for
[125I]CYP in anterior, intermediate, and posterior lobes, with highest concentra-
tions found in the intermediate lobe and progressively lower concentrations in
posterior and anterior lobes, respectively. In another study, autoradiograms of
[125I]CYP binding in human pituitary showed a significantly higher concentra-
tion of β2-ARs in the posterior than in the anterior lobe of the pituitary. Therefore,
there is a homogeneous distribution of β2-ARs within each lobe of both rat and
human pituitary glands (60).

4.2. Kidney
β-ARs in rat kidney were found to be almost exclusively β1-ARs. They were

located mainly on glomeruli and to a lesser extent on the straight part of the distal
tubules and the cortical portion of the collecting ducts. Some β2-ARs were local-
ized around the corticomedullary junction. Localization was undetectable by
autoradiography in the inner medulla and papilla. Glomeruli and distal tubules
of the guinea pig kidney also possess only β1-ARs, but in contrast to the rat,
extremely high concentrations of β2-ARs were associated with the straight part
of the proximal tubules in the cortex and possibly with the cortical portion of the
collecting duct. Labeling was not detected on the proximal convoluted tubule in
either species (61). In another study, autoradiographic analysis demonstrated the
presence of β1-ARs on rat cortical structures such as glomeruli and tubules. β-
ARs were present on tubules (minor population), collecting tubules in outer
medulla, and the adventitia and adventitial-medial border of intraparenchymal
branches of the renal artery (62).

4.3. Lymph and Spleen
The anatomical localization of β1- and β2-ARs was studied in rat lymphoid

tissues by quantitative autoradiography using [125I]CYP as a ligand. In lymph
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nodes, a significant density of these receptors was found in the medullary cords
and the interfollicular cortex; only low densities were observed in the paracortex.
No detectable binding appeared in the remaining areas. In the spleen, these
receptors were mainly localized in the capsule, marginal zone of white pulp, and
red pulp, and the expression over the white pulp was extremely low. The β2-AR
subtype was predominant in both lymph nodes and spleen. The results suggest
that β-ARs are present in mature cells in lymphoid tissues (63).

4.4. Heart
The density and distribution of β1- and β2-ARs in the atrioventricular conduct-

ing system and interatrial and interventricular septa from human hearts with
idiopathic dilated cardiomyopathy and ischemic heart disease was determined
by quantitative autoradiography using [125I]CYP, the selective β1-AR antagonist
CGP 20712A, and the selective β2-AR antagonist ICI 118,551. Both β1- and β2-
ARs were present in the atrioventricular node, bundle of His, and interatrial and
interventricular septa (64). Quantitative autoradiography was also used to deter-
mine the location and densities of β1- and β2-ARs in guinea pig heart. Both β1-
and β2-ARs were distributed on myocardium. The atrioventricular conducting
system had a higher density of β2-ARs compared with myocardium (65). Highly
localized binding was observed to regions closely associated with the sinoatrial
node, atrioventricular node, and bundle of His but was not observed on myocar-
dial, pacemaker, and conducting cells or adipose tissue (66).

4.5. Vasculature
In human arteries, autoradiographic analysis revealed a predominance of β1-

ARs in the medial layer. β2-ARs were localized primarily in the adventitia, in the
adventitial-medial border, and in the intimal layer (67). The distribution of β1-
and β2-AR subtypes in the human internal mammary artery and saphenous vein
showed a high expression of β2-ARs localized to the endothelium of the internal
mammary artery and fewer β2-ARs on the smooth muscle. Images of [125I]CYP
binding to the saphenous vein showed localization of β2-ARs to the outer smooth
muscle and not to the endothelium. This localization was confirmed by relax-
ation experiments in mammary artery and saphenous vein to (–)-isoprenaline and
found to be mediated via β2-ARs located on the smooth muscle (68).

4.6. Lung
In rat lung tissue using the photoaffinity-labeling, nonselective [125I]cyano-

pindololazide II, there was strong, specific β-AR binding on alveolar paren-
chyma and bronchial epithelium of large and small bronchioles, lesser binding
to smooth muscle bundles of large airways, and only sparse binding to the smooth
muscle of small bronchioles or peripheral branches of pulmonary artery (69).
The localization of mRNA encoding the β2-AR in tissue sections of the human
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and rat lung was compared with the distribution of β2-AR binding sites using
receptor autoradiography. A similar distribution of β2-AR mRNA was identified
in both species. The highest expression of β2-AR mRNA was detected in smooth
muscle of small airways, airway epithelium, and pulmonary blood vessels. Lower
expression of β2-AR mRNA was identified in smooth muscle of large airways
and alveolar epithelium (70). This distribution was confirmed by the studies of
Mak et al. (71). Cultured human airway epithelial cells and airway smooth muscle
cells expressed only β2-AR mRNA. In situ hybridization in human lung revealed
a high level of expression of β1- and β2-AR mRNAs in the pulmonary blood
vessels and high level of expression of β2-AR mRNA in the alveolar walls, with
minor expression of β1-AR mRNA. There was a moderate expression of β2-AR
but not β1-AR mRNA in airway epithelium and smooth muscle of peripheral
airways and no detectable β3-AR mRNA in any lung structures (71).

4.7. Adipocytes
The expression and function of human β3-ARs were investigated in subcuta-

neous white adipocytes of young healthy women. In these cells, β3-AR mRNAs
represent 20% of total β-AR transcripts and less than half of β1-AR transcripts
(72). Rabbit perirenal adipose tissue expressed all three β-AR mRNAs (71).

4.8. Skeletal Muscle
The total tissue content of β-ARs was greater in the soleus, a muscle consist-

ing almost entirely of slow-twitch (type I) fibers than in superficial white vastus
lateralis, a muscle composed of greater than 95% fast-twitch (type IIb) fibers (73).

4.9. Uterus and Testis
The majority of β-ARs were of the β2-AR subtype not only in the rat myo-

metrium but also in the endometrial and serosal epithelia of the uterus. Specific
labeling was also observed in glandular elements (74). It was also shown that the
majority of β-ARs were of the β2-AR subtype in the smooth muscle layers as well
as in the epithelium. The latter localization suggests a role for epinephrine or
norepinephrine on the oviductal epithelium (75). It was found that most receptors
were of the β2-subtype in rat testis, with the greatest density of receptors found
in interstitial cells and some specific labeling over the seminiferous tubules (76).

4.10. Pancreas, Bladder, and Prostate
Hybridization on sections of human pancreas with oligonucleotide probes

designed to hybridize with the β2-AR mRNA showed expression in islet β-cells
but not in the exocrine tissue of the pancreas (51). In situ hybridization with
digoxygenin-labeled oligonucleotide probes revealed the presence of the mRNA
of the β3-AR subtype in the smooth muscle of the urinary bladder (77,78). There
was a predominant expression of β3-AR mRNA in human bladder tissue, with
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97% of total β-AR mRNA represented by the β3-AR. In the prostate, β-ARs of
an unknown subtype were present exclusively in the epithelial cells, and no
receptors could be detected in the stromal cells (79).

5. In Vivo Localization
Using Fluorescent-Tagged G Protein-Coupled Receptors

Although our system is the first model to use a transgenic mouse fluorescent-
tagged G protein-coupled receptor (GPCR) approach, other examples exist in the
literature that used steroid hormone receptors fused to green fluorescent protein
(GFP) and “knocked-in” to its own promoter regulatory site (80). This system
produced viable, functional receptors that fluoresced green when labeled with an
antibody to GFP used to determine its expression during thymocyte develop-
ment. The rhodopsin promoter has also been thoroughly characterized and used
in several different transgenic approaches in rats and frogs, some using GFP as
a reporter (81,82).

5.1. Promoter
A powerful approach to study regulation of receptor expression in vivo is to

use a transgenic mouse model. Such a model would preserve the complex cellular
relationships found within each tissue that are required for principal cell-specific
gene expression. However, the expense and time required for analysis are mini-
mized by initial in vitro experiments using a cell culture system, ideally from the
same species, that retains differentiated features. Therefore, the first character-
ization that needs to be established is the promoter fragment, which should be
long enough to impart cell-type specificity. It should also be cloned from the
same species in which the transgene is to be expressed (i.e., isogenic) to maintain
the same regulatory elements used in determining cell specificity. For the α1B-
AR, we used a 3.4-kb fragment of the mouse α1B-AR promoter and showed in
various cell lines that it retained cell-specificity expression and had the same
regulation by forskolin and hypoxia (83).

We also showed that the promoter could drive mRNA production to the same
domains in the brain as endogenous mRNA localization, and tissue-binding
studies confirmed expression in α1B-AR-containing tissue, with no expression in
tissues known not to contain the α1B-AR (84). For the α1A-AR, a 4.4-kb fragment
of the mouse promoter was active in cardiac myocytes but not in fibroblasts (85).
In the α2-ARs, it was found that a 3-kb promoter fragment was not sufficient to
drive selective expression in tissue expressing the endogenous subtype, but a 4.7-
kb fragment was sufficient (45,46). We caution that a promoter fragment may not
impart 100% fidelity of cell-type specificity; but until high-avidity antibodies are
available to verify endogenous expression, promoter analysis remains a viable
tool.
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A novel transgenic system has also been used to study cell-specific expression
in frog. One group used a 5.5-kb 5′ upstream fragment from the Xenopus prin-
cipal rod opsin gene (86), controlling expression of GFP to produce numerous
independent transgenic Xenopus. Rapid production of transgenic tadpoles and
the generation of large numbers of independent transgenic lines are achievable
and cheaper in this model system. In this study, expression of rhodopsin tagged
at the C-tail with GFP in principal rods of Xenopus laevis generated tadpoles with
green fluorescent eyes (87).

5.2. Construct
The DNA constructs we used for the injection are shown in Fig. 1. It had been

previously published that EGFP-tagged α1-ARs showed normal binding and
functional properties (88). Various other colored fluorophores can be used in
place of EGFP. Many of the same antibodies that recognize EGFP can also
recognize its multicolor variants. The construct should end with a poly A tail such
as that from SV40 for stability of the message. Excessive DNA from the vector
used in the construction should be digested away as much as possible. Integration
also favors blunt ends and promotes the formation of concatamers. However, the
length of the construct can be considerable (>20kb) and still integrate well into
the mouse genome.

Offspring showed normal phenotype and development at least early in life.
This permitted us to mate the heterozygous offspring and to produce homozy-
gous animals in most cases. The homozygous α1B-AR–EGFP mice begin to show
neurodegeneration at about 6 mo of age, consistent with previous reports (84).
Therefore, localization studies are carried out on mice that are 4 mo old or
younger, before they show signs of the disease. The α1A–EGFP does not show
evidence of neurodegeneration, at least until 6 mo of age.

Fig. 1. Transgenic constructs. A map of the transgene constructs used to generate the
various lines of mice that resulted in endogenous expression of an EGFP-tagged α1-AR.
To drive endogenous expression, 3.4- and 4.4-kb mouse promoter fragments were used
for the α1B- and α1A-AR, respectively. The EGFP, a fluorescent protein, was placed in-
frame after the stop codon of the wild-type human α1B-AR and α1A-AR cDNAs. SV40
polyA sequence was used to increase stability of the mRNA.
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6. Transgenic-Based Localization in the Central Nervous System
6.1. Tissue Processing

We began our localization studies in the brain because this organ appears to
express the AR subtypes in discreet and recognizable domains, and previous
studies using receptor autoradiography or in situ hybridization to examine local-
ization in brain had considerable discrepancies. The tissue can be processed
either by frozen sectioning or by vibrotome. The fresh tissue processing of the
vibrotome method leads to less quenching of the EGFP signal, which is one
advantage.

We found that the tissues needed to be treated with an antibody against EGFP
to enhance the weak endogenous fluorescence. This primary antibody is then
incubated with a secondary antibody coupled to FITC to maintain the same
spectral properties as the EGFP protein. Left untreated, some areas in the brain
are barely detected based on EGFP fluorescence alone. This low expression of
the receptor is not unexpected because the endogenous promoters tend to be
similar to housekeeping gene promoters (89). We also discovered through trial
and error that the antibody to EGFP needed to be made using the full-length
protein. Using fragments of the GFP proteins (i.e., N-terminus peptides) to gen-
erate the antibodies does not produce highly specific and avid antibodies that
recognize the epitopes of the fused EGFP. This could be because of the specific
conformation the EGFP-protein adopts in the cell, possible signaling contacts
with the C-tail of the receptor that disrupt EGFP folding, and the effects that the
receptor itself may have on the folding properties of the EGFP.

We also found that the mouse brain (as opposed to rat brain) does have a higher
degree of autofluorescence, which is the major limitation of doing fluorescence
studies. However, we have found that dipping the processed tissue (after anti-
body treatment) in copper sulfate (1 h in 10 mM CuSO4 in 50 mM NH4 acetate,
pH 5.0) reduces the autofluorescence caused by lipofuscin. This technique does
not work in other tissues, and the amount of autofluorescence can be quite high.

6.2. The Mouse CNS
The α1B-AR in the mouse brain was expressed predominantly in the neuronal

cells of the cerebral cortex (Fig. 2). We confirmed neuronal expression by using
an antibody directed against neurons (NEUN) and showed co-localization with
the EGFP expression. This is consistent with the in situ hybridization data, which
predicted that the cerebral cortex was one area of the rat brain that contained a
high population of this α1-AR subtype (Table 1). Expression was evenly distrib-
uted through the different laminae of the cortex. For the α1A-AR, expression was
also evident in the neuronal cell populations of the cerebral cortex, but a different
neuronal cell type was even more pronounced in expression (Fig. 3). Differences
in expression between the α1A- and α1B-ARs is not caused by differences in
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Fig. 3. α1A-AR expression in the mouse cerebral cortex. Confocal image showing
that EGFP-expressing cells of the α1A-AR are located in the neurons of the various
laminae of the cerebral cortex, just like the α1B-AR. However, there was also a higher
expressing subset of neuronal cells, which we are currently trying to identify. Original
magnification ×28.

Fig. 2. α1B-AR expression in the mouse cerebral cortex. Confocal image showing
that EGFP-expressing cells of the α1B-AR are located in the neurons of various laminae
of the mouse cerebral cortex. Neurons were identified using an antibody directed against
neurons (NEUN), which showed co-localization with the EGFP expression (data not
shown). Original magnification ×20.
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transgene integration and copy number because binding and signaling experi-
ments revealed about equal levels of overexpression and signaling in common
tissues. We are currently testing to determine the specific neuronal cell type
expressing the α1A-AR but speculate that it is an interneuron. However, despite
this cell-type difference, it appears that both the α1A and α1B-AR subtypes
co-localize to similar neuronal cell types in the cerebral cortex laminae. This
result is also consistent with binding studies in murine cerebral cortex, which
suggested a two-site mixture of α1A- and α1B-AR of about a 30 to 70% ratio,
respectively (22). We cannot be sure whether the same neuron expresses both
receptor subtypes until transgenic mice expressing subtypes linked with differ-
ent fluorophores are crossed.

A dominant region of α1A-AR expression is the hippocampus (Fig. 4), where
the α1A-AR is expressed in the granular cell layer of the dentate gyrus and in the
pyramidal and granular cell layers of the CA1, CA2, and CA3 regions. This
receptor is also expressed in neuronal and interneuronal-like cells in the strata
radiatum and oriens. The α1B-AR–EGFP also has expression throughout the
regions of the hippocampus (90), although it is minor compared with the α1A-AR.
However, based on mRNA abundance the α1D-AR is thought to be the major α1-
AR subtype expressed in hippocampus (16). Because we do not have the corre-

Fig. 4. α1A-AR in the mouse dentate gyrus. Confocal image of cells expressing the
α1A-AR subtype in the dentate gyrus of the mouse hippocampus. The α1A-AR is located
in the granular layer with neuronal extensions into the strata. The α1A-AR expression in
the hippocampus was much more abundant than the expression of the α1B-AR subtype.
Original magnification ×10.
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sponding α1D-AR mouse for comparison, we cannot compare the α1A-AR mRNA
density to the α1D-AR protein. Using competitive PCR, other studies suggested
that the α1A-AR is dominant, but the α1B-AR message is still present, albeit at
much lower values (17). The α1B-AR subtype in the rat hippocampus as deter-
mined by [3H]prazosin autoradiography in the presence of the α1A-AR antagonist
5-methylurapidil also showed a low overall homogeneous density (18). Our
studies are consistent with this low homogeneous distribution of the α1B-AR and
stronger expression of the α1A-AR. As noted, the major flaw in using mRNA
abundance for localization is that mRNA levels do not equate to protein levels,
as appears to be the case for the α1D-AR. This argument was supported by binding
studies using the α1D-AR knockout mice, which only lost 10% of its binding sites
in the brain (23).

The mouse cerebellum was previously thought not to have much expression
of the α1B-AR. We have shown that expression of this subtype is prominent in the
molecular, granular, and Purkinje cells layers of the mouse cerebellum (91).
However, we also showed high expression of the α1A-AR in mouse cerebellum.
Our results are inconsistent with binding studies in mouse cerebellum that sup-
ported the presence of one population of binding sites with low affinity for
niguldipine and norepinephrine, suggesting a dominance of the α1B-AR binding
site (22), but our studies are more consistent with the α1B-AR knockout studies
that suggested that about 70% of the receptors in cerebellum are non-α1B-ARs
(92). The α1B-AR is also expressed at moderate levels in the medulla (Fig. 5),

Fig. 5. α1B-AR expression in the mouse medulla. The α1B-AR is expressed in the
various neuronal layers of the mouse medulla. Original magnification ×10.
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especially in the pons and olive areas, not previously considered to express this
receptor subtype. This expression of the α1B-AR is also consistent with our
mouse movement disorder phenotype (84), similar to multiple system atrophy,
which has Purkinje cell and olivopontine cell loss (93). Consistent with the
literature, we also found that the α1B-AR was expressed in mouse spinal cord in
areas important for movement control (Fig. 6).

By in situ hybridization of mRNA, the α1B-AR is highly expressed throughout
the thalamus (Table 1). Although we observed moderate expression levels of the
α1B-AR–EGFP protein throughout the thalamic regions, the mRNA expression
of this transgene showed high levels of transgenic mRNA in the reticular tha-
lamic nuclei and lower expression in other thalamic nuclei (84). Again, these
results suggest that the mRNA method can be deceptive in predicting localiza-
tion of protein.

An interesting but logical finding is the lack of α1-AR localization in cerebral
blood vessels. The α1-ARs play a major role in the constriction of peripheral
blood vessels, found mostly in the medial smooth muscle layer and regulated
through presynaptic α2-AR release. In brain, however, the lack of α1-AR on
blood vessels may “protect” the smaller arteries in the brain against vasoconstric-

Fig. 6. α1B-AR expression in the mouse spinal cord. The α1B-AR is expressed in the
various neuronal layers of the beginning segments of the mouse spinal cord. EGFP-
expressing cells are present in the anterior gray, commissure, and anterior and lateral
white columns of the spinal cord. Expression extends into the deeper layers of the spinal
cord and includes the intermediolateral gray columns. Image is 1/2 spinal cord. Original
magnification ×10.
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tion caused by sudden stress-induced increases in epinephrine discharge. There
is no convincing evidence that neurons in the brain play any important role in
regulating cerebral blood flow (94). This makes sense because you do not want
to restrict blood flow to the brain when the body needs to respond to stress
stimuli. There are many studies that also support the fact that brain vasoconstric-
tion operates through a different mechanism from what takes place in the periph-
eral vasculature. This mechanism is summarized in ref. 95, which indicates
that there is limited α-AR-mediated contraction in large cerebral vessels that
becomes progressively less important with branching. Strongly supporting this
hypothesis, we found no localization of either the α1A-AR or the α1B-AR in
cerebral blood vessels.

7. Transgenic-Based Localization in Peripheral Tissues
One of the obvious advantages of designing a systemic model of an endo-

genous GPCR-EGFP transgenic is the potential to study localization in any tissue
of choice. The limitation we are experiencing is that the ratio of receptor expres-
sion to the autofluorescence in particular tissues must be sufficient to produce a
detectable specific signal. We have identified specific signals in liver and pros-
tate tissues.

7.1. Liver

Rat liver has pharmacologically been used as a pure α1B-AR system of expres-
sion. However, the liver from other species has mixtures of the α1-AR sub-
types (96). Mouse ligand-binding studies also indicated a pure α1B-AR popula-
tion (22), as well as 98% loss of the binding sites from the α1B-AR knockout
mice (92). In contrast, we found that mouse liver contains both the α1A-AR and
α1B-AR. The α1A-AR was only localized to the hepatic blood vessels (Fig. 7) and
NK killer cells (lymphocytes) that circulate through the bile ducts (data not
shown); and the α1B-AR was localized specifically to heptocytes (Fig. 8). We
could not detect the expression of the α1B-AR in liver blood vessels. The inter-
esting result was that the α1B-AR localization varied in individual hepatocytes
and was not evenly distributed. Because the α1B-AR can control glycogen stores,
we speculate the expression of this receptor may be linked to glycogen content.

7.2. Prostate

Smooth muscle tone, which contributes to the urethral constriction in the
prostate gland, appears to be mediated by the α1-ARs, as indicated by the potency
of doxazosin for inhibiting phenylephrine-induced contractions in the prostate
(97). RNA and PCR approaches have established localization of the α1-AR
subtypes in the prostate. The α1A-AR subtype was found in both prostate stromal
and glandular cells; α1B- and α1D-AR subtypes were expressed only in the glandu-
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Fig. 8. α1B-AR expression in mouse liver hepatocytes. Expression of the α1B-AR in
the mouse liver was localized to hepatocytes. However, expression of the receptor was
not evenly distributed. No expression was seen in the blood vessels of the liver. Original
magnification ×20.

Fig. 7. α1A-AR expression in mouse liver vasculature. The α1A-AR is expressed in the
various blood vessels of the mouse liver. The α1A expression was not found in the
hepatocyte. Original magnification ×40.
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lar cells (33). A previous report indicated that contraction of the prostate is
mediated by a new, uncloned α1-AR subtype termed the α1L (for low affinity to
prazosin), but this was subsequently redefined as a slice variant of the α1A-AR
(98). We found that the α1B-AR is localized to both the stroma and glandular
epithelial cells (data not shown), although glandular expression was indeed
higher. We have not yet looked at the α1A-AR expression in the prostate.

8. Summary

Localization of the adrenergic subtypes has been limited because of the lack
of highly specific and avid antibodies. Most characterization of tissue distribu-
tion is based on radiolabeled ligand-binding studies but is limited by poor selec-
tivity of available ligands, and low resolution has made subtype and cell-type
discrimination still questionable entities. Although in situ mRNA localization
has provided a good foundation for cell-type discrimination, the equation of
mRNA quantity to protein abundance and the transport of mRNA are two issues
limiting the interpretation of these studies. Most sympathetic tissues express a
combination of most of the AR subtypes. The future opus is to determine their
individual or collective roles in function.

We have provided a characterization of a potential model system to demon-
strate cell-type localization of ARs using transgenic systemic expression of
EGFP-tagged ARs, with the α1-AR subtypes given as an example. Although
expression levels are too low to detect EGFP fluorescence, the availability of
high-affinity antibodies against the EGFP protein alleviates this problem. We
have shown examples of receptor protein localization of both the α1A- and α1B-
AR subtypes in the CNS and in peripheral tissues.
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The α1-Adrenergic Receptors:
Lessons From Knockouts

Paul C. Simpson

Summary

α1-Adrenergic receptors (ARs) exist in three distinct molecular subtypes:
A, B, and D. They are expected to have distinct physiological roles in
vivo, but this has been hard to prove because the pharmacological tools
to distinguish the subtypes are limited and not always very selective.
For this reason, several laboratories have turned to the knockout (KO)
approach to dissect the physiological roles of α1-ARs and α1-AR subtypes
in vivo. The KOs confirm the importance of α1-ARs in vasoconstriction
and blood pressure regulation, but a surprise is the apparently small role
of the B in this respect. The D seems limited to a vascular role and prob-
ably brain. D-selective antagonists might have an advantage in hyper-
tension treatment if human subtypes are similar to mouse. The B role in
glucose metabolism is notable. Perhaps the biggest surprise from the KOs
is the essential role of the A or the B in physiological cardiac hypertrophy
and cardiac adaptation to stress. The AB KO data provide a plausible
mechanism for the adverse effects of nonselective α1-antagonists in clini-
cal trials and raise further concern about use of these drugs in patients
with hypertension or prostate disease.

Key Words: α1-Adrenergic receptor; blood pressure; cardiac; cardiovas-
cular; hypertrophy; knockout.

1. Introduction

α1-Adrenergic receptors (ARs) exist in three distinct molecular subtypes: A, B,
and D. The A was originally named the C, and this subtype is sometimes called the
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A/C. They share activation by the endogenous catecholamines norepinephrine
(NE) and epinephrine, inhibition by the antagonist prazosin and other piperazinyl
quinazolines, and coupling to Gq. However, amino acid sequence is only about
one-third identical overall, and the subtypes have distinct tissue distributions,
regulation, G and other protein coupling, and signaling. Thus, they are expected to
have distinct physiological roles in vivo, but this has been hard to prove because
the pharmacological tools to distinguish the subtypes are limited and not always
very selective.

For this reason, several laboratories have turned to the knockout (KO)
approach to dissect the physiological roles of α1-ARs and α1-AR subtypes in vivo.
Single KOs of the A, B, and D and double KO of the A and B are published; the
other double KOs (AD and BD) and the triple ABD KO are being studied. The KO
approach will define the physiological roles of α1-ARs as a class in the intact animal
and distinguish the individual contributions of each subtype. Isolated tissues and
cells from KO mice will be a valuable resource for further study of α1-AR subtype
regulation and function. There is always concern about extrapolation from mouse
to humans, but mouse KOs are proving to be predictive of drug effects in humans;
therefore, results from α1-AR KO mice should help guide drug development.

This chapter reviews the α1-AR subtype KOs made and characterized so far.
These studies are still in their very early stages, but they highlight the required role
of α1-ARs in cardiac hypertrophy and adaptation, vascular function, metabolism,
and behavior.

2. Construction and Validation
of the Three α1-Adrenergic Receptor Subtype Knockouts
2.1. Construction

All three single-KO models used homologous recombination in embryonic
stem cells to disrupt the α1-AR subtype gene (1–3). Table 1 summarizes the
construction and validation. Each α1-AR gene consists of two exons separated by
a large intron of at least 18 kb, inserted between the end of the sixth transmem-
brane domain and the start of the third extracellular loop (4a). Thus, exon 1
encodes the receptor from the N-terminus through the first six transmembrane
domains, and exon 2 encodes the remainder of the protein. The targeting strategy
for all KOs replaced a portion of the α1-AR coding sequence with a deoxyribo-
nucleic acid (DNA) cassette that included the coding sequence for neomycin
resistance, driven by the phosphoglycerate kinase promoter, to select for targeted
stem cells. A caveat to keep in mind is that these foreign DNA sequences might
have unanticipated effects, but this has not been seen so far in KO models (the A
KO was engineered with loxP sites to remove this cassette with Cre recombinase).
The A and B KOs deleted the entire first exon, whereas the D KO removed the
residues coding for approximately the first 61 amino acids of exon 1.
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In the A KO, the replacement cassette also included the LacZ gene coding for
bacterial β-galactosidase (β-gal), which cleaves exogenous substrates to pro-
duce a colored reaction product (e.g., blue with X-gal cleavage). The LacZ
cassette contained a stop codon and an SV40 polyadenylation signal and was
inserted exactly at the start site of the deleted α1A first exon. Thus, β-gal expres-
sion was under precise control by endogenous α1A gene regulatory elements.
Indeed, in the A KO, β-gal expression assayed by blue staining, enzyme activity,
and protein level on Western blot was proportional to LacZ copy number (i.e.,
0, 1, or 2 in wild type [WT], heterozygote, and KO). Also, in the A KO, β-gal was
present in the same tissues and at the same times as endogenous A messenger
ribonucleic acid (mRNA) and protein in WT mice. Thus, β-gal could be used as
a convenient marker for α1A-subtype regulation in tissues and cells (2).

2.2. Validation
Confirmation that gene targeting was successful in the three KOs involved

assays of subtype mRNAs. In the A and B subtype KOs, mRNAs transcribed
from exons 1 and 2 were both absent. The D KO had no exon 1 mRNA but a trace
of exon 2 mRNA by reverse transcription polymerase chain reaction; however,
it is doubtful that this exon 2 mRNA is translated into protein. All studies evalu-
ated potential compensatory changes in the other subtypes. As summarized in
Table 1, the other two subtypes were unchanged when any one was knocked out.
In the case of the B KO, there were also no changes in α2- and β-AR binding.
Thus, the single KOs were successful, and there were no compensatory changes
in the other subtypes or ARs. A study of binding in B KO liver reports compen-
sation by the A, but mRNA levels were not assayed (4a).

2.3. Double KOs and Triple KO
Following construction of the three single KOs, it became a relatively simple

matter to generate all possible remaining KO genotypes by crossbreeding (i.e.,
the double AB, BD, and AD KOs and the triple ABD KO). The double AB KO
is discussed in Sections 4 and 5 (5,6a), and the double BD KO has been charac-
terized recently (6b). The double AD KO and the triple ABD KO are both viable
(unpublished data, 2004).

2.4. Genetic Background
Finally, the initial reports of each subtype KO used mice with mixed genetic

backgrounds, about equal proportions of 129Sv plus FVB or 129Sv plus C57Bl/
6 (Table 1). This is a very important point because mice strains differ in many
respects, and thus strain background has an important influence on phenotype. For
example, we observed increased kidney weight in AB KO females in a mixed 129
×C57Bl/6 ×FVB/N background (5)but not in AB KO females congenic in C57Bl/
6 (unpublished data, 2004). The A KO has now been backcrossed into C57Bl/6
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and FVB for several generations and can be considered congenic in both strains
(unpublished data, 2004). The seven KO genotypes being bred in our laboratory
(A, B, D, AB, BD, AD, and ABD KOs) are all congenic in C57Bl/6 (unpublished
data, 2004 and ref. 5). In the case of the original B KO and the WT strain used as
its control, published reports involve separate KO and WT lines originating from
the initial mixed strains of 129Sv and C57Bl/6 (1,7–12), and this mixed genetic
background might complicate phenotype analysis (e.g., if there were differences
between the mixed strains not caused by the presence or absence of the B gene or
differences between the mixed strains that modify B function).

3. Radioligand Binding
in the α1-Adrenergic Receptor Knockouts
3.1. Advantage of the KOs

A particular advantage of the KO models is an unequivocal estimate of the
proportions of each subtype protein in any tissue as measured by radioligand
binding. Typically, subtype proportions are determined by competition binding
assays using antagonists with varying degrees of selectivity for the subtypes. It
is possible to measure the A subtype, which has high affinity for 5-methylurapidil
(5MU), vs the combined B and D subtypes, which have lower affinity for 5MU.
Indeed, we found very good agreement between the number of α1A binding sites
in brain, heart, and kidney as determined by 5MU competition and the number
of binding sites lost in the A KO (2). On the other hand, it is more difficult to
distinguish the B from the D. The D antagonist BMY7378 is used for this pur-
pose, but it has remained a question whether the D is expressed in the mouse at
the protein level (13).

3.2. Importance of the Preparation Used for Binding
Table 2 summarizes binding data from the four KOs reported so far (1–3,5).

It is first notable that the absolute values for receptor protein, expressed as
femtomoles per milligram “membrane” protein, vary widely from lab to lab,
especially in the heart (5–48 fmol/mg). The differences in levels can very likely
be attributed to differences in membrane preparations used for binding and the
value of the protein denominator.

For example, we did experiments measuring binding in sequential fractions
prepared from isolated adult rat myocytes (unpublished data, 1989). Myocytes
were lysed in a high-sucrose buffer, and no material was discarded. The 1000g
pellet contained approx 65% of the absolute total number of specific α1-AR
binding sites measured by 3H-prazosin. A 40,000g pellet made from the 1000g
supernatant contained about 15% of the binding sites, and a 100,000g pellet from
the 40,000g supernatant contained the remaining 20% of α1-ARs. Thus, a minor-
ity of the receptors (15% of total) was in the 40,000g membrane pellet used most
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often, with a majority in a lower speed pellet and a number at least equivalent in
a higher speed pellet. Similar observations that most receptors are present in a
low-speed fraction often discarded and that “refined” membrane preparations
can miss important aspects of receptor regulation have been made with respect
to β-AR binding (14,15).

3.3. Subtypes in Different Tissues
Despite the variance in absolute femtomoles/milligram protein, there is rea-

sonably good agreement among studies on the proportions of each subtype in a
given tissue (Table 2). In heart, total α1-ARs were reduced by approx 30% in the
A KO, approx 75% in the B KO, 0% in the D KO, and 100% in the AB KO. These
data indicate that the mouse heart has approx 30% A, approx 70% B, and no
detectable D binding, even though D mRNA is present (5). These values agree
well with competition analyses in WT mouse (2). As discussed in Section 4.4.,
D in the heart appears to be in the coronary arteries (16).

The KO models suggest that thoracic aorta contains mostly or entirely D, and
the liver contains mostly or entirely B (Table 2). There is some disagreement in
kidney, with the A and AB KOs suggesting a mixture of A (~60%) and B (~40%),
whereas the B KO study found no B in kidney (Table 2). From Table 2, brain has
approx 55% A, 35% B, and 10% D. Brain shows considerable regional variation
in subtype expression, but data are so far limited. Among the limited tissues
tested so far, the A is predominant in brain and kidney, the B is the main subtype
in liver and heart, and the D is expressed at the protein level only in thoracic aorta
and brain (Table 2). In summary, the KOs confirmed the distribution of subtypes
in the mouse.

4. Vascular Phenotypes
in the α1-Adrenergic Receptor Knockouts

α1-ARs were discovered through their physiological effect to increase smooth
muscle contraction, and α1-AR antagonist drugs are used very commonly to treat
disorders with increased smooth muscle contraction, such as hypertension or pros-
tate enlargement with urinary symptoms. Thus, all single-KO studies focused
initially on the vascular phenotype, as summarized in Table 3 (1–3,7,10,17–19).
The double AB KO also evaluated some aspects of vascular phenotype (5,16).

4.1. Strain, Sex, and Anesthesia Variables in Analysis of Phenotype
Three key variables in these studies are mouse strain, mouse sex, and tech-

nique. Strain was mentioned earlier; sex is indicated in Table 3 and is discussed
in Section 7. Technique is a third key variable, whether measurements were made
in mice under anesthesia or after some period of recovery from anesthesia, as
given in Table 3. For example, anesthesia markedly decreases heart rate (HR),
blood pressure (BP), and cardiac contractility and causes left ventricular dilation
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(5,20). All of these changes will alter systemic BP, which is directly related to
cardiac output (CO) and peripheral vascular resistance. Complete recovery from
anesthesia required at least 24 h in experiments on β-AR KOs (21). We found that
recovery from anesthesia with ketamine plus xylazine was not complete even
after 3 d, whereas recovery from isoflurane was rapid (20).

4.2. Blood Pressure
None of the KOs had altered body weight or grossly abnormal development;

thus, all KO mice appeared normal as adults. However, there were significant
changes in BP and pressor responses, which varied among the subtypes (Table 3).
Resting BP was reduced about 10% in the A KO and by a similar degree in two of
three studies of the D KO. Resting BP was unchanged in the B KO (Table 3).

In heterozygous A KOs, with only one of two A gene alleles deleted, there
was intermediate hypotension; a cohort of male mice in the 129SvJ × C57Bl/6
background also had a significant approx 10% reduction in BP (2). Evidence
supporting chronic hypotension in the A KO was resetting of the baroreflex and
increased sympathetic activity (2). Baroreflex resetting meant a lower HR for
any degree of hypotension and could explain the fact that HR was only slightly
and not significantly faster in the A KO (6–10%). Chronic hypotension would
be expected to stimulate a reflex increase in sympathetic activity, and evidence
for this in the A KO was reduced HR variability and increased HR after para-
sympathetic blockade (2).

Interestingly, the D KO, despite hypotension, had no change in basal serum
catecholamines. After stress, serum catecholamines increased less than in WT
mice (17), raising the possibility that the D somehow regulates brain sympathetic
outflow. In any case, studies of sympathetic activity in these KO models will be
very interesting because changed sympathetic activity is the most likely compen-
satory change in all KO models. In summary, there was evidence for lower BP
in the A KO and D KO but not the B KO.

The AB KO adds a degree of confusion because this mouse had no change in
BP measured by tail cuff (5). Possibly, the AB KO has increased sympathetic
activity, causing increased activation of the D, although it is unclear why the
same mechanism would not normalize BP in the single A KO. Much more specu-
lative is that the B normally has a hypotensive action, so that A and B deletion
have offsetting effects on final BP.

4.3. Pressor Responses
Acute in vivo pressor responses to α1-agonists were tested for all three KOs

(Table 3). Here, a distinction should be made between the increase in BP with
agonist and the final BP after agonist. The A-selective agonist A61603 was a very
potent vasopressor in conscious WT mice (0.3 μg/kg  EC50) but had no effect on
BP in the homozygous A KO, confirming the A-selectivity of A61603 in vivo.
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In the heterozygous A KO, A61603 stimulated an increase in BP identical to WT,
but the final BP was significantly lower, reflecting the lower resting BP in the
heterozygous KO. These results establish the vasoconstrictor role of the A sub-
type, even when receptor levels are only 50% of WT (as deduced from β-gal
expression) (2).

The nonselective α1-agonist phenylephrine (PE) increased BP in conscious
WT mice with an 8 μg/kg EC50 (2). In the A KO, the relationship between PE dose
and BP increase was unchanged, but the final BP was reduced in the A KO,
reflecting the lower resting BP in the A KO (2). In the B and D KOs, PE doses
near the EC50 increased BP less in both KOs than in WT (1,3). In the D KO,
maximum doses of PE (100–300 μg/kg) stimulated BP increases identical to WT,
and the final BP was also unchanged (3). In the B KO, maximum PE doses were
not tested, and the technique was subject to anesthetic variables (1).

With the nonselective agonist NE in the D KO, the BP increase and final BP
were both reduced (3). The D has the highest NE affinity of any subtype. In the
B KO, the BP response to a submaximal NE dose was reduced very slightly. NE
was not tested in the A KO. In summary, KO of only a single α1-AR subtype
impairs the BP increase with a nonselective α1-agonist modestly or not at all,
with the greatest loss seen with NE in the D KO. The final BP after agonist is
related to the resting BP, which was lower in the A and D KOs. These results
suggest that other subtypes compensate in the pressor response for deletion of
any one. Future studies of double- and triple-KO mice will therefore be very
informative.

4.4. Arteries In Vitro

Arterial preparations in vitro provide an additional approach to sort subtype
roles in vasoconstriction and were used in the B and D KOs (Table 3). In thoracic
aortic rings from the B KO, one group found a decrease in contraction with
submaximal PE doses (1), whereas another group found in the B KO no change
in PE EC50 or maximum response (7). In D KO thoracic aortic rings, the EC50s
for PE and NE were shifted markedly to the right (40- to 50-fold), indicating
reduced potency of these agonists (3), consistent with the observation that the D
is the predominant or only α1-AR in the thoracic aorta (Table 2).

Mesenteric artery was studied in the B and D KOs (Table 3). The B KO had
no change in PE EC50 or maximum in rings, whereas the D KO had a decreased
pressor response to PE in an isolated mesenteric bed preparation (3,7). This
evidence for the D in mesenteric arteries fits binding data in WT mice (22a).
Carotid and tail artery rings from the B KO had no change in PE effects, except
that the carotid from the B KO was more sensitive to PE (7). Coronary arteries
were studied in the D and AB KOs by examining coronary flow or pressure in the
isolated perfused heart (16,18). Both studies pointed to a role of the D in coronary
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vasoconstriction (Table 3). In summary, in vitro studies implicated the D in vaso-
constriction but not the B. The possibility of patchy subtype expression in arter-
ies, shown for the A (see Section 4.6.), needs to be kept in mind when interpreting
these types of experiments (2).

4.5. Stress Experiments

An experimental stress can sometimes reveal a phenotype in KO models when
one is not apparent in the basal or resting state. Thus, vascular effects after stress
were studied in the B and D KOs (Table 3). In the D KO, partial nephrectomy
plus chronic salt drinking for 35 d was used to induce hypertension. Hyperten-
sion was markedly less in the D KO, and less hypertension was associated with
a marked improvement in survival (93% D KO vs 53% WT), although the cause
of death was not described (17). Also, in the D KO, 0.67M NaCl was injected
acutely into the cerebral ventricles through an indwelling cannula, and the result-
ing hypertension and tachycardia were measured in conscious mice by a femoral
artery catheter. Hypertension and tachycardia after this acute salt loading were
markedly blunted in the D KO, but there was no change in the response to AngII
(19). Overall, the stress studies further support a role of the D in vasopressor
effects and BP regulation.

Technically demanding experiments were done in the B KO, in which femoral
artery telemeters and osmotic minipumps were implanted and BP was measured
at intervals in conscious mice over 18-d infusion of hypertensive doses of NE and
AngII or a subhypertensive dose of PE (10) (Table 3). NE in WT mice caused a
progressive increase in BP beginning after 4 d infusion, and hypertension was
eliminated in the B KO. By 18 d in WT mice treated with NE or subhypertensive
PE, mesenteric arteries (140–200 μm) exhibited “eutrophic remodeling,” with a
smaller lumen diameter and a larger media-to-lumen ratio, without changes in cell
size or number. In the B KO, mesenteric artery remodeling with NE or PE was
eliminated. A recent study of the B KO and D KO also implicates the B subtype
in carotid artery remodeling (22b). These results implicate the B in hypertension
produced by chronic NE infusion and in a process of vascular remodeling. This
vascular process is independent of BP per se because it occurred with a subhyper-
tensive dose of PE, but the mechanisms are uncertain.

4.6. Receptor Localization

Detailed localization studies of each subtype in various arteries would go a long
way toward supporting subtype functional roles. As noted in Table 2, the D appears
to predominate in the thoracic aorta and regulates constriction in thoracic aortic
rings (Table 3). However, determining localization in smaller arteries is problem-
atic because binding studies are difficult in small mouse vessels; antibodies remain
to be validated; and mRNAs do not necessarily predict receptor protein.
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In the A KO, in which LacZ replaced the first exon (Table 1), blue staining
of β-gal could be used to localize normal sites of receptor expression in the
vasculature (2). Interestingly, staining was absent in the thoracic aorta, the
major thoracic aortic branches (subclavian, carotid), the proximal pulmonary
artery, and the superior and inferior vena cavae, indicating that the A was not
expressed in these vessels. β-Gal staining became evident in the lower abdomi-
nal aorta and then was prominent in the celiac, renal, mesenteric, hepatic, splenic,
gastric, testicular, ovarian, iliac, femoral, and tail arteries. Staining was also
prominent in approx 20-μm dermal arterioles near hair follicles. These results
suggested that the A was expressed normally in the gut, renal, and skin circu-
lations. A particularly intriguing result was the very patchy, circumferential
blue staining, even in arteries with robust expression, raising the possibility that
arterial strips for in vitro studies could have markedly varying levels of A
expression. Overall, the β-gal reporter provided convincing evidence for A
localization in vascular beds with major roles in BP regulation, but not in tho-
racic vasculature, consistent with the functional data (2).

4.7. Vascular Structure

A role for α1-ARs in vascular growth is suspected, and thus lifelong absence
of receptors might change vascular structure, with a secondary effect on BP.
This possibility remains to be studied in detail. The A KO had no change in
lumen area of the celiac, mesenteric, renal, or carotid arteries (2). The B KO had
no obvious changes in dissecting and mounting strips from the thoracic aorta
or carotid, mesenteric, and tail arteries (7). As noted above, the B was involved
in a process of vascular remodeling with chronic α1-agonist infusion or injury,
but cell size and number were unchanged (10,22b). In many studies, responses
to AngII, vasopressin, and serotonin were unchanged in KO mice or arteries
(Table 3), further suggesting normal vascular structure. In addition, none of the
single KOs had major changes in heart structure or function, as discussed in
Section 5 (see Table 4), making unlikely an effect on BP secondary to changes
in CO. Taken together, it seems likely that changes in BP in the α1-AR KOs are
secondary to functional reductions in vasoconstriction and peripheral vascular
resistance rather than changes in vascular structure or CO.

4.8. Summary of Vascular Phenotypes

The role of α1-ARs in the vasculature, as revealed by the KO approach,
should be considered a work in progress. In particular, further work is required
on all KO genotypes in congenic backgrounds. However, the data so far suggest
the following generalizations. The A is expressed in resistance arteries that
regulate BP, is required to maintain resting BP, and is a potent vasoconstrictor.
The B has the least effect on BP and vasoconstriction of any of the three subtypes
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but might be important for chronic vascular remodeling, which can cause hyper-
tension. The D is the main or only subtype in the thoracic aorta, a conductance
artery thought to have little effect on BP. However, the D induces vasoconstric-
tion in mesenteric resistance arteries and is required to maintain resting BP and
to induce hypertension in various models. The D might be the main subtype in
coronary arteries. Thus, the A and D appear to be the main subtypes involved
in vasoconstriction.

5. Cardiac Phenotypes
in the α1-Adrenergic Receptor Knockouts

A surprise in α1-AR biology has been the suggestion that α1-ARs have impor-
tant adaptive roles in the heart, including cardiac hypertrophy, preconditioning,
protection from apoptosis, and increased contractility (5,6a,23,24). The KO
models provide an excellent approach to validate these functions and identify
which subtypes are involved.

5.1. Adverse Clinical Effects With α1-Antagonists
If α1-ARs mediate adaptive responses in the heart, then blocking these adap-

tive effects with α1-antagonist drugs might have negative side effects on the
heart. Indeed, the Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT) in hypertension tested the subtype-nonselective
α1-antagonist doxazosin vs the diuretic chlorthalidone in about 24,000 men and
women with hypertension and at least one other cardiac risk factor (25,26). This
arm of the trail was stopped prematurely because doxazosin doubled the inci-
dence of heart failure, unlike any other antihypertensive medication (25–28).
Similarly, in the Vasodilator-Heart Failure Trials (V-HeFT) of vasodilators in
heart failure, the α1-antagonist prazosin did not improve survival as did other
vasodilators and even tended to increase mortality (29). Doxazosin and prazosin
are piperazinyl quinazolines, which at high doses can cause apoptosis in heart
and other tissues independent of α1-ARs (30,31). Thus, it has remained contro-
versial whether the adverse results in ALLHAT and V-HeFT were caused by α1-
AR inhibition itself or a nonspecific drug effect. This question has important
therapeutic implications given the large number of patients treated with α1-
antagonists for hypertension or prostate disease. Indeed, an editorial suggested
that over 7 million American men age 65 yr and older with prostate enlargement
would benefit from this type of drug (32).

The following sections review new insights from KO models on cardiac biol-
ogy of α1-ARs, as summarized in Table 4 for male mice. The focus is on the
double AB KO, highlighting the requirement for α1-AR signaling in the heart.
The KO results suggest that adverse clinical consequences of nonselective α1-
antagonists reflect loss of adaptive α1-AR functions in the heart.
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5.2. Cardiac Growth and Hypertrophy
Cardiac hypertrophy is an increase in the size of the heart. Heart enlargement

is typically caused by enlargement of the individual muscle cells because heart
muscle cells do not divide to any extent after birth. The most common form of
cardiac hypertrophy occurs during normal development as the heart enlarges to
maintain CO to the growing organism. This is considered an adaptive or physi-
ological hypertrophy because cardiac function improves. In heart disease, hyper-
trophy is ubiquitous and is thought to be adaptive initially. However, function
deteriorates eventually in the hypertrophy seen in heart disease, resulting in the
important clinical syndrome of heart failure; therefore, hypertrophy in disease is
called maladaptive or pathological hypertrophy.

5.2.1. Cardiac Growth and Hypertrophy in the AB KO and Single KOs
Because each α1-AR subtype KO is a germline mutation, the subtype is absent

throughout development. None of the subtype KOs was lethal, including the
triple ABD KO (unpublished data, 2004), indicating that α1-ARs are not required
for prenatal cardiac development, in contrast with the KOs of NE synthesis,
which have a lethal effect (33–35). It is straightforward to detect a KO effect on
postnatal physiological developmental hypertrophy by measuring the size of the
adult heart, indexed by wet heart weight. Adult heart weight was unchanged in
all three single KOs (1–3) (Table 4). Because body weight was also unchanged
in all KOs, the ratio of the heart weight to the weight of the body, the usual index
of heart size, was also unchanged.

However, in the double AB KO, adult heart weight was reduced significantly
by 15% vs WT (5). We studied heart weight over time to determine when growth
of the heart was reduced during postnatal development in the AB KO. At wean-
ing (3 wk), heart weight was identical in AB KO and WT mice. However, from
weaning to adulthood (14 wk), AB KO heart weight was progressively smaller
than WT, with a final 40% reduction in postweaning heart growth. Echocardio-
graphy confirmed the small-heart phenotype, revealing significant 20% reduc-
tions in LV wall thickness and end-diastolic volume (i.e., the maximum filling
volume when fully relaxed). The fundamental cause of the small heart was small
myocytes, with a 33% reduction in myocyte cross-sectional area in ventricular
sections and a 25% reduction in the volume of isolated myocytes. In addition,
the mRNAs for two myocyte-specific genes, myosin heavy chain and ANF,
were lower in the AB KO by 13–40% when indexed to the ubiquitous actin
mRNA. Binucleate myocytes were identical in AB KO and WT myocytes
(~90%), suggesting that terminal differentiation was normal in the AB KO
(myocyte postnatal terminal differentiation involves a final round of DNA syn-
thesis and nuclear division without cell division, creating binucleate cells). Thus,
during postnatal development the AB KO had a generalized impairment of
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physiological hypertrophy caused by impaired cardiac myocyte hypertrophy
and transcription (5). Heart weight is directly related to BP in most cases, but low
BP did not cause the small AB KO heart because BP was unchanged in the AB
KO (5) (Table 3). Thus, the KO confirms in vivo a direct effect of α1-ARs on
cardiac myocyte hypertrophy, an effect first discovered in 1983 using a neonatal
rat myocyte culture model (36).

5.2.2. Model for α1-ARs in Postweaning Hypertrophy
The appearance of the small AB KO heart phenotype beginning after weaning

did coincide with three other events at about the time of weaning: (1) the comple-
tion of myocyte DNA synthesis (37–39), (2) the first expression of α1A mRNA
in the mouse heart (4a), and (3) the maturing of cardiac adrenergic innervation
(37). Thus, we propose a model in which physiological cardiac myocyte hyper-
trophy after weaning requires activation of myocyte  A and B α1-ARs by NE
released from sympathetic terminals during normal daily life.

Which subtype is most responsible for the small heart, the A or the B? The
small heart is not an artifact of mixed strains because we confirmed it in mice
congenic in C57Bl/6. The single A KO and the single B KO both had unchanged
adult heart size, so one possibility is that the subtypes are redundant, and one can
compensate when another is deleted, much as in pressor responses discussed
earlier. Against the idea of redundancy is preliminary evidence that the subtypes
signal distinctly in myocytes (see next section). Alternately or in addition, further
study of the single KOs in congenic backgrounds might reveal differences not
seen in the initial experiments in mixed strains (Table 4). In any case, the indi-
vidual roles of the A and the B will be important to sort out.

5.2.3. Hypertrophic Signaling in the AB KO
We studied signaling in the AB KO to test if any known postreceptor growth

mechanism was abnormal in the AB KO (5). Interestingly, the level of activated
extracellular signal-regulated kinase (ERK) was markedly lower in the AB KO
myocardium, only approx 30% of WT, as assayed by phosphorylation of Elk1 in
vitro by ERK immunoprecipitated from intact hearts. In isolated myocytes from
the AB KO heart, PE did not activate ERK and two downstream kinases, p90RSK
and p70S6K, whereas all three kinases were activated by PE in WT myocytes,
confirming the link between α1-ARs and the ERK pathway in myocytes. Phorbol
ester and endothelin could still activate ERK and downstream kinases in isolated
AB KO myocytes, arguing against some generalized abnormality of the ERK
pathway in the AB KO. Taken together, these results establish a requirement for
specific α1-AR activation of ERK in postnatal cardiac growth, even though many
other agonists can activate ERK in model systems.

ERK might not be the only α1-AR-mediated signaling pathway reduced in the
AB KO. We have preliminary evidence from the single KOs that the subtypes
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signal distinctly in myocytes, with the A coupling to protein kinase C δ (PKCδ)
and ERK and the B coupling to PKCε and PKCα (unpublished data, 2003).
PKCε is also a known pathway of physiological hypertrophy (40,41). Thus, the
subtypes might signal cooperatively in physiological hypertrophy by coupling
to different hypertrophic signaling pathways.

5.2.4. Summary of Developmental Hypertrophy in the AB KO
In summary, double KO of the A and the B shows that these subtypes are

required for the physiological heart and myocyte hypertrophy of normal post-
natal cardiac development, independent of BP. A plausible model is that NE
released from sympathetic terminals during normal daily life activates the A and
B and downstream hypertrophic signaling, such as the ERK pathway and PKCε.
The relative roles of the A and the B are not known.

5.3. Cardiac Function in the AB KO
It was critical to ask whether the small AB KO heart functioned normally, that

is, whether reduction of postnatal physiological hypertrophy caused problems.

5.3.1. Cardiac Function in the Intact Mouse
Ejection fraction (EF) and fractional shortening (FS) are echocardiographic

indices of overall systolic function, how well the left ventricle (LV) empties with
each contraction. By echocardiography, each single KO had normal LV systolic
function. Although the double AB KO had an EF unchanged or slightly increased
vs WT, suggesting normal LV systolic function, CO was decreased (5). CO is the
product of HR and stroke volume (SV), the volume of blood pumped with each
beat. CO was low in the AB KO because of a slow HR, the cause of which is
unknown, and a small SV because of the small LV chamber. Thus, the small AB
KO heart per se impaired cardiac function without necessarily implying abnor-
mal muscle.

5.3.2. Cardiac Function in the Isolated Perfused Heart and Muscle Strips
In the intact mouse, other inotropic mechanisms might compensate to some

extent for abnormal cardiac muscle in the AB KO and produce a normal EF.
Therefore, we measured function in isolated, perfused heart and muscle prepa-
rations. No α1-agonist was added in these experiments. Interestingly, we found
that submaximal force was increased in the isolated AB KO heart and in AB KO
right ventricular (RV) trabeculae (19–65% increase) (6a,16). The effect was not
reproduced by acute treatment of WT heart with the nonselective α1-antagonist
prazosin, indicating that the functional changes were caused by long-term conse-
quences of α1-AR deletion. Detailed study in trabeculae revealed that Ca2+ tran-
sients were unchanged, and that increased submaximal force in the AB KO was
explained by increased Ca2+ sensitivity of the myofibrils, producing greater force
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at any level of cytosolic Ca2+. In turn, increased Ca2+ sensitivity of the myofibrils
was not explained by changes in intracellular pH (alkaline pH can increase Ca2+

sensitivity) but was likely related to decreased phosphorylation of troponin I
(TnI), a thin filament regulatory protein (6a).

In contrast to the increase in submaximal force, AB KO trabeculae had a
decrease in maximal force with saturating Ca2+ or tetanus (~20–40% lower). Ca2+

transients were unchanged, indicating that the decreased force was caused by
impaired myofilament function. The exact abnormality is unknown, but one
possibility is a reduction in amount of myofibrils. The relative contribution of the
A and the B to development of normal force generation also is unknown. Maxi-
mal force was also reduced in single A KO trabeculae (~20%), although this was
not significant statistically (42).

5.3.3. Summary of Cardiac Function in the AB KO
In summary, double KO of the A and the B impaired physiological hyper-

trophy, producing myocardium with increased submaximal force because of
increased myofilament Ca2+ sensitivity and decreased maximal contraction
caused by impaired myofilament function. These two changes, increased Ca2+

sensitivity and decreased maximal contraction, plus β-AR downregulation (dis-
cussed in the next section) mimic changes seen in human heart failure (see ref.
6a). The changes in the AB KO were the result of chronic loss of α1-AR signaling,
that is, loss of α1-AR trophic effects on transcription and translation, because
they were not reproduced by acute α1-adrenergic blockade. The functional con-
sequences of decreased maximal force are not clear because the heart operates
normally under conditions of submaximal activation. Possibly, AB KO hearts
would function worse under conditions of stress, when contractile reserve is
required; indeed, we found just that in studies of β-AR stimulation and the
stresses of exercise and aortic constriction (see Section 5.6.).

5.4. β-AR Responses in the AB KO
Evidence exists for antagonism between α1- and β-AR signaling in myocytes

(43,44), and thus a surprise in the AB KO was downregulated β-ARs and reduced
β-AR signaling and function. This anomaly was first noted in AB KO RV trabe-
culae, which had a marked 40% reduction in β-AR-stimulated maximal force; β-
AR-mediated phosphorylation of TnI was also lower in AB KO myocytes (6a).
We found that β-AR binding was reduced by 44% in AB KO isolated myocytes,
accompanied by blunted β-AR-mediated cAMP accumulation and phosphoryla-
tion of phospholamban at the protein kinase A (PKA) site (unpublished data,
2004). These data indicated reduced β-ARs and PKA signaling in AB KO
myocytes. In single-subtype KOs, the few studies on β-AR responses did not
reveal abnormalities. Specifically, the A KO mouse had unchanged β-adrener-
gic-induced hypotension and tachycardia (2), and the D KO isolated heart had
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unchanged β-adrenergic positive chronotropy and inotropy (18). The mecha-
nism for β-AR downregulation in the AB KO is unknown but is an important
question for further study. In theory, reduced β-AR signaling in the sinus node
might explain the bradycardia in the AB KO (5).

5.5. Apoptosis in AB KO Cardiac Myocytes
β1-ARs are known to cause apoptosis in myocytes (45), and one might there-

fore predict less β-adrenergic apoptosis in AB KO myocytes. Instead, a para-
doxical effect in AB KO cultured myocytes was an increase in apoptosis
stimulated by the β-agonist isoproterenol (unpublished data, 2004). AB KO
myocytes also had increased apoptosis with oxidative stress (H2O2) (unpublished
data, 2004). Thus, despite β-AR downregulation, AB KO myocytes were predis-
posed to apoptosis. Myocyte α1-ARs are well recognized to mediate antiapoptotic
signaling, probably by multiple mechanisms, including ERK activation, BAD
phosphorylation, and increased glucose metabolism (23,24). It is therefore
plausible that the observed sensitivity of AB KO myocytes to apoptotic stimuli
reflected loss of acute α1-AR signaling. Sensitivity to apoptosis might also be
caused by chronic changes in gene expression, and DNA arrays support this idea
(unpublished data, 2004). In any event, sensitivity to apoptosis could contribute
to an adverse outcome after stress.

5.6. Stress Experiments in the AB KO and Single KOs
As previously noted, an experimental stress can sometimes reveal a phenotype

in KO models when one is not apparent in the basal or resting state. In the AB KO,
cardiac abnormalities became much more evident with the stresses of exercise
and aortic constriction.

5.6.1. Exercise in the AB KO
We tested exercise capacity using a running wheel and a motorized treadmill.

The running wheel tests voluntary exercise because mice can choose to run.
Indeed, WT C57Bl/6 mice ran about 6 km each night over 5 h. In the AB KO,
exercise distance, time, and speed were all markedly lower than for WT. To test
if behavioral factors played a role in wheel running, we tested forced exercise
on a treadmill, and AB KO mice were also markedly impaired. In summary, AB
KO mice had reduced exercise capacity by two complementary assays, likely
because of blunting of the normal CO increase with exercise.

5.6.2. Pressure Overload in the AB KO
We next tested the response to pressure overload, a common cause of patho-

logical hypertrophy seen in human diseases such as hypertension and aortic
valve stenosis. We induced pressure overload by transverse aortic constriction
(TAC), using surgery to constrict the aorta between the carotids. The TAC was
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severe, with a pressure gradient across the stenosis of 100 mmHg (i.e., 200
mmHg proximal and 100 mmHg distal), representing the extra work required to
pump blood across the stenosis, a pressure overload on the heart. The AB KO had
a highly maladaptive response to TAC.

Survival to 2 wk after TAC was only 55% in the AB KO vs 100% in WT. AB
KO mice died at 5–8 d after surgery, and postmortem exams suggested that death
was caused by heart failure (5). To determine the cause of death in the AB KO
after TAC, we studied mice that survived 2 wk (unpublished data, 2005). Echocar-
diography in conscious AB KO mice revealed lower EFs and larger LVs than in
WT mice, defining a worsened dilated cardiomyopathy in the AB KO, with
reduced systolic function and LV dilation. Mechanistically, heart weight and
myocyte cross-sectional area increased the same with TAC in AB KO and WT
mice, indicating that cardiomyopathy was not caused by a reduction of hypertro-
phy per se. However, overloaded AB KO hearts had increased interstitial fibrosis
and apoptosis and failed induction of the classical fetal hypertrophic marker
genes (unpublished data, 2005). Thus, deletion of the A and B caused a highly
maladaptive response to pressure overload, a worsened pathological hypertro-
phy. Taken together, the data on exercise and pressure overload showed clearly
that α1-AR signaling is required for the heart to adapt to stress.

5.6.3. Stress Experiments in Single KOs

It is unknown whether loss of the A or the B is more important for the maladap-
tive response to TAC in the AB KO, but stress studies in single KOs might
provide clues. In the B KO, TAC induced ANF normally, one of the classical fetal
hypertrophic marker genes, and did not increase mortality or reduce systolic
function (10). Each of these end points is opposite to what we observed in the AB
KO, thus implicating the A in ANF, survival, and function. On the other hand,
TAC was less severe in the B KO (70 mmHg gradient for 7 d in the B KO vs 100
mmHg for 14 d in the AB KO), and the B KO studies were in mice with mixed
genetic backgrounds (the AB KO mice were congenic in C57Bl/6).

There were also interesting results in the single B KO with chronic agonist
infusion (10). In WT mice, an 18-d infusion of NE or a nonhypertensive dose of
PE increased heart size and induced ANF, the hypertrophic marker gene. As in
other species with chronic α1-agonist infusion (46–49), the hypertrophy was
physiological because systolic function was normal in the hypertrophied heart
(10). In the B KO, chronic α1-agonist infusion did not increase heart size or
induce ANF. This result implicates the B in the α1-agonist-induced hypertrophy
and ANF induction, which might be analogous to developmental hypertrophy.

Stress experiments in the single D KO were intriguing as well. In the D KO,
nephrectomy plus saline caused hypertrophy, measured as an increase in heart
weight, the same as in WT mice, even though nephrectomy plus saline failed to
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cause hypertension in the D KO (17). The D KO with nephrectomy plus saline
did have increased serum catecholamines as compared with sham control D KO
mice, and the increased serum catecholamines might have been the stimulus for
hypertrophy. This model therefore seems to be another example of α1-agonist-
induced hypertrophy in the absence of hypertension (17). These results suggest
no role for the D in heart size, consistent with the apparent absence of D in
myocytes.

5.6.4. Summary of Stress Experiments

Taken together, the studies show that the A and the B are required together for
an adaptive response to pressure overload. With pressure overload, the AB KO
has worsened dilated cardiomyopathy because of fibrosis, apoptosis, and failed
gene induction. Single-KO experiments raise the possibility that the subtypes are
involved in different aspects of this complex final phenotype, but much more
work is needed in congenic KO mice.

5.7. Acute α1-AR Contractile Responses

α1-Agonists cause positive inotropic responses, or increases in force of con-
traction, in myocardium of many species, including rat, rabbit, guinea pig, ham-
ster, dog, and humans (50). It is therefore surprising that negative inotropic
effects (NIEs), or decreases in force of contraction, are observed in mouse
myocardium and isolated mouse myocytes (see ref. 16). In most species, the α1-
adrenergic inotropic response is typically triphasic, with phase 1 transient posi-
tive inotropic responses, a phase 2 transient NIE, and then a phase 3 sustained
positive inotropic effect (PIE). In mouse, inotropy is increased in phase 3 relative
to phase 2, but the end result is still an NIE (42).

We studied the α1-adrenergic inotropic response in RV trabeculae from the
single A KO (42). The A KO did not appreciably change the negative inotropic
response to PE, suggesting that the B (or D, but see next paragraphs) can mediate
an NIE. The A KO did eliminate the NIE to A61603, reconfirming the selectivity
of this agonist and showing that the A can mediate an NIE in mouse RV trabe-
culae. The mechanism of the NIE was a transient decrease in the Ca2+ transient
(in phase 2) and a sustained decrease in Ca2+ sensitivity of the myofibrils (in
phases 2 and 3). The single A KO did not change these significantly. These
results suggest redundancy of the A and B in the α1-adrenergic inotropic effects,
in this case, an NIE in response to activation of the A or the B.

Consistent with this, AB KO RV trabeculae had no significant inotropic
response to PE, indicating that the D was not involved in inotropy (16). However,
in studies of the AB KO isolated heart, we were surprised to find in the WT mouse
heart that PE caused a PIE, the first report of this in the mouse. There was a
transient NIE, then a sustained PIE, with an increase almost 20% over control.



230 Simpson

It is unknown why mouse heart has a PIE, whereas mouse RV trabeculae and
myocytes have an NIE. In any case, the AB KO eliminated the PIE with PE,
indicating that the A and/or the B mediate the PIE.

Interestingly, elimination of the PIE in the isolated AB KO heart revealed a NIE
in response to PE (–13%). The NIE in the AB KO heart could be correlated with
a reduction in coronary flow caused by PE (–14%); BMY7378, the D-selective
antagonist, inhibited the flow reduction and NIE caused by PE. In the WT heart,
PE caused a similar flow reduction, raising the possibility that the final PIE was
somewhat underestimated by a flow-related NIE. Thus, the D appeared to cause
vasoconstriction and flow reduction, with a secondary decrease in contraction, in
WT or AB KO heart, providing further evidence for the D in coronary arteries.

In summary, α1-adrenergic inotropic responses in the A KO and AB KO reveal
negative contractile effects in RV trabeculae mediated by the A or the B, primarily
because of decreases in Ca2+ sensitivity of the myofibrils, and positive contractile
effects of the A or the B in the isolated heart, with unknown mechanism. The D in
coronary arteries mediates flow reductions and secondary negative contractile
effects.

5.8. Summary of Cardiac Phenotypes
The KO models confirm the essential adaptive roles of α1-ARs in the heart,

where the A and the B are required for chronic trophic or “nutritional” effects that
depend ultimately on anabolic, transcriptional, metabolic, and antiapoptotic pro-
cesses. The A and the B mediate inotropic effects, which depend on the preparation,
and the D causes coronary vasoconstriction. The distinct roles of the A and the B
in heart remain to be worked out. Clinically, the results emphasize concern about
the use of nonselective α1-antagonist drugs in patients with hypertension or pros-
tate disease. On the other hand, D-selective antagonists might have advantages.

6. Other Phenotypes in the α1-Adrenergic Receptor Knockouts

Initial work has begun to explore other α1-AR physiological effects, primarily
involving metabolism and behavior, as summarized in Table 5.

6.1. Metabolism
The D KO had a very interesting increase in daily food and water intake, which

might in part have been related to chronic hypotension (17). The B KO had
a variety of abnormalities of glucose metabolism, including insulin resistance,
increased plasma leptin, increased percentage body fat (with no change in body
weight), and glucose intolerance and obesity with a high-fat diet (12). The authors
offered an explanation involving increased parasympathetic activity caused by
increased hypothalamic neuropeptide Y (12), and certainly further work in this
area will be interesting and important. A current clinical paradigm is that α1-
antagonists decrease insulin resistance, the opposite of the B KO.
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6.2. Behavior
The D KO had changes in the latencies of responses to painful stimuli,

interpreted to show alterations of spinal reflexes and anxiety components
(51a). Other tests of behavior in the D KO gave less-clear results (51b,51c).
The B KO had conflicting changes in exploratory behavior, which was unchanged,
increased, or decreased in different studies, illustrating the many influences on
behavior (8,11,52). The B was required for increased locomotion stimulated by
the α1-agonist modafinil (53). Several studies agreed that the B KO was less
responsive to drugs of addiction (i.e., amphetamine, cocaine, and morphine).
Several aspects of the responses to these drugs were decreased in the B KO,
including locomotion, sensitization to repeated doses, neurodegeneration, and
brain dopamine release (8,9,11,52,54). These results might suggest that the B
is required for toxic and addictive effects through positive control of dopamine
release.

7. Sex as a Key Variable in Phenotype

Appreciation is growing of the key role of sex as a determinant of phenotype
in genetically modified mice (55). It is obvious that males and females differ, but
there is a tendency to study males only, or to disregard sex, and to assume that
findings apply to both. In the AB KO, we found several sex differences, summa-
rized in Table 6 (5,6a). In particular, impaired heart and myocyte hypertrophy
during normal postweaning development was seen in males but not in females.
In fact, in WT mice, male heart and myocyte size were larger than for the female,
and the double AB KO had the overall effect to reduce male heart and myocyte
size to that of females. The small heart in the male caused a reduced CO not seen
in the female (5) (Table 6). Males and females were similar in other respects
(Table 6), and some abnormalities were observed in the AB KO female (e.g.,
bradycardia, abnormal heart muscle function, and reduced exercise capacity).
The cause of the sex difference is unknown, but it was not eliminated by ovariec-
tomy, suggesting that female sex hormones are not involved. An attractive hypo-
thesis is that males are more dependent on α1-ARs because sympathetic activity
is normally higher in males (56,57). Thus, the effect of α1-AR KO would be more
marked in males, and females might be relatively protected from heart muscle
disease, as is observed clinically. In any case, it is clear that sex differences
require recognition and careful study.

8. Summary of Subtype Roles and Future Directions

Table 7 summarizes the main locations and physiological roles of the sub-
types as deduced from the KOs. This review has emphasized that much more
needs to be done, especially in congenic mice, but the assumption is made that
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Table 7
Subtype Roles Deduced From the Knockouts (2004)

A Located in heart, brain, kidney, and resistance arteries
Maintain resting BP
Vasopressor responses
Cardiac survival and transcription?

B Located in heart, brain, kidney, and liver
Vascular remodeling with α1-agonist
Cardiac hypertrophy with α1-agonist
Glucose metabolism and insulin sensitivity
Brain dopamine release and addictive behavior

D Located in brain and arteries (aorta, coronary, mesenteric)
Maintain resting BP
Vasopressor and hypertensive responses
Coronary vasoconstriction

A and/or B Cardiac inotropic responses
Physiological cardiac hypertrophy
Cardiac adaptation to exercise and pressure overload

Table 6
Phenotypes in Male vs Female AB Knockout Mice

Male Female

Body weight NC NC
BP (tail cuff) NC NC
Cardiac growth
  •  Heart weight (adult) DEC NC
  •  Myocyte size DEC NC
Heart function
  •  Echocardiography (awake) DEC HR DEC HR

NC EF NC EF
DEC LV size NC LV size

DEC SV and CO NC SV and CO
  •  Submaximal LVDP in isolated heart INC INC
  •  Maximum force in RV trabeculae DEC DEC
Signaling
  • α1-AR binding in heart Absent Absenta

  • α1 activation of ERK in myocytes Absent Absenta

  •  Insulin activation of Akt in myocytes NC NC
Stress responses
  •  Exercise capacity DEC DEC
  •  Survival after TAC DEC NC
Ovariectomy NCb

Data from refs. 5 and 6a and unpublished data, 2003–2005.
a In WT male and female myocytes, α1 binding and ERK pathway activation were identical.
b In female WT and AB KO, ovariectomy at weaning plus isoflavone-free diet reduced uterine weight to

5% of sham at age 12 wk but did not change body weight, tibia length, heart weight, BP, or HR.
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a subtype is required for a function if that function is lost in the KO. In the future,
study of the various double KOs and the triple KO should be very informative.
In this regard, it is important to recognize that each double KO will be a mouse
expressing only a single subtype (e.g., the AB KO is a D-only mouse). Study of
these mice should reveal the sufficiency of any subtype for a response and the
corollary of whether any subtype can function in isolation in vivo at physiologi-
cal levels.

The KOs confirm the importance of α1-ARs in vasoconstriction and BP regu-
lation, but a surprise is the apparently small role of the B in this respect. The D
seems limited to a vascular role and probably brain. D-selective antagonists
might have an advantage in hypertension treatment if human subtypes are similar
to mouse. The B role in glucose metabolism is notable. Perhaps the biggest
surprise from the KOs is the essential role of the A or the B in physiological
cardiac hypertrophy and cardiac adaptation to stress. The AB KO data provide
a plausible mechanism for the adverse effects of nonselective α1-antagonists in
clinical trials and raise further concern about use of these drugs in patients with
hypertension or prostate disease. It will be interesting and important to test if α1-
agonists can be used to treat heart muscle disease.

9. Discrepancies in Genetic Models
of α1-Adrenergic Receptor Function

Genetic models to discover the physiological roles of α1-AR subtypes include
receptor overexpression (transgenics, TGs) and deletion (KOs). TGs are espe-
cially common in cardiac research because the α-myosin heavy-chain promoter
can be used to target any gene specifically to cardiac myocytes (58). Indeed,
a cardiac TG of a constitutively activated B was the first to confirm the role of
α1-ARs in cardiac hypertrophy in vivo (59). TGs are the most convincing
approach to study hyperactivity of a specific subtype over a long period of time,
as might be seen in heart failure or in diseases associated with genetic mutant G
protein-coupled receptors. However, a discrepancy is becoming apparent in that
several α1-AR TGs suggest maladaptive cardiac roles of α1-ARs (60–63),
whereas the KOs reviewed here suggest that α1-ARs are required for cardiac
adaptation. How is this discrepancy explained?

Potential artifacts with the TG approach include unanticipated effects from
gene regulatory changes caused by the insertion site of the expression cassette.
There is also the concern of nonphysiological levels of receptor overexpression
or activity. For example, α1-AR binding was increased 25- to 300-fold in the TGs
overexpressing the WT B subtype (60,61,63). Also, a possibility is that signaling
by overexpressed α1-ARs does not mimic signaling by ligand-activated α1-ARs.
This artifact is documented for β2-ARs (64,65), and it might be more unlikely that
constitutively activated α1-ARs faithfully mimic ligand-activated endogenous
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α1-ARs. Thus, a main problem with the TG approach might be false positives,
and this could explain the discrepancy between the cardiac TGs and KOs.

Potential artifacts with the KO approach also include unanticipated changes
from the DNA cassette itself plus insertion site effects (58), although insertion
sire artifacts should be minimal in the α1-AR KOs (Table 1). More notably, each
of the α1-AR KOs is systemic and lifelong, with the possibility that developmen-
tal and compensatory changes will mask a phenotype and produce a false nega-
tive or cause a secondary effect on phenotype related only indirectly to α1-AR
deletion. For example, it is very likely that any KO (or TG for that matter) that
changes cardiac or vascular function will alter sympathetic activity, with second-
ary effects via other ARs. Indeed, we saw sympathetic activation in the single A
KO (2).

It is possible technically to make an α1-AR KO that is both inducible in time
and tissue specific to avoid developmental and systemic effects (58), but the time
and effort required would be enormous, and incomplete KO would almost cer-
tainly be a factor. Thus, it is useful to note a key advantage of typical germline
mouse KOs: They are predictive of drug effects in humans (66,67). It is also
pertinent that drug effects take time, particularly in heart disease. For example,
the fraction of life with α1-antagonist exposure in ALLHAT was about 5% (4 yr
of an average 75-yr life expectancy) (25). The fraction of life over which pathol-
ogy developed in the AB KO was similar, about 8% (8 wk of 104-wk life expect-
ancy). In conclusion, it seems reasonable to expect that the KOs will guide
development of new drugs to target α1-ARs.

Acknowledgments
I thank the National Institute of Health and the Department of Veterans Affairs

for support and the many colleagues who have made the work possible, in par-
ticular Drs. Rokosh, O’Connell, Rodrigo, Swigart, Baker, Grossman, Foster,
McCloskey, Turnbull, Ishizaka, Nakamura, Joho, and Deng.

References
1. Cavalli A, Lattion AL, Hummler E, et al. Decreased blood pressure response in

mice deficient of the α1b-adrenergic receptor. Proc Natl Acad Sci USA 1997;94:
11,589–11,594.

2. Rokosh DG, Simpson PC. Knockout of the α1A/C-adrenergic receptor subtype: the
α1A/C is expressed in resistance arteries and is required to maintain arterial blood
pressure. Proc Natl Acad Sci USA 2002;99:9474–9479.

3. Tanoue A, Nasa Y, Koshimizu T, et al. The α1D-adrenergic receptor directly
regulates arterial blood pressure via vasoconstriction. J Clin Invest 2002;109:
765–775.

4a. O’Connell TD, Rokosh DG, Simpson PC. Cloning and characterization of the
mouse α1C/A-adrenergic receptor gene and analysis of an α1C promoter in cardiac



236 Simpson

myocytes: role of an MCAT element that binds transcriptional enhancer factor-1
(TEF-1). Mol Pharmacol 2001;59:1225–1234.

4b. Deighan C, Woollhead AM, Colston JF, McGrath JC. Hepatocytes from α1B-
adrenoceptor knockout mice reveal compensatory adrenoceptor subtype substitu-
tion. Br J Pharmacol. 2004;142:1031–1037.

5. O’Connell TD, Ishizaka S, Nakamura A, et al. The α1A/C- and α1B-adrenergic
receptors are required for physiological cardiac hypertrophy in the double-knock-
out mouse. J Clin Invest 2003;111:1783–1791.

6a. McCloskey DT, Turnbull L, Swigart P, O’Connell TD, Simpson PC, Baker AJ.
Abnormal myocardial contraction in α1A- and α1B-adrenoceptor double-knockout
mice. J Mol Cell Cardiol 2003;35:1207–1216.

6b. Hosoda C, Koshimizu TA, Tanoue A, et al. Two α1-adrenergic receptor subtypes
regulating the vasopressor response have differential roles in blood pressure regu-
lation. Mol Pharmacol. 2005;67:912–922.

7. Daly CJ, Deighan C, McGee A, et al. A knockout approach indicates a minor
vasoconstrictor role for vascular α1B-adrenoceptors in mouse. Physiol Genomics
2002;9:85–91.

8. Spreng M, Cotecchia S, Schenk F. A behavioral study of α1b adrenergic receptor
knockout mice: increased reaction to novelty and selectively reduced learning
capacities. Neurobiol Learn Mem 2001;75:214–229.

9. Auclair A, Cotecchia S, Glowinski J, Tassin JP. D-Amphetamine fails to increase
extracellular dopamine levels in mice lacking α1b-adrenergic receptors: relation-
ship between functional and nonfunctional dopamine release. J Neurosci 2002;22:
9150–9154.

10. Vecchione C, Fratta L, Rizzoni D, et al. Cardiovascular influences of α1b-adre-
nergic receptor defect in mice. Circulation 2002;105:1700–1707.

11. Drouin C, Darracq L, Trovero F, et al. α1b-Adrenergic receptors control locomotor
and rewarding effects of psychostimulants and opiates. J Neurosci 2002;22:2873–
2884.

12. Burcelin R, Uldry M, Foretz M, et al. Impaired glucose homeostasis in mice
lacking the α1b-adrenergic receptor subtype. J Biol Chem 2004;279:1108–1115;
E-pub October 27, 2003.

13. Yang M, Reese J, Cotecchia S, Michel MC. Murine α1-adrenoceptor subtypes. I.
Radioligand binding studies. J Pharmacol Exp Ther 1998;286:841–847.

14. Wolff AA, Hines DK, Karliner JS. Refined membrane preparations mask ischemic
fall in myocardial β-receptor density. Am J Physiol 1989;257:H1032–H1036.

15. Muntz KH, Zhao M, Miller JC. Downregulation of myocardial β-adrenergic
receptors. Receptor subtype selectivity. Circ Res 1994;74:369–375.

16. Turnbull L, McCloskey DT, O’Connell TD, Simpson PC, Baker AJ. α1-Adrener-
gic receptor responses in a1AB-AR knockout mouse hearts suggest the presence
of α1D-AR. Am J Physiol Heart Circ Physiol 2003;284:H1104–H1109.

17. Tanoue A, Koba M, Miyawaki S, et al. Role of the α1D-adrenegric receptor in the
development of salt-induced hypertension. Hypertension 2002;40:101–106.

18. Chalothorn D, McCune DF, Edelmann SE, et al. Differential cardiovascular regu-
latory activities of the α1B- and α1D-adrenoceptor subtypes. J Pharmacol Exp Ther
2003;305:1045–1053.



α1-ΑRs by Knockout 237

19. Chu CP, Kunitake T, Kato K, et al. The α1D-adrenergic receptor modulates cardio-
vascular and drinking responses to central salt loading in mice. Neurosci Lett
2004;356:33–36.

20. Ishizaka S, Sievers RE, Zhu BQ, et al. New technique for measurement of left
ventricular pressure in conscious mice. Am J Physiol Heart Circ Physiol 2004;286:
H1208–H1215.

21. Rohrer DK, Schauble EH, Desai KH, Kobilka BK, Bernstein D. Alterations in
dynamic heart rate control in the β1-adrenergic receptor knockout mouse. Am J
Physiol 1998;274:H1184–H1193.

22a. Yamamoto Y, Koike K. α1-Adrenoceptor subtypes in the mouse mesenteric artery
and abdominal aorta. Br J Pharmacol 2001;134:1045–1054.

22b. Zhang H, Cotecchia S, Thomas SA, Tanoue A, Tsujimoto G, Faber JE. Gene
deletion of dopamine beta-hydroxylase and alpha1-adrenoceptors demonstrates
involvement of catecholamines in vascular remodeling. Am J Physiol Heart Circ
Physiol 2004;287:H2106–H2114.

23. Mani K, Ashton AW, Kitsis RN. Taking the BAD out of adrenergic stimulation.
J Mol Cell Cardiol 2002;34:709–712.

24. Salvi S. Protecting the myocardium from ischemic injury: a critical role for α1-
adrenoreceptors? Chest 2001;119:1242–1249.

25. ALLHAT CRG. Major cardiovascular events in hypertensive patients random-
ized to doxazosin vs chlorthalidone: the antihypertensive and lipid-lowering
treatment to prevent heart attack trial (ALLHAT). JAMA 2000;283:1967–
1975.

26. Diuretic vs α-blocker as first-step antihypertensive therapy: final results from
the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack
Trial (ALLHAT). Hypertension 2003;42:239–246.

27. Davis BR, Cutler JA, Furberg CD, et al. Relationship of antihypertensive treat-
ment regimens and change in blood pressure to risk for heart failure in hyper-
tensive patients randomly assigned to doxazosin or chlorthalidone: further
analyses from the Antihypertensive and Lipid-Lowering treatment to prevent
Heart Attack Trial. Ann Intern Med 2002;137:313–320.

28. Piller LB, Davis BR, Cutler JA, et al. Validation of heart failure events in the
Antihypertensive and Lipid Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT) participants assigned to doxazosin and chlorthalidone. Curr Control
Trials Cardiovasc Med 2002;3:10.

29. Cohn JN. The Vasodilator-Heart Failure Trials (V-HeFT). Mechanistic data
from the VA Cooperative Studies. Introduction. Circulation 1993;87:VI1–
VI4.

30. Anglin IE, Glassman DT, Kyprianou N. Induction of prostate apoptosis by α1-
adrenoceptor antagonists: mechanistic significance of the quinazoline component.
Prostate Cancer Prostatic Dis 2002;5:88–95.

31. Gonzalez-Juanatey JR, Iglesias MJ, Alcaide C, Pineiro R, Lago F. Doxazosin
induces apoptosis in cardiomyocytes cultured in vitro by a mechanism that is
independent of α1-adrenergic blockade. Circulation 2003;107:127–131.

32. Vaughan ED Jr. Medical management of benign prostatic hyperplasia—are two
drugs better than one? N Engl J Med 2003;349:2449–2451.



238 Simpson

33. Kobayashi K, Morita S, Sawada H, et al. Targeted disruption of the tyrosine
hydroxylase locus results in severe catecholamine depletion and perinatal lethal-
ity in mice. J Biol Chem 1995;270:27,235–27,243.

34. Thomas SA, Matsumoto AM, Palmiter RD. Noradrenaline is essential for mouse
fetal development. Nature 1995;374:643–646.

35. Zhou QY, Quaife CJ, Palmiter RD. Targeted disruption of the tyrosine hydroxy-
lase gene reveals that catecholamines are required for mouse fetal development.
Nature 1995;374:640–643.

36. Simpson P. Norepinephrine-stimulated hypertrophy of cultured rat myocardial
cells is an α1 adrenergic response. J Clin Invest 1983;72:732–738.

37. Rakusan K. Cardiac growth, maturation and aging. In: Zak R, editor. Growth of the
Heart in Health and Disease. New York: Raven Press; 1984:131–164.

38. Soonpaa MH, Koh GY, Pajak L, et al. Cyclin D1 overexpression promotes
cardiomyocyte DNA synthesis and multinucleation in transgenic mice. J Clin
Invest 1997;99:2644–2654.

39. Liao HS, Kang PM, Nagashima H, et al. Cardiac-specific overexpression of cyclin-
dependent kinase 2 increases smaller mononuclear cardiomyocytes. Circ Res
2001;88:443–450.

40. Wu G, Toyokawa T, Hahn H, Dorn GW 2nd. Epsilon protein kinase C in patho-
logical myocardial hypertrophy. Analysis by combined transgenic expression of
translocation modifiers and Galphaq. J Biol Chem 2000;275:29,927–29,930.

41. Mochly-Rosen D, Wu G, Hahn H, et al. Cardiotrophic effects of protein kinase C
e: analysis by in vivo modulation of PKCe translocation. Circ Res 2000;86:1173–
1179.

42. McCloskey DT, Rokosh DG, O’Connell TD, Keung EC, Simpson PC, Baker AJ.
α1-Adrenoceptor subtypes mediate negative inotropy in myocardium from α1A/C-
knockout and wild type mice. J Mol Cell Cardiol 2002;34:1007–1017.

43. Schafer M, Ponicke K, Heinroth-Hoffmann I, Brodde OE, Piper HM, Schluter KD.
β-Adrenoceptor stimulation attenuates the hypertrophic effect of α-adrenoceptor
stimulation in adult rat ventricular cardiomyocytes. J Am Coll Cardiol 2001;37:
300–307.

44. Xiao l, Shen M, Colucci W. β1-Adrenergic receptor (AR) stimulation inhibits α1-
AR-stimulated hypertrophic signaling in adult rat ventricular myocytes (ARVM)
via activation of cyclic AMP-protein kinase A (PKA) cascade [abstract]. Circula-
tion 2002;106:II-48.

45. Zhu WZ, Wang SQ, Chakir K, et al. Linkage of β1-adrenergic stimulation to
apoptotic heart cell death through protein kinase A-independent activation of Ca2+/
calmodulin kinase II. J Clin Invest 2003;111:617–625.

46. Laks MM, Morady F, Swan HJ. Myocardial hypertrophy produced by chronic
infusion of subhypertensive doses of norepinephrine in the dog. Chest 1973;64:
75–78.

47. King BD, Sack D, Kichuk MR, Hintze TH. Absence of hypertension despite
chronic marked elevations in plasma norepinephrine in conscious dogs. Hyperten-
sion 1987;9:582–590.

48. Marino TA, Cassidy M, Marino DR, Carson NL, Houser S. Norepinephrine-in-
duced cardiac hypertrophy of the cat heart. Anat Rec 1991;229:505–510.



α1-ΑRs by Knockout 239

49. Stewart JM, Patel MB, Wang J, et al. Chronic elevation of norepinephrine in
conscious dogs produces hypertrophy with no loss of LV reserve. Am J Physiol
1992;262:H331–H339.

50. Li K, He H, Li C, Sirois P, Rouleau JL. Myocardial α1-adrenoceptor: inotropic
effect and physiologic and pathologic implications. Life Sci 1997;60:1305–
1318.

51a. Harasawa I, Honda K, Tanoue A, et al. Responses to noxious stimuli in mice
lacking α1d-adrenergic receptors. Neuroreport 2003;14:1857–1860.

51b. Mishima K, Tanoue A, Tsuda M, et al. Characteristics of behavioral abnormali-
ties in alpha1d-adrenoceptors deficient mice. Behav Brain Res. 2004;152:365–
373.

51c. Sadalge A, Coughlin L, Fu H, et al. Alpha 1d Adrenoceptor signaling is required
for stimulus induced locomotor activity. Mol Psychiatry. 2003;8:664–672.

52. Knauber J, Muller WE. Decreased exploratory activity and impaired passive avoid-
ance behaviour in mice deficient for the α1b-adrenoceptor. Eur Neuropsycho-
pharmacol 2000;10:423–427.

53. Stone EA, Cotecchia S, Lin Y, Quartermain D. Role of brain α1B-adrenoceptors in
modafinil-induced behavioral activity. Synapse 2002;46:269–270.

54. Battaglia G, Fornai F, Busceti CL, Lembo G, Nicoletti F, De Blasi A. α1B adren-
ergic receptor knockout mice are protected against methamphetamine toxicity. J
Neurochem 2003;86:413–421.

55. Leinwand LA. Spotlight: sex is a potent modifier of the cardiovascular system. J
Clin Invest 2003;112:302–307.

56. Hinojosa-Laborde C, Chapa I, Lange D, Haywood JR. Gender differences in
sympathetic nervous system regulation. Clin Exp Pharmacol Physiol 1999;26:
122–126.

57. Evans JM, Ziegler MG, Patwardhan AR, et al. Gender differences in autonomic
cardiovascular regulation: spectral, hormonal, and hemodynamic indexes. J Appl
Physiol 2001;91:2611–2618.

58. Robbins J. Genetic modification of the heart: exploring necessity and sufficiency
in the past 10 years. J Mol Cell Cardiol 2004;36:643–652.

59. Milano CA, Dolber PC, Rockman HA, et al. Myocardial expression of a constitu-
tively active α1B-adrenergic receptor in transgenic mice induces cardiac hypertro-
phy. Proc Natl Acad Sci USA 1994;91:10,109–10,113.

60. Lemire I, Ducharme A, Tardif JC, et al. Cardiac-directed overexpression of wild-
type α1B-adrenergic receptor induces dilated cardiomyopathy. Am J Physiol Heart
Circ Physiol 2001;281:H931–H938.

61. Grupp IL, Lorenz JN, Walsh RA, Boivin GP, Rindt H. Overexpression of α1B-
adrenergic receptor induces left ventricular dysfunction in the absence of hyper-
trophy. Am J Physiol 1998;275:H1338–H1350.

62. Wang BH, Du XJ, Autelitano DJ, Milano CA, Woodcock EA. Adverse effects of
constitutively active α1B-adrenergic receptors after pressure overload in mouse
hearts. Am J Physiol Heart Circ Physiol 2000;279:H1079–H1086.

63. Akhter SA, Milano CA, Shotwell KF, et al. Transgenic mice with cardiac over-
expression of α1B-adrenergic receptors. In vivo α1-adrenergic receptor-mediated
regulation of β-adrenergic signaling. J Biol Chem 1997;272:21,253–21,259.



240 Simpson

64. Zhou YY, Cheng H, Song LS, Wang D, Lakatta EG, Xiao RP. Spontaneous β2-
adrenergic signaling fails to modulate L-type Ca2+ current in mouse ventricular
myocytes. Mol Pharmacol 1999;56:485–493.

65. Xiao RP, Avdonin P, Zhou YY, et al. Coupling of β2-adrenoceptor to Gi proteins
and its physiological relevance in murine cardiac myocytes. Circ Res 1999;84:
43–52.

66. Zambrowicz BP, Sands AT. Knockouts model the 100 best-selling drugs—will
they model the next 100? Nat Rev Drug Discov 2003;2:38–51.

67. Zambrowicz BP, Turner CA, Sands AT. Predicting drug efficacy: knockouts model
pipeline drugs of the pharmaceutical industry. Curr Opin Pharmacol 2003;3:563–
570.



α2-AR by Knockout 241

241

From: The Receptors: The Adrenergic Receptors: In the 21st Century
Edited by: D. Perez © Humana Press Inc., Totowa, NJ

9

The α2-Adrenergic Receptors
Lessons From Knockouts

Christopher M. Tan and Lee E. Limbird

Summary

The α2-adrenergic receptors (α2-ARs) belong to the G protein-coupled
receptor superfamily and are responsible for mediating a diverse array of
physiological effects in multiple tissues in response to the endogenous cat-
echolamines epinephrine and norepinephrine delivered either by synapses
or the circulation. Biochemical, physiological, and pharmacological stud-
ies have shown that three α2-AR subtypes (α2A, α2B, and α2C) are present in
many key target cells and tissues, making them attractive in vivo targets
amenable to therapeutic intervention. However, the clarification of the pre-
cise in vivo roles attributable to a particular receptor subtype has been com-
plex, largely because of the lack of α2-AR ligands displaying sufficient
selectivity among the three α2-AR subtypes. The generation of mice har-
boring a mutant α2A-AR with diminished capacities (D79N α2A-AR), or null
for each of the individual receptor subtype alleles, has yielded a wealth of
information critical for the identification and elucidation of their in vivo
roles. Further insights have been derived from the creation of mice with
combinations of targeted null alleles, mice heterozygous for the α2A-AR,
and mice overexpressing the α2C-AR. Collectively, studies in these animals
have clarified our understanding of the roles of each receptor subtype; the
information revealed en toto exemplifies the power of employing geneti-
cally modified mice to elucidate biological functions and reveal effective
therapeutic targets.

Key Words: Adrenergic; α2-AR; G protein; in vivo; knockout mice; physi-
ology; receptor; review.
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1. Introduction

The α2-adrenergic receptor (AR) family consists of the α2A-, α2B-, and α2C-
receptor subtypes encoded by three distinct, intronless genes (1). In native target
cells, agonist binding and α2-AR activation leads to coupling via inhibitory
pertussis toxin-sensitive heterotrimeric guanine nucleotide inhibitory Gi/Go pro-
teins to a variety of downstream cellular effectors, including inhibition of
adenylyl cyclase, suppression of voltage-gated Ca2+ channels, activation of
receptor-operated inwardly rectifying K+ channels, and activation of the mito-
gen-activated protein kinase (MAPK) cascade. Activation of these pathways in
response to circulating catecholamines or synthetic ligands is critical for the
regulation of physiological events, including the modulation and regulation of
key functions such as sympathetic outflow and cardiovascular, psychomotor,
sedative, analgesic, and behavioral functions.

Classically, the physiological functions assigned to the individual subtypes
have been determined empirically based on the individual responses to synthetic
agonists and antagonists; however, the lack of subtype-selective agents has
largely hampered the clarification of subtype-specific functions. The introduc-
tion of genetically modified mice either overexpressing a particular subtype or
null for a receptor subtype (either alone or in combination) has fueled the iden-
tification of the roles these receptors play in vivo (see Table 1). The strategies
employed to generate these animals is reviewed elsewhere (2). This chapter
focuses on the elucidation of the individual roles identified for each subtype as
a result of the study of genetically engineered animals with altered expression of
each of the α2-ARs. The critical in vivo evaluation of these receptors represents
an excellent example of the utility of genetic manipulations in the mouse to
substantiate the multiple physiological and pharmacological roles of a particular
subtype.

2. Mice Deficient for the α2-Adrenergic Receptor
or Harboring the D79N α2A-AR Mutation Reveal a Role
for the α2A-AR Subtype in Multiple Physiological Functions
2.1. The D79N α2A-AR Encodes a Receptor
With Diminished Signaling and Cell Surface Residency Time

Studies from our laboratory had revealed that mutation of an aspartate to
asparagine (D79N) at a highly conserved residue in the predicted second trans-
membrane domain of the α2A-AR resulted in a dysfunctional receptor. When
examined in vitro, the D79N α2-AR was selectively uncoupled from activation
of K+ channels (3). As such, generation of a mouse harboring the D79N α2A-AR
(α2A-ARD79N/D79N) would have been expected to define α2A-AR-dependent in vivo
physiological functions that relied on K+ current activation. Substitution of the
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Table 1
Physiological Consequences of Altering α2-Adrenergic

Receptor Subtype Gene Expression in Mice

A. The α2A-Subtype Mediates
     Most of the Classical Effects of α2-Adrenergic Receptor Agonists

Genetic alterations

Physiological Effect α2A-D79N α2A-KO α2B-KO α2C-KO

Hypotensive effects
of α2-adrenergic receptor agonist X X ↑ —

Bradycardic effects of α2-adrenergic
receptor agonist ↓ ↓ — —

Hypertensive effects
of α2-adrenergic receptor agonist   ↓ a — X —

Cardiovascular effects
of imidazoline agonist X

Resting heart rate — ↑ — —

Resting blood pressure — — — —

Salt-induced hypertension X b —

Sedative effects of dexmedetomidine X X — —

Antinociceptive effects
of α2-adrenergic receptor agonist X/↓ c — —

Antinociceptive effects of nitrous oxide X

Antinociceptive effects of moxonidine ↓ ↓
Adrenergic-opioid synergy

in spinal antinociception X

Anesthetic-sparing effects
of dexmedetomidine X

Hypothermic effects of dexmedetomidine X — —/↓
Antiepileptogenic effects

of endogenous norepinephrine X

Presynaptic inhibition of norepinephrine release — ↓ — ↓ d

Autoinhibition of locus coeruleus X

Embryonic development ↓ e

Anxiety in the open field test ↑
Adrenal gland inhibition of epinephrine release X

X, abolished; —, no effect; ↑, accentuated; ↓, attenuated; and blank, not studied.
a Dependent on site of agonist administration.
b Mice were heterozygous (+/–) for α2B-null mutation.
c Extent of attenuation depended on test used.
d In α2AC-double-KO mice.
e Severely attenuated in α2ABC-triple-KO mice.
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Table 1
Physiological Consequences of Altering α2-Adrenergic

Receptor Subtype Gene Expression in Mice

B. Effects of Altered α2C-Adrenergic Receptor
     Subtype Gene Expression on Behavior

Genetic alterations

Behavior α2C-KO α2C-OE

Startle reflex ↑ —
Prepulse inhibition of startle reflex ↓ ↑
Latency to attack after isolation ↓ ↑
General aggression — —
Locomotor stimulation of D-amphetamine ↑ ↓
L-5-Hydroxytryptophan-induced serotonin syndrome ↓ —
L-5-Hydroxytryptophan-induced head twitches — —
Performance in T-maze ↓
Working memory enhancement of α2-adrenergic

receptor agonist in T-maze —
Performance in Morris water maze ↓
Forced-swim stress and behavioral despair test ↓ ↑
Learning and memory in Morris water maze —
Anxiety in open field test —
Stimulus–response learning in passive avoidance test —
Cortical electroencephalogram (arousal) —

—, no effect; ↑, accentuated; ↓, attenuated; blank, not studied.

D79N α2A-AR via hit-and-run homologous recombination yielded mice that
were viable, fertile, and bred at the expected Mendelian ratios (4).

Surprisingly, radioligand-binding assays on brain homogenate preparations
derived from α2A-ARD79N/D79N mice revealed that cell surface expression of the
D79N α2A-AR was significantly reduced (~80%) when compared to α2A-AR
levels in wild-type mice (4). Electrophysiological assessment of locus ceruleus
neurons from α2A-ARD79N/D79N mice revealed a deficiency in receptor-stimulated
K+ current activation, consistent with in vitro observations. However, these stud-
ies also demonstrated an unexpected loss of coupling to receptor-mediated inhi-
bition of Ca2+ currents (5). Biochemically, the D79N mutation in the α2A-AR
imparts structural instability, causing enhanced receptor turnover from the cell
surface, accounting for its reduced steady-state receptor density (6,7).

Despite in vitro and in vivo evidence suggesting that the α2A-ARD79N/D79N

mouse represents a functional knockout, it is important to note that some α2A-AR
physiological functions are retained. Presynaptic feedback inhibition of neu-
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rotransmitter release in mouse vas deferens preparations from α2A-ARD79N/D79N

mice is normal compared to wild-type preparations (8). Of note, these findings
suggest that a high degree of receptor spareness exists for presynaptic regulation
of catecholamine release, consistent with previous reports (9). It is conceivable
that the reduced α2A-AR complement in these animals is sufficient for function
(as seen in a setting with high receptor spareness, i.e., presynaptic control),
whereas other responses that require higher fractional occupancy are lost. In this
mouse model, therefore, it is likely that the decreased numbers of D79N α2A-AR,
rather than a select deficit in receptor signaling, accounts for the deficiency in
responses in these animals (10). Nonetheless, the α2A-ARD79N/D79N mouse model
has served as an exceptionally useful tool in the elucidation of physiological
functions that rely on the α2A-AR subtype.

2.2. The α2A-AR in Blood Pressure
Regulation in Response to α2-AR Agonists

Agents acting via α2-ARs to elicit changes in blood pressure induce a charac-
teristic biphasic hemodynamic profile; an initial, transient hypertensive response
(by which peripherally located arterial α2-ARs constrict vascular smooth muscle)
is followed by a longer-lived, centrally mediated attenuation of sympathetic
outflow (culminating in a sustained drop in blood pressure). For this reason, α2-AR
agonists are used to treat high blood pressure in some populations of hyperten-
sive patients.

Studies in mice harboring the D79N α2A-AR mutation or deficient in the α2A-
AR (α2A-AR–/–) have revealed that the α2A-AR subtype is responsible for the
long-lasting hypotensive response of α2-agonists. In contrast, the immediate
pressor response has been shown to be mediated by the α2B-AR subtype (11)
and is discussed in Section 3.1. (see Table 1). In assessing the in vivo cardiovas-
cular responses in conscious, freely moving animals, intra-arterial administra-
tion of the non-subtype-selective α2-agonist dexmedetomidine in wild-type mice
induced an immediate rise in blood pressure followed by a prolonged hypoten-
sive response, whereas both α2A-ARD79N/D79N and α2A-AR–/– mice displayed a
selective attenuation in the hypotensive phase in response to dexmedetomidine
and other imidazoline-based structures (4,8,12,13).

The intracerebroventricular injection of α2-AR agonists into the anterior hypo-
thalamic nuclei of wild-type and α2A-ARD79N/D79N mice confirmed the role of
centrally localized α2A-ARs in hypotensive response (14). Resting heart rate in
mice devoid of the α2A-AR was significantly elevated compared to wild-type
littermates (8). Elevated sympathetic tone in α2A-AR–/– mice is likely caused by
the loss of central α2A-AR-mediated sympathoinhibition as well as the loss of
α2A-AR-dependent inhibition of norepinephrine release from cardiac nerve ter-
minals, consistent with a key role for the α2A-AR in hemodynamic regulation (8).
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Interestingly, resting blood pressure in α2A-AR–/– mice was comparable to wild-
type mice, suggesting that the α2A-AR is not critical for the maintenance of
cardiovascular blood pressure homeostasis, but that multiple vasomotor mecha-
nisms, including activation of the α1-, α2B-, β1-, and β2-ARs, regulate baseline
blood pressure.

Nonetheless, the findings in genetically altered mice confirm that the α2A-AR
subtype plays a major role in mediating blood pressure lowering in response
to α2-agonists and suggest that α2A-AR subtype-selective agents represent an
attractive therapeutic approach for antihypertensive therapy in hypertension.
The issue of how to address the unwanted side effects of α2A-AR-mediated
sedation is addressed in the discussion of studies in heterozygous mice that point
to the value of therapeutic utilization of partial agonists at α2A-AR in this clinical
setting.

2.3. α2A-AR Regulation of Catecholamine Release
Presynaptic α2-AR autoreceptors (i.e., receptors sensitive to the neuron’s own

transmitter substance) (15) were among the first receptors identified as playing a
role in the regulation of neurotransmitter release (16). Multiple pharmacological
studies had supported a predominant role for the α2A-AR subtype in this response
(17–20). Evaluation of α2A-AR–/– mice has confirmed these observations, indicat-
ing that the main presynaptic autoreceptor is α2A-AR. Presynaptic inhibition of
catecholamine release induced by α2-AR agonists such as dexmedetomidine or
medetomidine in mice devoid of the α2A-AR was significantly impaired but
not abolished, consistent with the interpretation that this subtype is the major, but
not exclusive, autoreceptor (8,21–25). Elegant studies employing double-knock-
out mice for the α2A-AR and α2C-AR (α2C-AR–/–) revealed that the α2A-AR inhibits
transmitter release at high stimulation frequencies, interpreted as responding to
high synaptic norepinephrine concentrations under conditions of maximal sym-
pathetic activation (21). Moreover, the identity of the non-α2A-AR autoreceptor,
the α2C-AR, was established by the evaluation of these mice; atrial preparations
derived from α2AC-AR–/– mice were completely refractory to agonist stimulation
(21), discussed in Section 4.1. (see Table 1).

2.4. The α2A-AR in Sedative, Anesthetic-Sparing,
and Analgesic Responses in Response to α2-Agonists

The sedative, anesthetic-sparing, and analgesic properties of α2-AR agonists
are therapeutically attractive components that are exploited frequently in the
clinical setting. For example, the sedative properties of α2-AR agonists are valu-
able when employed as preanesthetic or anesthetic-sparing agents (26) or for the
attenuation of opioid withdrawal symptoms (27,28). Study of α2A-ARD79N/D79N

mice and α2A-AR–/– mice revealed that the α2A-AR subtype mediates all three of
these physiological effects.
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The role of the α2A-AR in sedation was revealed in rotarod latency studies, an
experimental paradigm that measures the ability of mice to remain on a rotating
bar over time; impaired motor skills caused by sedation would be predicted to
decrease rotarod latency and thus can be interpreted as a measure of the sedative
response when unperturbed locomotor response has been documented indepen-
dently in non-sedated animals. Dexmedetomidine dose-dependently reduced the
ability of wild-type mice to remain on the rotarod, whereas α2A-ARD79N/D79N and
α2A-AR–/– mice were resistant to even supramaximal doses (5,29). Consistent
with these observations, α2A-AR–/– mice did not sleep, as assessed via loss-of-
righting reflex (5). These findings indicate that the α2A-AR subtype is required
to mediate the sedative effects of α2-AR agonists (Table 1).

As indicated above, α2-AR agonists are attractive preanesthetic agents
because of their ability to reduce the dosing requirements of volatile anesthetic
agents. Intraperitoneal administration of dexmedetomidine resulted in a dose-
dependent decrease in the amount of halothane (a volatile anesthetic) required to
cause loss-of-righting reflex in wild-type mice. In contrast, dexmedetomidine
did not induce anesthetic-sparing activity in mice harboring the D79N α2A-AR
mutation, indicating that this subtype is required for the anesthetic-sparing re-
sponse for the volatile anesthetic halothane (5). In contrast, the α2A-AR subtype
is not involved in the response to the inhaled anesthetic agent nitrous oxide
(N2O). The involvement of this subtype was ruled out in studies demonstrating
that N2O exposure caused a dose-dependent antinociceptive response in α2A-
ARD79N/D79N mice comparable to wild-type controls (30). Subsequent studies have
implicated a role for the α2B-AR subtype in mediating the anesthetic effect of
N2O (Section 3.3.).

Multiple α2-AR agonists induce antinociception in experimental models of
acute and chronic pain (31). Because mice are unable to convey the emotive
experience of pain, it is more appropriate to define the analgesic response as
antinociceptive. As assessed in the ramped hot plate test (a paradigm that
assesses supraspinal pain perception via the measurement of the response time
to an injurious insult, e.g., elevated heat), α2A-ARD79N/D79N mice were unrespon-
sive to the antinociceptive effects of dexmedetomidine, whereas α2-AR acti-
vation dose-dependently increased the thermal pain threshold in wild-type
counterparts (5). Similarly, α2A-ARD79N/D79N mice were completely refractory
to dexmedetomidine as an antinociceptive agent in the tail immersion test (a
paradigm assessing responsiveness to acute thermal pain), whereas dex-
medetomidine produced dose-dependent antinociception in α2B-AR–/– and α2C-
AR–/– animals compared to wild-type controls (32). Taken together, the assess-
ment of α2A-ARD79N/D79N and α2A-AR–/– mice has provided genetic evidence that
the α2A-AR subtype is responsible for mediating antinociceptive responses in
mice (Table 1).
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2.5. The α2A-AR in Cognitive Function
It has been appreciated that α2-AR activation plays a crucial role in mediating

the enhancement of working memory in human beings and nonhuman primates
(33–37). These studies have shown that systemic administration of α2-AR ago-
nists leads to enhanced performance at various tasks. Rigorous studies in α2A-
ARD79N/D79N mice revealed the role for the α2A-AR in working memory and
cognitive enhancement in response to the α2-AR agonist guanfacine (36).
Insights into the mechanisms responsible for these effects suggest that α2-AR
agonists strengthen working memory functions in the prefrontal cortex, a region
that has been shown to be dysfunctional in attention deficit/hyperactivity disor-
der (38,39). These findings suggest that α2A-AR-selective ligands would repre-
sent a useful therapeutic intervention for treatment of cognitive deficits.

As alluded to above, the sedative properties of α2-AR agonists, although
valuable in clinical anesthesia, limit their usefulness in enhancing cognitive
function. Studies provoked by observing a loss in sedative response to α2-ago-
nists in mice heterozygous for the α2A-AR suggest that partial agonists at the α2A-
AR could achieve enhanced therapeutic benefit, that is, sedation-free
enhancement of cognitive function and attentional focus (see Section 2.8.).

2.6. The α2A-AR in the Suppression
of Epileptogenesis in Kindling Models

Several studies have implicated a role for the α2-AR signaling system in the
development of epilepsy (i.e., epileptogenesis, defined as the development of
brain dysfunction characterized by the periodic and unpredictable occurrence of
seizures) (40). Norepinephrine is believed to play a unique inhibitory role by
eliciting significant antiepileptogenic actions (41). Consistent with this, the
selective depletion of norepinephrine-containing locus ceruleus neurons facili-
tates the development of kindling (42). Kindling represents an experimental
paradigm modeling epilepsy; in this paradigm, the repeated administration of an
initially subthreshold electrical stimulus results in the progressive development
of seizures, culminating in tonic–clonic seizures (43). In addition, the α2-AR
has been shown to mediate the antiepileptogenic actions of norepinephrine (44).
Assays in amygdala and pyriform cortex preparations derived from kindled
mice vs normal mice revealed reduced α2-AR density as well as decreased
receptor responsiveness, suggesting that decreased α2-AR number or function
may be responsible for the facilitation of epileptogenesis in mice (45,46). How-
ever, the identity of the α2-AR subtype in mediating the suppression of
epileptogenesis was unknown until the availability of D79N α2-AR-mutant
mice.

Evaluation of α2A-ARD79N/D79N mice in the kindling model of epilepsy revealed
that these animals exhibited increased epileptogenesis coupled with an enhanced



α2-AR by Knockout 249

rate of developing seizures relative to wild-type counterparts (47). The number
of electrical stimulations required to achieve class 5 behavioral seizures was
significantly less in α2A-ARD79N/D79N mice (47). Of significant interest is the
observation that wild-type mice that were treated with the non-subtype-selective
α2-AR antagonist idazoxan demonstrated the identical rate of kindling develop-
ment as observed in α2A-ARD79N/D79N mice, indicating that the α2A-AR is not only
necessary, but also sufficient to regulate epileptogenesis in the kindling model
in response to endogenous catecholamines (Table 1). These findings that the
α2A-AR subtype suppresses norepinephrine-mediated epileptogenesis may sug-
gest that the α2A-AR should be evaluated as a therapeutic target in different
forms of epilepsy.

2.7. The α2A-AR in Depressive Behaviors

The efficacy of agents that suppress depressive behaviors can be assessed
using the Porsolt forced swim test (48,49). In this paradigm, immobility in the
water chamber can be interpreted as behavioral despair. Increased swimming
duration (i.e., a decrease in immobility) has been employed as a useful predictor
of an antidepressant agent in mice. Mice deficient for the α2A-AR subtype were
less active in this paradigm compared to wild type counterparts, which can be
interpreted as α2A-AR–/– mice displaying a higher degree of behavioral despair.
Further, α2A-AR–/– mice exhibited more anxietylike behavior when examined for
rearing behavior or when assessed in the light–dark paradigm (both models for
anxiogenic behavior; 50). Mice null for the α2A-AR also appeared more vulner-
able to environmental stressors and spent less time exhibiting exploratory behav-
ior after introduction into a novel environment (51). Interestingly, chronic
psychosocial stress has been shown to decrease α2A-AR function (52). Impor-
tantly, α2A-AR–/– mice did not display general hypoactivity, or a lack of mobility,
relative to wild-type mice, so the above changes in behavior can be attributed to
behavioral changes in these mice. Taken together, findings in α2A-AR–/– mice
suggest that the absence of the α2A-AR confers susceptibility to stressful condi-
tions (Table 1).

Porsolt swim tests employing mice null (α2C-AR–/–) or overexpressing (α2C-
AR+/+OE) the α2C-AR have implicated a role for this subtype in provoking a
depressive state in mice (Table 1). The α2A-AR–/– mice were more active and
swam longer (i.e., measured as less time spent immobile in the water chamber)
than wild-type mice, whereas α2C-AR+/+OE mice were less active (i.e., decreased
mobility) and displayed cognitive defects compared to their wild-type counter-
parts (50,53–55). As described above, mice deficient for the α2A-AR subtype
were less active in this paradigm compared to wild-type counterparts and were
no longer susceptible to the antidepressant desmethylimipramine, suggesting
that in wild-type mice the α2A-AR tonically suppresses “depressive behaviors”
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(50). Cumulatively, these data suggest that the development of therapeutic agents
that are selective toward the α2A-AR subtype, although devoid of effects at the
α2C-AR subtype, would be valuable therapeutic agents in reducing stress-related
depressive events in human beings.

Chronic subordinate stress can be modeled using male tree shrews. This con-
frontational paradigm pits two male shrews against each other to establish a
dominant–subordinate hierarchy; as a result, the subordinate endures a stress-
dependent chronic overdrive in sympathetic activation (56). Although the mecha-
nisms are not clear, chronic subordinate stress correlates with decreased levels
of α2A-AR messenger ribonucleic acid (mRNA) expression (57).

It is interesting to note the parallels observed when assessing the behavioral
despair seen in α2A-AR–/– mice with the findings in the male tree shrew sub-
ordinate stress model; these collective data suggest that chronic stress may
(via an unknown mechanism) reduce beneficial effects of the α2A-AR in depres-
sion and stress, leading to behavioral despair, as witnessed in animals defi-
cient for the α2A-AR. Moreover, α2A-AR activation (or protection from
downregulation) could offer a protective mechanism to combat stressful or
stress-related events.

2.8. The Assessment of Mice Heterozygous for the α2A-AR

As illustrated throughout this chapter, the use of genetically modified mice
has been extremely advantageous in the effort to elucidate the in vivo functions
of the α2A-AR. In particular, multiple studies employing these animals have
illustrated the crucial role of the α2A-AR in mediating α2-AR agonist-dependent
regulation of blood pressure, sedation, anesthetic sparing, analgesia, antino-
ciception, behavioral responses, cognitive function, and epileptogenesis. In all,
the α2A-AR subtype appears to mediate many of the physiological responses
elicited by α2-AR agents. Thus, it can be reasoned that subtype-selective agonists
alone cannot ensure optimized therapeutic intervention. For example, the seda-
tive properties of α2-AR agonists, valuable when employed as preanesthetic
agents, limit their usefulness in cognitive enhancement, in treating attentional
deficits, or in lowering blood pressure (35,58,59). However, the examination of
mice heterozygous for the α2A-AR (29) has provided a unique strategy for the
elucidation of pathways that might be selectively activated in an effort to achieve
response-specific therapy, namely, developing drugs that elicit less than 50%
maximal response even at full receptor occupancy (i.e., develop partial agonists
or allosteric enhancers).

As indicated in Section 2.4., mice null for the α2A-AR or carrying the D79N
α2A-AR were resistant to supramaximal doses of dexmedetomidine in the
rotarod latency test, indicating a role for the α2A-AR subtype in mediating
sedative responses to dexmedetomidine. Surprisingly, mice heterozygous for
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the D79N α2A-AR (α2A-ARD79N/–) were resistant to α2-AR agonist-mediated
sedation. A dominant negative effect of the D79N α2A-AR on the wild-type
receptor structure was excluded because mice heterozygous for the wild-type
α2A-AR (α2A-AR+/–) were also resistant to the α2-AR agonist-mediated seda-
tive response (29). These findings provided genetic evidence that greater than
50% of α2-AR must be activated to evoke sedation, consistent with previous
studies using covalent inactivation of receptors (60) or antisense strategies (61)
as approaches to diminish α2A-AR density and affect pathways.

In contrast to the loss of sedative response to α2-AR agonists in heterozygous
mice, α2A-AR+/– mice remained sensitive to dexmedetomidine-elicited hypoten-
sion (29). These observations suggest that different α2A-AR-mediated physi-
ological responses involve different fractional α2A-AR activation. A direct
consequence of this insight is that desired therapeutic end points (e.g., achieving
reductions in blood pressure) without undesired effects (e.g., sedation) could be
achieved clinically by developing agents (either partial agonists or allosteric
enhancers) that induce or stabilize a receptor conformation that elicits 50% or
less maximal receptor response as noted above. The proof of concept that an α2A-
AR partial agonist can selectively lower blood pressure without sedation are
findings with moxonidine, which lowered blood pressure without eliciting a
sedative response in wild-type mice, an effect that absolutely required expres-
sion of the α2A-AR subtype (29,62,63).

Thus, agents displaying partial agonism at the α2A-AR (such as moxonidine)
represent a therapeutic approach for selectively modulating physiological responses
and may provide benefit when undesired sedative effects are observed following
α2A-AR activation (e.g., hypotension, enhancement of cognitive function, and
treatment of attentional deficits) (35,58,59). Moreover, these findings also high-
light the impact of rigorously assessing heterozygous mice as an experimental
approach to define physiological functions that may be differentially sensitive to
fractional activation.

3. The α2B-Adrenergic Receptor Null Mice
Reveal Roles for the α2B-AR Subtype in Hypertension,
Antinociception to Nitrous Oxide, and Development
3.1. The α2B-AR in Blood Pressure Regulation

As discussed above, agents acting via α2-ARs to elicit changes in blood pres-
sure induce a characteristic biphasic hemodynamic profile consisting of a tran-
sient hypertensive response followed by the sustained, centrally localized
α2-AR-mediated drop in blood pressure. As with the α2A-AR, mice null for the
α2B-AR (α2B-AR–/–) have documented the role of the α2B-AR subtype in modu-
lating the pressor, or increased, blood pressure responses following α2-agonist
activation of peripheral mechanisms (11). Control studies demonstrated that α2B-
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AR–/– mice were equally responsive to α1-AR-mediated vasoconstriction relative
to wild-type mice, confirming that blood pressure regulation was not the result
of generalized perturbation of vasoconstrictor properties of the vasculature (11).

3.2. The α2B-AR in Salt-Sensitive Hypertension

Patients with essential hypertension frequently display an increased salt sen-
sitivity. Although the mechanisms by which salt (i.e., Na+ ions) elevates blood
pressure remain unclear, several studies strongly support the influence of a
hyperadrenergic state. Intravenous infusion of hypertonic saline is associated
with increases in norepinephrine and vasopressin levels and correlates with in-
creased sympathetic drive (64). Hypertonic saline infusion in various brain re-
gions recapitulates these observations (65–67). Collectively, these findings
suggest sodium leads to unregulated sympathetic drive, accounting for excessive
catecholamine levels and elevated blood pressure.

The α2B-AR–/– mice have provided evidence for this subtype in salt-induced
elevations in blood pressure (Table 1). Mice subjected to subtotal nephrectomy
followed by a salt-loading regimen (a model for salt-induced hypertension)
revealed that mice devoid of the α2B-AR did not develop hypertension as com-
pared to α2A-AR–/– mice, α2C-AR–/– mice, and wild-type controls exposed to the
same salt-loading protocol (68,69). Significantly, elevated blood pressure lev-
els were reduced in wild-type mice with established salt-induced hypertension
following intracerebroventricular infusion of either an antisense oligonucle-
otide specific for the α2B-AR or a cytomegalovirus-driven plasmid encoding
this oligonucleotide (70,71). Collectively, these findings suggest a predomi-
nant role for the α2B-AR subtype in mediating salt-sensitive hypertension and
point toward α2B-AR-selective blockade as a useful therapeutic approach in
this pathological condition. One hypothesis suggests that the salt-sensitive
hypertensive state is via catecholamine activation of (blood pressure-raising)
α2B-ARs in parallel with sodium-dependent decreases in (blood pressure-low-
ering) α2A-AR potency in counteracting the hypertensive drive (68).

However, both the α2A-AR and α2B-AR subtypes are allosterically modulated
by monovalent cations in a similar fashion (72), ruling against a role for selective
allosteric regulation; further, there is no direct biological evidence that Na+ sensi-
tivity is critical in vivo for the proper function of these receptors (and G protein-
coupled receptors in general, as reviewed by Ceresa and Limbird in ref. 73).
Nonetheless, these data point to a major role for the α2B-AR subtype in mediating
the hypertensive response, under both physiological and pathological (i.e., salt-
sensitive hypertension) conditions, and suggest that agents that are partial agonists
at the α2A-AR are devoid of agonist activity at the α2B-AR (or α2B-AR-selective
antagonists in the case of salt-sensitive hypertension) would enhance the therapeu-
tic repertoire in treating hypertension and other heart diseases.
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3.3. The α2B-AR Mediates Antinociception to Nitrous Oxide
Whereas α2-agonists induce the analgesic and hypnotic–sedative states via

activation of the α2A-AR subtype (see above), the α2B-AR subtype appears to
mediate the analgesic response to the inhaled anesthetic agent N2O. Multiple
transduction mechanisms appear to be involved; opioid receptor antagonism
blocks N2O antinociception in mice and analgesia in humans (30,74–76). Previ-
ous studies have noted functional interactions between opioid and adrenergic
receptor systems (77,78). Indeed, these receptors co-localize to proximal den-
drites in primary hippocampal neurons, and μ-opioid–α2-AR complexes can be
detected biochemically (79). However, the role of cross regulation in vivo is
incompletely understood.

The involvement of the α2-AR system in N2O-dependent analgesia was inferred
initially from observations demonstrating that intrathecal administration of α2-AR
antagonists could inhibit N2O-mediated mouse antinociception. Moreover, selec-
tive depletion of noradrenergic nuclei via intracerebroventricular application of the
toxin saporin (coupled to an antibody that binds dopamine β-hydroxylase, an
enzyme specifically located in noradrenergic/adrenergic neurons) blocked N2O-
mediated antinociception in mice (80). Thus, these data implicated adrenergic
signaling, in addition to opiate signaling, in this effect. Importantly, studies in mice
null for the α2B-AR revealed that this subtype is critical for N2O antinociception;
N2O-exposed α2B-AR–/– mice displayed decreased latencies (i.e., were hypersen-
sitive) in the hot plate assay (Table 1). In contrast, α2A-ARD79N/D79N, α2A-AR–/–, and
α2C-AR–/– mice exhibited responses identical to their wild-type counterparts under
the same experimental conditions (80). Interestingly, sedative responses to N2O are
α2-AR independent, suggesting that, at least for N2O, that antinociception and
sedation are dissociable events. Clearly, spinal α2B-ARs are responsible for medi-
ating antinociception in mice in response to N2O exposure.

3.4. The α2B-AR in Embryonic Development
Studies initiated after the derivation of the α2B-AR–/– mice to assess subtype-

specific physiological functions had noted fewer α2B-AR–/– offspring than would
have been predicted by Mendelian ratios (11) or had observed that α2B-AR null
mice displayed breeding difficulties (68). An elegant and fascinating study pur-
sued the perplexing observation that mice lacking this subtype had reduced
survival. In contrast to α2B-AR–/– mice, α2A-ARD79N/D79N, α2A-AR–/–, and α2C-AR–/–

mice were produced as would be expected by Mendelian ratios (4,8,81). Double-
knockout α2AC-AR–/– mice were born live from heterozygous crossings at the
expected ratios and developed normally (21,22). The crossing of α2AC-AR–/–

mice with those null for the α2B-AR to yield mice deficient in all three α2-ARs
(α2ABC-AR–/–) revealed that α2ABC-AR–/–embryos died between days 9.5 and 11.5;
only 1 of 283 mice offspring survived until weaning (82). Histological analysis
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revealed a poorly developed yolk sac and a poorly vascularized placental laby-
rinth in α2ABC-AR–/– embryos, suggesting that placental α2B-ARs are critically
localized for vascular development at the mother–embryo interface. Heart struc-
ture and the levels of L-dopa and catecholamines were normal in triply deficient
mice relative to wild-type embryos, suggesting that embryonic lethality in α2ABC-
AR–/– mice was the result of a specific decrement in placental development and
the placental circulatory system, not to cardiac structure or circulating hormone
levels (82). Reverse transcriptase polymerase chain reaction analysis identified
mRNA for all three α2-ARs in the placenta at E10.5, demonstrating that they are
present in these tissues.

Strikingly, radioligand-binding assays employing the non-subtype-selective
α2-AR antagonist [3H]RX821002 performed on placental tissue homogenates
revealed comparable levels of receptor expression in α2AC-AR–/– placenta relative
to wild-type placenta, establishing that the α2B-AR is the predominant α2-AR
subtype in the embryonic part of the placenta (82). To identify signaling compo-
nents that would be negatively affected, it was shown that α2-AR (but not growth
factor)-stimulated MAPK activation was dramatically attenuated in yolk sac
preparations derived from α2ABC-AR–/– mice. The data suggest that abrogation of
yolk sac α2B-AR-mediated MAPK signaling leads to severe placental defects and
embryonic lethality as seen in triply deficient animals; indeed, functional conser-
vation of upstream molecules leading to MAPK activation is critical for placental
and yolk sac development (83,84). These seminal observations provide a pos-
sible explanation for the reduced survival of α2B-AR–/– mice and reveal a role for
the α2B-AR subtype in embryonic placental circulatory system development.

To our knowledge, the existence or relevance of imidazoline-binding sites
(85,86) in response to imidazoline-containing ligands (e.g., clonidine) and struc-
turally related compounds has not been addressed in α2ABC-AR–/– mice. The
complete absence of the α2-ARs in triply deficient animals provides an oppor-
tunity to evaluate the role of these sites (distinct from α2-ARs) and their potential
contribution to regulating physiological functions, such as the regulation of
systemic blood pressure in response to peripherally administered drugs (87,88).

4. The α2C-AR-Deficient Mice and α2C-AR-Overexpressing
Mice Define Roles of this Subtype
in Neuronal Transmission and in Multiple Behaviors

Studies employing genetically modified mice with overexpression of (α2C-
AR+/+OE) or null for the α2C-AR (α2C-AR–/–) have yielded particularly fruitful
insights into the roles that this subtype plays in discrete physiological functions
(see Table 1). The strength of the data is corroborated by the observation of
reciprocal changes in responses observed in these genotypically opposite mice.
The α2C-AR subtype is found in a number of brain structures (e.g., hippocampus,



α2-AR by Knockout 255

cerebral cortex, striatum, and caudate and accumbens nuclei; 89), suggesting a
role for this receptor in behavioral and psychomotor functions. Studies employ-
ing these animals have supported a role for the α2C-AR subtype in these physi-
ological functions and have revealed novel roles for this receptor.

4.1. The α2C-AR Regulation of Catecholamine Release

Numerous well-documented studies have defined a major role of the α2A-AR
subtype in mediating feedback modulation of neurotransmitter release (reviewed
above). However, data from several sources employing pharmacological probes
have supported the hypothesis that a second autoreceptor contributes to α2-AR-
mediated regulation of neurotransmitter release (17,18). Studies assessing pre-
synaptic α2-AR inhibition of electrically stimulated contraction showed that
vas deferens preparations derived from α2A-AR–/– mice remained partially sen-
sitive to dexmedetomidine, supporting the second autoreceptor hypothesis. As
expected, dexmedetomidine dose-dependently blocked contraction in wild-type
vas deferens preparations (8). Interestingly, these same observations were seen
in mouse brain cortex slices, suggesting that a second autoreceptor mechanism
is conserved in other tissues (22). Again, elegant data generated using the α2AC-
AR–/– mouse have provided conclusive evidence that the second receptor subtype
involved in the regulation of synaptic transmission was the α2C-AR (21,22).

In wild-type atrial preparations, increasing concentrations of the nonselective
α2-AR agonist UK-14,304 dose dependently inhibited electrically-stimulated
[3H]norepinephrine release (21). Consistent with previous studies, α2A-AR abla-
tion did not completely attenuate the effects of UK-14,304 in suppressing
[3H]norepinephrine release. In contrast, atrial preparations derived from α2AC-
AR–/– mice were completely unresponsive to UK-14,304 in this functional assay.
Additional studies revealed that the α2A-AR and α2C-AR subtypes serve distinct
roles in the regulation of neurotransmitter release (Table 1). Frequency inhibi-
tion studies showed that the α2C-AR is fine-tuned to respond to low-frequency
stimulation (i.e., low norepinephrine concentrations), whereas the α2A-AR is
geared to respond to high-frequency stimulation (i.e., high norepinephrine con-
centrations as would be elicited by sympathetic activation).

Biochemically, norepinephrine possesses a higher affinity for the α2C-AR
subtype, suggesting that this receptor is able to respond to low-level circulating
catecholamines and minute alterations of them. Alternatively, higher concentra-
tions of norepinephrine will occupy the lower affinity α2A-ARs and involve them
in regulating neurotransmitter release. The unique properties of these subtypes
play a critical role in vivo; α2C-AR–/– mice display significantly elevated plasma
norepinephrine levels in contrast to wild-type, α2A-AR–/–, α2B-AR–/–, and α2C-
AR–/– mice. Assessment of hearts from α2AC-AR–/– mice at 4 mo of age revealed
marked hypertrophy with decreased left ventricular contractility (21,90). Thus,
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clinical features of heart failure (e.g., abnormal cardiac function, cardiac hyper-
trophy) are associated with excessive circulating catecholamine levels and sym-
pathetic hyperactivity (by virtue of no negative feedback) (91). Patients harboring
a dysfunctional α2C-AR variant had a worse clinical status and decreased cardiac
function (91).

These studies underpin the functional relevance of the α2C-AR, in addition to
the α2A-AR, in the regulation of neurotransmitter release and circulating levels
of catecholamines. Agonists selective for the α2C-AR may represent novel thera-
peutic agents to attenuate or prevent the development of heart failure or other
diseases associated with deregulated catecholamine levels.

4.2. The α2C-AR in Regulation
of Adrenal Gland Catecholamine Release

Although the α2C-AR contributes to the regulation of catecholamine release
in some tissues, it serves as the main autoregulator in other organs (Table 1).
In particular, the α2C-AR regulates epinephrine secretion from the chromaffin
cells of the adrenal gland (92). Plasma epinephrine levels (adrenal chromaffin
cells represent the primary source of epinephrine, whereas sympathetic neu-
rons release circulating norepinephrine) (93) are selectively elevated in α2C-
AR–/– mice (92). In line with this observation, Northern blot analysis
demonstrated that α2C-AR mRNA (and not mRNA encoding α2A-AR or α2B-
AR) is found in isolated mouse adrenal chromaffin cells; further, α2C-AR
mRNA predominates in the human adrenal gland (94,95). In an autocrine fash-
ion analogous to sympathetic neuronal activation, the α2C-AR found on chro-
maffin cells inhibits stimulated epinephrine release (92). Collectively, these
data reinforce the role that this receptor subtype plays in regulating catechol-
amine release from different biological tissues, and as discussed above, ago-
nists selective for the α2C-AR may represent therapeutic agents to attenuate or
prevent the development of pathology associated with overactive adrenal gland
function.

4.3. The α2C-AR in Behavior and Psychomotor Function

In general, studies evaluating α2C-AR–/– mice in physiological and behavioral
paradigms have revealed that this subtype plays an inhibitory role in the process-
ing of sensory information and central nervous system-related motor and emo-
tive processes (96). Mice null for the α2C-AR are more active; α2C-AR–/– mice
displayed an increase in locomotor activity over time following injection of the
dopamine stimulant agonist D-amphetamine compared to wild-type controls (97).
In contrast, α2C-AR+/+OE mice were significantly less active than wild-type coun-
terparts after amphetamine injection. Consistent with this observation, hyperac-
tive α2C-AR–/– mice were refractory to dexmedetomidine-mediated inhibition of
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locomotor activity (93). These data suggest that the α2C-AR tonically inhibits
locomotion, as observed in the overexpressing mice, and that the loss of α2C-AR
promotes a hyperlocomotive phenotype (Table 1).

A variety of experimental animal paradigms exist for in vivo assessment of
behavioral functions (98). The startle reflex (defined as the animal’s response
latency following stimulation elicited by an auditory stimulus) can be inhibited
by a preceding stimulus (defined as prepulse inhibition) (99,100). The isolation-
induced aggression paradigm assesses the animal’s response to an intruding
animal and reflects the level of hostility (98). The data derived can be extrapo-
lated to human pathophysiology; for example, deficits in prepulse inhibition
(PPI) have been observed in patients suffering from schizophrenia (101), and
PPI deficiency in rats can be corrected by antipsychotic treatment (102). There-
fore, these experimental paradigms can be employed collectively to assess
animal behavior. Compared to control animals, α2C-AR–/– mice are hyperreac-
tive to loud noises (i.e., display enhanced startle response) and display a deficit
in PPI, whereas opposite findings were identified in α2C-AR+/+OE animals (103).
Further, α2C-AR–/– mice are more aggressive and were on average quicker to
initiate an attack after a target mouse was introduced to the test cage. These data
reveal that the absence of α2C-AR expression is associated with increased startle
reflex, decreased PPI, and reduced attack latency (i.e., increased aggression) in
addition to increased motor activity in stimulated conditions (Table 1). These
findings suggest that α2C-AR-selective activation may provide clinical benefit
in conditions for which enhanced startle responses and motor dysfunction pre-
dominate, such as schizophrenia, attention deficit disorder and posttraumatic
stress disorder.

Collectively, data from studies manipulating α2C-AR expression in mice
revealed that loss of α2C-AR function (by virtue of knockout) leads to hyper-
reactivity and impulsiveness, whereas overactive signaling (by virtue of over-
expression) leads to a depressive- and anxiouslike state. Modulation of α2C-AR
signaling, via subtype-selective agonists or antagonists depending on the symp-
tomatology, could thus represent a therapeutic avenue in the treatment of a
variety of behavioral diseases.

4.4. The α2C-AR Contribution to Moxonidine-Induced Antinociception

The α2C-AR also appears to contribute to antinociception. Moxonidine-
induced antinociception following intrathecal administration was impaired but
not abolished in α2A-ARD79N/D79N mice relative to wild-type counterparts, whereas
clonidine was ineffective in α2A-ARD79N/D79N animals. These findings suggest
either that only fractional activation of the α2A-AR is needed for responding to
moxonidine-induced antinociception or that an alternate α2-AR subtype in addi-
tion to the α2A-AR was involved in moxonidine-dependent antinociception (104).
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Deletion of the α2B-AR did not affect moxonidine-induced spinal antinociception,
ruling out a role for this subtype in this effect (Table 1). The use of α2C-AR-
deficient and α2A-ARD79N/D79N mice in conjunction with antisense oligodeoxy-
nucleotide strategies provided conclusive evidence for the involvement the
α2C-AR together with the α2A-AR in mediating moxonidine-dependent
antinociception in mice (105). This dual regulation of a single response by both
subtypes is yet another example of their coordinated effects, including modula-
tion of neurotransmitter release.

5. Conclusion

A wealth of knowledge has been generated from the study of genetically
engineered animals with altered expression of each of the α2-AR receptors (see
Table 1). Specifically, studies of mice carrying the D79N α2A-AR, mice that are
singly (α2A-AR–/–, α2B-AR–/–, α2C-AR–/–), doubly (α2AC-AR–/–), or triply (α2ABC-
AR–/–) deficient in a particular subtype, or mice overexpressing the α2C-AR (α2C-
AR+/+OE) have elucidated myriad in vivo physiological and behavioral functions
modulated by circulating catecholamines as well as α2-AR-directed compounds.
It is also conceivable that these mice still have yet to reveal additional roles
mediated by these receptors, roles that will come to light in future studies of these
genetically modified mice. Findings to date, however, can serve as a basis for
programs for the identification of subtype-selective ligands (as well as subtype-
selective ligands with varying efficacy) directed against these “druggable” tar-
gets to achieve response-specific therapeutic intervention for the control of
hypertension, heart failure, suppression of pain, enhancement of cognitive func-
tion, and anesthesia, to name a few.

References

1. Philipp M, Hein L. Adrenergic receptor knockout mice: distinct functions of 9
receptor subtypes. Pharmacol Ther 2004;101:65–74.

2. Rohrer DK, Kobilka BK. Insights from in vivo modification of adrenergic receptor
gene expression. Annu Rev Pharmacol Toxicol 1998;38:351–373.

3. Surprenant A, Horstman DA, Akbarali H, Limbird LE. A point mutation of the α2-
adrenoceptor that blocks coupling to potassium but not calcium currents. Science
1992; 257:977–980.

4. MacMillan LB, Hein L, Smith MS, Piascik MT, Limbird LE. Central hypotensive
effects of the α2a-adrenergic receptor subtype. Science 1996;273:801–803.

5. Lakhlani PP, MacMillan LB, Guo TZ, et al. Substitution of a mutant α2a-adrener-
gic receptor via “hit and run” gene targeting reveals the role of this subtype in
sedative, analgesic, and anesthetic-sparing responses in vivo. Proc Natl Acad Sci
USA 1997;94:9950–9955.

6. Wilson MH, Limbird LE. Mechanisms regulating the cell surface residence time
of the α2A-adrenergic receptor. Biochemistry 2000;39:693–700.



α2-AR by Knockout 259

7. Wilson MH, Highfield HA, Limbird LE. The role of a conserved inter-trans-
membrane domain interface in regulating α2a-adrenergic receptor conforma-
tional stability and cell-surface turnover. Mol Pharmacol 2001;59:929–938.

8. Altman JD, Trendelenburg AU, MacMillan L, et al. Abnormal regulation of the
sympathetic nervous system in α2A-adrenergic receptor knockout mice. Mol Phar-
macol 1999;56:154–161.

9. Adler CH, Meller E, Goldstein M. Receptor reserve at the α2 adrenergic receptor
in the rat cerebral cortex. J Pharmacol Exp Ther 1987;240:508–515.

10. Philipp M, Brede ME, Hein L. Physiological significance of α2-adrenergic recep-
tor subtype diversity: one receptor is not enough. Am J Physiol Regul Integr Comp
Physiol 2002;283:R287–R295.

11. Link RE, Desai K, Hein L, et al. Cardiovascular regulation in mice lacking α2-
adrenergic receptor subtypes b and c. Science 1996;273:803–805.

12. Zhu QM, Lesnick JD, Jasper JR, et al. α2A Adrenoceptors, not I1-imidazoline recep-
tors, mediate the hypotensive effects of rilmenidine and moxonidine in conscious
mice. In vivo and in vitro studies. Ann N Y Acad Sci 1999;881:287–289.

13. Zhu QM, Lesnick JD, Jasper JR, et al. Cardiovascular effects of rilmenidine,
moxonidine and clonidine in conscious wild-type and D79N α2A-adrenoceptor
transgenic mice. Br J Pharmacol 1999;126:1522–1530.

14. Peng N, Clark JT, Wei CC, Wyss JM. Estrogen depletion increases blood pressure
and hypothalamic norepinephrine in middle-aged spontaneously hypertensive rats.
Hypertension 2003;41:1164–1167.

15. Carlsson A. Dopaminergic autoreceptors. In Almgren O, Carlsson A, Engel J,
editors. Chemical Tools in Catecholamine Research. Amsterdam, The Nether-
lands: North-Holland; 1975:219–225.

16. Langer SZ. Presynaptic regulation of catecholamine release. Biochem Pharmacol
1974;23:1793–1800.

17. Limberger N, Trendelenburg AU, Starke K. Pharmacological characterization of
presynaptic α2-autoreceptors in rat submaxillary gland and heart atrium. Br J Phar-
macol 1992;107:246–255.

18. Trendelenburg AU, Sutej I, Wahl CA, Molderings GJ, Rump LC, Starke K. A
reinvestigation of questionable subclassifications of presynaptic α2-autoreceptors:
rat vena cava, rat atria, human kidney and guinea-pig urethra. Naunyn Schmiede-
bergs Arch Pharmacol 1997;356:721–737.

19. Docherty JR. Subtypes of functional α1- and α2-adrenoceptors. Eur J Pharmacol
1998;361:1–15.

20. Feuerstein TJ, Huber B, Vetter J, Aranda H, Van V, Limberger N. Characterization
of the α2-adrenoceptor subtype, which functions as α2-autoreceptor in human
neocortex. J Pharmacol Exp Ther 2000;294:356–362.

21. Hein L, Altman JD, Kobilka BK. Two functionally distinct α2-adrenergic recep-
tors regulate sympathetic neurotransmission. Nature 1999;402:181–184.

22. Bucheler MM, Hadamek K, Hein L. Two α2-adrenergic receptor subtypes, α2A and
α2C, inhibit transmitter release in the brain of gene-targeted mice. Neuroscience
2002;109:819–826.

23. Scheibner J, Trendelenburg AU, Hein L, Starke K. Stimulation frequency-norad-
renaline release relationships examined in α2A-, α2B- and α2C-adrenoceptor-defi-
cient mice. Naunyn Schmiedebergs Arch Pharmacol 2001;364:321–328.



260 Tan and Limbird

24. Trendelenburg AU, Klebroff W, Hein L, Starke K. A study of presynaptic α2-
autoreceptors in α2A/D-, α2B- and α2C-adrenoceptor-deficient mice. Naunyn Schmie-
debergs Arch Pharmacol 2001;364:117–130.

25. Ihalainen JA, Tanila H. In vivo regulation of dopamine and noradrenaline release
by α2A-adrenoceptors in the mouse prefrontal cortex. Eur J Neurosci 2002;15:
1789–1794.

26. Maze M, Segal IS, Bloor BC. Clonidine and other α2 adrenergic agonists: strate-
gies for the rational use of these novel anesthetic agents. J Clin Anesth 1988;1:146–
157.

27. Hayashi Y, Maze M. α2 Adrenoceptor agonists and anaesthesia. Br J Anaesth
1993;71:108–118.

28. Dehpour AR, Samini M, Arad MA, Namiranian K. Clonidine attenuates naloxone-
induced opioid-withdrawal syndrome in cholestatic mice. Pharmacol Toxicol
2001;89:129–132.

29. Tan CM, Wilson MH, MacMillan LB, Kobilka BK, Limbird LE. Heterozygous α2A

adrenergic receptor mice unveil unique therapeutic benefits of partial agonists.
Proc Natl Acad Sci USA 2002;99:12,471–12,476.

30. Guo TZ, Davies MF, Kingery WS, Patterson AJ, Limbird LE, Maze M. Nitrous
oxide produces antinociceptive response via α2B and/or α2C adrenoceptor subtypes
in mice. Anesthesiology 1999;90:470–476.

31. Furst S. Transmitters involved in antinociception in the spinal cord. Brain Res Bull
1999;48:129–141.

32. Hunter JC, Fontana DJ, Hedley LR, et al. Assessment of the role of α2-adrenoceptor
subtypes in the antinociceptive, sedative and hypothermic action of dexmedeto-
midine in transgenic mice. Br J Pharmacol 1997;122:1339–1344.

33. Cohen DJ, Young JG, Nathanson JA, Shaywitz BA. Clonidine in Tourette’s syn-
drome. Lancet 1979;2:551–553.

34. Sorkin EM, Heel RC. Guanfacine. A review of its pharmacodynamic and pharma-
cokinetic properties, and therapeutic efficacy in the treatment of hypertension.
Drugs 1986;31:301–336.

35. Scahill L, Chappell PB, Kim YS, et al. A placebo-controlled study of guanfacine
in the treatment of children with tic disorders and attention deficit hyperactivity
disorder. Am J Psychiatry 2001;158:1067–1074.

36. Franowicz JS, Kessler LE, Borja CM, Kobilka BK, Limbird LE, Arnsten AF.
Mutation of the α2A-adrenoceptor impairs working memory performance and
annuls cognitive enhancement by guanfacine. J Neurosci 2002;22:8771–8777.

37. Arnsten AF, Cai JX, Goldman-Rakic PS. The α2 adrenergic agonist guanfacine
improves memory in aged monkeys without sedative or hypotensive side effects:
evidence for α2 receptor subtypes. J Neurosci 1988;8:4287–4298.

38. Avery RA, Franowicz JS, Studholme C, van Dyck CH, Arnsten AF. The α2A

adrenoceptor agonist, guanfacine, increases regional cerebral blood flow in dor-
solateral prefrontal cortex of monkeys performing a spatial working memory task.
Neuropsychopharmacology 2000;23:240–249.

39. Li BM, Mao ZM, Wang M, Mei ZT. α2 Adrenergic modulation of prefrontal
cortical neuronal activity related to spatial working memory in monkeys.
Neuropsychopharmacology 1999;21:601–610.



α2-AR by Knockout 261

40. McNamara JO. Drugs effective in the therapy of the epilepsies. In Hardman JG,
Limbird LE, editors. Goodman and Gilman’s the Pharmacological Basis of Thera-
peutics. New York: McGraw-Hill; 2001:521–547.

41. McNamara JO. Cellular and molecular basis of epilepsy. J Neurosci 1994;14:
3413–3425.

42. Corcoran ME, Mason ST. Role of forebrain catecholamines in amygdaloid kin-
dling. Brain Res 1980;190:473–484.

43. Goddard GV, McIntyre DC, Leech CK. A permanent change in brain function
resulting from daily electrical stimulation. Exp Neurol 1969;25:295–330.

44. Gellman RL, Kallianos JA, McNamara JO. α2 Receptors mediate an endogenous
noradrenergic suppression of kindling development. J Pharmacol Exp Ther 1987;
241:891–898.

45. Chen LS, Weingart JB, McNamara JO. Biochemical and radiohistochemical analy-
ses of α2 adrenergic receptors in the kindling model of epilepsy. J Pharmacol Exp
Ther 1990;253:1272–1277.

46. McIntyre DC, Wong RK. Cellular and synaptic properties of amygdala-kindled
pyriform cortex in vitro. J Neurophysiol 1986;55:1295–1307.

47. Janumpalli S, Butler LS, MacMillan LB, Limbird LE, McNamara JO. A point
mutation (D79N) of the α2A adrenergic receptor abolishes the antiepilep-
togenic action of endogenous norepinephrine. J Neurosci 1998;18:2004–
2008.

48. Porsolt RD, Anton G, Blavet N, Jalfre M. Behavioural despair in rats: a new
model sensitive to antidepressant treatments. Eur J Pharmacol 1978;47:379–
391.

49. Porsolt RD, Bertin A, Jalfre M. “Behavioural despair” in rats and mice: strain
differences and the effects of imipramine. Eur J Pharmacol 1978;51:291–294.

50. Schramm NL, McDonald MP, Limbird LE. The α2a-adrenergic receptor plays a
protective role in mouse behavioral models of depression and anxiety. J Neurosci
2001;21:4875–4882.

51. Lahdesmaki J, Sallinen J, MacDonald E, Kobilka BK, Fagerholm V, Scheinin M.
Behavioral and neurochemical characterization of α2A-adrenergic receptor knock-
out mice. Neuroscience 2002;113:289–299.

52. Flugge G. Alterations in the central nervous α2-adrenoceptor system under chronic
psychosocial stress. Neuroscience 1996;75:187–196.

53. Bjorklund M, Sirvio J, Puolivali J, et al. α2C adrenoceptor-overexpressing mice are
impaired in executing nonspatial and spatial escape strategies. Mol Pharmacol
1998;54:569–576.

54. Bjorklund M, Sirvio J, Riekkinen M, Sallinen J, Scheinin M, Riekkinen P Jr.
Overexpression of α2C-adrenoceptors impairs water maze navigation. Neuro-
science 2000;95:481–487.

55. Bjorklund M, Sirvio J, Sallinen J, Scheinin M, Kobilka BK, Riekkinen P Jr. α2C

Adrenoceptor overexpression disrupts execution of spatial and non-spatial search
patterns. Neuroscience 1999;88:1187–1198.

56. Fuchs E, Kramer M, Hermes B, Netter P, Hiemke C. Psychosocial stress in tree
shrews: clomipramine counteracts behavioral and endocrine changes. Pharmacol
Biochem Behav 1996;54:219–228.



262 Tan and Limbird

57. Meyer H, Palchaudhuri M, Scheinin M, Flugge G. Regulation of α2A-adreno-
ceptor expression by chronic stress in neurons of the brain stem. Brain Res
2000;880:147–158.

58. Correa-Sales C, Rabin BC, Maze M. A hypnotic response to dexmedetomidine, an
α2 agonist, is mediated in the locus coeruleus in rats. Anesthesiology 1992;76:
948–952.

59. Kita T, Kagawa K, Mammoto T, et al. Supraspinal, not spinal, α2 adrenoceptors
are involved in the anesthetic-sparing and hemodynamic-stabilizing effects of
systemic clonidine in rats. Anesth Analg 2000;90:722–726.

60. Rabin BC, Reid K, Guo TZ, Gustafsson E, Zhang C, Maze M. Sympatholytic and
minimum anesthetic concentration-sparing responses are preserved in rats ren-
dered tolerant to the hypnotic and analgesic action of dexmedetomidine, a selec-
tive α2-adrenergic agonist. Anesthesiology 1996;85:565–573.

61. Mizobe T, Maghsoudi K, Sitwala K, Tianzhi G, Ou J, Maze M. Antisense technol-
ogy reveals the α2A adrenoceptor to be the subtype mediating the hypnotic
response to the highly selective agonist, dexmedetomidine, in the locus coeruleus
of the rat. J Clin Invest 1996;98:1076–1080.

62. Urban R, Szabo B, Starke K. Involvement of α2-adrenoceptors in the cardiovas-
cular effects of moxonidine. Eur J Pharmacol 1995;282:19–28.

63. Urban R, Szabo B, Starke K. Is the sympathoinhibitory effect of rilmenidine
mediated by α2 adrenoceptors or imidazoline receptors? J Pharmacol Exp Ther
1994;270:572–578.

64. Hatzinikolaou P, Gavras H, Brunner HR, Gavras I. Sodium-induced elevation of
blood pressure in the anephric state. Science 1980;209:935–936.

65. Benetos A, Bresnahan M, Gavras I, Gavras H. Central catecholamines and α
adrenoceptors in acute hypertension induced by intracerebroventricular hyper-
tonic saline. J Hypertens 1987;5:699–704.

66. Gavras H, Bain GT, Bland L, Vlahakos D, Gavras I. Hypertensive response to
saline microinjection in the area of the nucleus tractus solitarii of the rat. Brain Res
1985;343:113–119.

67. Vlahakos D, Gavras I, Gavras H. α-Adrenoceptor agonists applied in the area
of the nucleus tractus solitarii in the rat: effect of anesthesia on cardiovascular
responses. Brain Res 1985;347:372–375.

68. Makaritsis KP, Handy DE, Johns C, Kobilka B, Gavras I, Gavras H. Role of the
α2B adrenergic receptor in the development of salt-induced hypertension. Hyper-
tension 1999;33:14–17.

69. Makaritsis KP, Johns C, Gavras I, et al. Sympathoinhibitory function of the α2A-
adrenergic receptor subtype. Hypertension 1999;34:403–407.

70. Kintsurashvili E, Johns C, Ignjacev I, Gavras I, Gavras H. Central α2B-adrenergic
receptor antisense in plasmid vector prolongs reversal of salt-dependent hyperten-
sion. J Hypertens 2003;21:961–967.

71. Kintsurashvili E, Gavras I, Johns C, Gavras H. Effects of antisense oligo-
deoxynucleotide targeting of the α2B-adrenergic receptor messenger RNA in the
central nervous system. Hypertension 2001;38:1075–1080.

72. Wilson AL, Seibert K, Brandon S, Cragoe EJ Jr, Limbird LE. Monovalent
cation and amiloride analog modulation of adrenergic ligand binding to the



α2-AR by Knockout 263

unglycosylated α2B-adrenergic receptor subtype. Mol Pharmacol 1991;39:481–
486.

73. Ceresa BP, Limbird LE. Mutation of an aspartate residue highly conserved among
G protein-coupled receptors results in nonreciprocal disruption of α2-adrenergic
receptor-G-protein interactions. A negative charge at amino acid residue 79
forecasts α2A-adrenergic receptor sensitivity to allosteric modulation by monova-
lent cations and fully effective receptor/G-protein coupling. J Biol Chem 1994;
269:29,557–29,564.

74. Berkowitz BA, Finck AD, Hynes MD, Ngai SH. Tolerance to nitrous oxide anal-
gesia in rats and mice. Anesthesiology 1979;51:309–312.

75. Berkowitz BA, Finck AD, Ngai SH. Nitrous oxide analgesia: reversal by naloxone
and development of tolerance. J Pharmacol Exp Ther 1977;203:539–547.

76. Fang F, Guo TZ, Davies MF, Maze M. Opiate receptors in the periaqueductal
gray mediate analgesic effect of nitrous oxide in rats. Eur J Pharmacol 1997;336:
137–141.

77. Stone LS, MacMillan LB, Kitto KF, Limbird LE, Wilcox GL. The α2a adrenergic
receptor subtype mediates spinal analgesia evoked by α2 agonists and is neces-
sary for spinal adrenergic-opioid synergy. J Neurosci 1997;17:7157–7165.

78. Drasner K, Fields HL. Synergy between the antinociceptive effects of intrathecal
clonidine and systemic morphine in the rat. Pain 1988;32:309–312.

79. Jordan BA, Gomes I, Rios C, Filipovska J, Devi LA. Functional interactions
between mu opioid and α2A-adrenergic receptors. Mol Pharmacol 2003;64:1317–
1324.

80. Sawamura S, Kingery WS, Davies MF, et al. Antinociceptive action of nitrous
oxide is mediated by stimulation of noradrenergic neurons in the brainstem and
activation of α2B adrenoceptors. J Neurosci 2000;20:9242–9251.

81. Link RE, Stevens MS, Kulatunga M, Scheinin M, Barsh GS, Kobilka BK. Targeted
inactivation of the gene encoding the mouse α2c-adrenoceptor homolog. Mol
Pharmacol 1995;48:48–55.

82. Philipp M, Brede ME, Hadamek K, Gessler M, Lohse MJ, Hein L. Placental α2-
adrenoceptors control vascular development at the interface between mother and
embryo. Nat Genet 2002;31:311–315.

83. Mikula M, Schreiber M, Husak Z, et al. Embryonic lethality and fetal liver apop-
tosis in mice lacking the c-raf-1 gene. EMBO J 2001;20:1952–1962.

84. Qian X, Esteban L, Vass WC, et al. The Sos1 and Sos2 Ras-specific exchange
factors: differences in placental expression and signaling properties. EMBO J
2000;19:642–654.

85. Bousquet P, Feldman J, Schwartz J. Central cardiovascular effects of α adrenergic
drugs: differences between catecholamines and imidazolines. J Pharmacol Exp
Ther 1984;230:232–236.

86. Bousquet P, Feldman J. Drugs acting on imidazoline receptors: a review of their
pharmacology, their use in blood pressure control and their potential interest in
cardioprotection. Drugs 1999;58:799–812.

87. Eglen RM, Hudson, AL, Kendall DA, et al. “Seeing through a glass darkly”:
casting light on imidazoline “I” sites. Trends Pharmacol Sci 1998;19:381–
390.



264 Tan and Limbird

88. Parini A, Moudanos CG, Pizzinat N, Lanier SM. The elusive family of imidazoline
binding sites. Trends Pharmacol Sci 1996;17:13–16.

89. Wang R, MacMillan LB, Fremeau RT Jr, Magnuson MA, Lindner J, Limbird LE.
Expression of α2-adrenergic receptor subtypes in the mouse brain: evaluation of
spatial and temporal information imparted by 3 kb of 5′ regulatory sequence for the
α2A AR-receptor gene in transgenic animals. Neuroscience 1996;74:199–218.

90. Brum PC, Kosek J, Patterson A, Bernstein D, Kobilka B. Abnormal cardiac func-
tion associated with sympathetic nervous system hyperactivity in mice. Am J
Physiol Heart Circ Physiol 2002;283:H1838–H1845.

91. Brede M, Wiesmann F, Jahns R, et al. Feedback inhibition of catecholamine
release by two different α2-adrenoceptor subtypes prevents progression of heart
failure. Circulation 2002;106:2491–2496.

92. Brede M, Nagy G, Philipp M, Sorensen JB, Lohse MJ, Hein L. Differential control
of adrenal and sympathetic catecholamine release by α2-adrenoceptor subtypes.
Mol Endocrinol 2003;17:1640–1646.

93. Hoffman BB. Catecholamines, sympathomimetic drugs, and adrenergic receptor
antagonists. In Hardman JG, Limbird LE, editors. Goodman and Gilman’s the
Pharmacological Basis of Therapeutics. New York: McGraw-Hill; 2001:215–268.

94. Berkowitz DE, Price DT, Bello EA, Page SO, Schwinn DA. Localization of mes-
senger RNA for three distinct α2-adrenergic receptor subtypes in human tissues.
Evidence for species heterogeneity and implications for human pharmacology.
Anesthesiology1994;81:1235–1244.

95. Perala M, Hirvonen H, Kalimo H, et al. Differential expression of two α2-adren-
ergic receptor subtype mRNAs in human tissues. Brain Res Mol Brain Res
1992;16:57–63.

96. Sallinen J, Link RE, Haapalinna A, et al. Genetic alteration of α2C-adrenoceptor
expression in mice: influence on locomotor, hypothermic, and neurochemical
effects of dexmedetomidine, a subtype-nonselective α2-adrenoceptor agonist. Mol
Pharmacol 1997;51:36–46.

97. Sallinen J, Haapalinna A, Viitamaa T, Kobilka BK, Scheinin M. d-Amphetamine
and L-5-hydroxytryptophan-induced behaviours in mice with genetically-altered
expression of the α2C-adrenergic receptor subtype. Neuroscience 1998;86:959–
965.

98. Scheinin M, Sallinen J, Haapalinna A. Evaluation of the α2C-adrenoceptor as a
neuropsychiatric drug target studies in transgenic mouse models. Life Sci 2001;68:
2277–2285.

99. Davis M. Neural systems involved in fear-potentiated startle. Ann N Y Acad Sci
1989;563:165–183.

100. Davis M, Gendelman DS, Tischler MD, Gendelman PM. A primary acoustic startle
circuit: lesion and stimulation studies. J Neurosci 1982;2:791–805.

101. Braff D, Stone C, Callaway E, Geyer M, Glick I, Bali L. Prestimulus effects on
human startle reflex in normals and schizophrenics. Psychophysiology 1978;15:
339–343.

102. Swerdlow NR, Braff DL, Taaid N, Geyer MA. Assessing the validity of an animal
model of deficient sensorimotor gating in schizophrenic patients. Arch Gen Psy-
chiatry 1994;51:139–154.



α2-AR by Knockout 265

103. Sallinen J, Haapalinna A, Viitamaa T, Kobilka BK, Scheinin M. Adrenergic α2C

receptors modulate the acoustic startle reflex, prepulse inhibition, and aggression
in mice. J Neurosci 1998;18:3035–3042.

104. Fairbanks CA, Wilcox GL. Moxonidine, a selective α2-adrenergic and
imidazolinereceptor agonist, produces spinal antinociception in mice. J Pharmacol
Exp Ther 1999;290:403–412.

105. Fairbanks CA, Stone LS, Kitto KF, Nguyen HO, Posthumus IJ, Wilcox GL. α2C-
Adrenergic receptors mediate spinal analgesia and adrenergic-opioid synergy. J
Pharmacol Exp Ther 2002;300:282–290.



β-Adrenergic Receptors by Knockout 267

267

From: The Receptors: The Adrenergic Receptors: In the 21st Century
Edited by: D. Perez © Humana Press Inc., Totowa, NJ

10

The β-Adrenergic Receptors:
Lessons From Knockouts

Yang Xiang and Brian Kobilka

Summary

β-Adrenergic receptors (β-ARs) are members of the superfamily of G
protein-coupled receptors that are stimulated by the catecholamines
epinephrine and norepinephine (1). As part of the sympathetic nervous
system, β-ARs have important roles in cardiovascular, respiratory,
metabolic, central nervous system, and reproductive functions. Mice
lacking one or more of the three β-AR subtype genes (β1, β2, and β3)
have been generated to elucidate the physiological role of individual
subtypes. Moreover, cells and tissues extracted from these mice have
been utilized as tools to understand the molecular and cellular basis of
subtype-specific receptor function. These studies are summarized in
this chapter.

Key Words: Adipocyte; β-adrenergic receptors; apoptosis; cardiovascu-
lar; caveolae; knockout; metabolite; mitogen-activated protein kinase;
myocyte; PDZ domain; protein kinase A anchoring protein.

1. Introduction

β-Adrenergic receptors (β-ARs) are members of the superfamily of G protein-
coupled receptors (GPCRs) that are stimulated by the catecholamines epineph-
rine and norepinephine (1). β-ARs have been shown to play important roles in
the regulation of cardiovascular, respiratory, metabolic, central nervous system,
and reproductive functions by the sympathetic nervous system. Three distinct
subtypes of β-ARs have been identified and cloned: β1, β2, and β3 (2–4). All three
β-ARs are believed to signal by coupling to the stimulatory G protein Gsα, leading
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to activation of adenylyl cyclase and accumulation of the second messenger
cyclic adenosine 5′-monophosphate (cAMP). However, evidence suggests that
β-AR signaling is more complex. One interesting example is that β2-AR can also
couple to the inhibitory G protein Giα (5–7). In addition to activating G protein-
coupled pathways for stress responses, β-ARs can activate the mitogen-activated
protein kinase (MAPK) cascades that regulate cell growth and cardiac remodel-
ing (8–11) and the caspase-mediated signaling pathways that lead to cell death
(12,13).

The three β-ARs exhibit subtype-specific as well as overlapping expression
patterns. The β1- and β2-ARs are expressed at high level in heart and lung,
whereas β3-AR is the major subtype expressed in adipose tissue and gastrointes-
tinal (GI) tract. The in vivo function of β-AR subtypes was originally assigned
on the basis of responses to subtype-selective agonists and antagonists. The β1-
AR subtype is often classified as the “cardiac” β-AR because stimulation of these
receptors with agonists in vivo increases both cardiac rate and contractility. The
β2-AR mediates smooth muscle relaxation in the respiratory system and periph-
eral blood vessels. The β3-AR has been proposed not only as the major subtype
controlling lipolysis and thermogenesis in adipocytes (14), but also in regulating
smooth muscle in the GI tract (15). However, there is considerable overlap in the
tissue distribution and function of the β-AR subtypes. For example, β2-ARs are
also expressed in the heart, and in some species they may influence heart rate and
contractility (16,17). In the adult human left ventricle, the ratio of β1-ARs to β2-
ARs is 80:20 (16,18), whereas in the atria the ratio decreases to 70:30 (16). In
addition, the β2-ARs may play a more substantial role in mediating contractile
changes in the noninnervated fetal and neonatal hearts (19). The β3-ARs are also
present in human cardiomyocytes, in which they inhibit cardiac contractility,
possibly through a pertussis-sensitive G protein or synthesis of nitric oxide
(20,21). However, stimulation of human β3-AR overexpressed in the hearts of
transgenic mice leads to an increase in the strength of contraction (22). Likewise,
there is conflicting evidence regarding the role of β3-AR in regulating cardiac
contractility in other species (23–25).

Although most of the current knowledge of β-AR subtype physiology in vivo
has been derived from the use of subtype-selective agonists and antagonists,
the inferences derived from these studies are limited by the lack of absolute
subtype selectivity of the available drugs. The dose of a drug required to block
one subtype completely usually has some effect on at least one of the other
subtypes. The fact that tissues such as heart, adipose, and blood vessels often
express more than one β-AR subtype makes pharmacological isolation of sub-
type-specific functions a significant challenge. This mixed expression of mul-
tiple β-AR subtypes also explains the pleiotropic effects that follow nonspecific
β-AR agonist administration. From a clinic standpoint, there are many instances
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when β-AR subtype-selective stimulation or blockade is desired; therefore,
detailed knowledge of subtype-specific functions is necessary.

Targeted gene modification provides a powerful technique that, when coupled
with traditional pharmacological approaches, can provide information unobtain-
able by either means alone. Transgenic approaches have been utilized to drive
myocyte-specific overexpression of β1-, β2-, and β3-ARs (22,26,27). Gene knock-
out (KO) approaches have also been utilized to disrupt expression of the β1-,
β2-, and β3-ARs (14,28,29). In addition, mice lacking both β1- and β2-ARs (30)
and mice lacking all three β-ARs (31) have been generated though cross-breed-
ing strains with single β-AR subtype gene knockout. The role of each β-AR
subtype in regulating in vivo physiological function has then been determined
using standard physiological techniques adapted to the murine model (14,31–
33). Furthermore, cells or tissues isolated from these gene-deficient animals
have been utilized as model systems to examine the molecular and cellular basis
of β-AR subtype-specific function in differentiated cells. In this chapter, we
review studies focusing on cardiovascular and metabolic functions.

2. Effect of β-Adrenergic Receptor
Gene Disruption on Development and Viability

Given the important role of β-ARs in mediating cardiac contractile function
and cardiac growth, as well as the documented cardiac teratogenicity of β-AR
antagonists (34), it might have been anticipated that mice lacking β-ARs would
not survive to birth. Surprisingly, mice lacking the β2-AR are viable and fertile,
and they display normal resting heart rates and blood pressures (29). The β3-AR
null mice generated on an FVB inbred background are viable and fertile. β3-AR-
KO animals display normal resting heart rates and blood pressures, yet tend to
have a modest increase in body fat, with the effect greater in females (14).

In contrast, mice lacking the β1-AR (β1-AR-KO) have an increase in prenatal
lethality between embryonic days 11 and 18.5, a time when cardiogenesis is
complete and after initiation of the heartbeat (28). However, the penetrance of
lethality in the β1-AR-KO mice is strain dependent; approx 90% of mice homo-
zygous for the β1-AR disruption die in utero between embryonic days 10.5 and
18.5, when the disruption is present on a 129-Sv congenic background. The
mortality is still evident but reduced (~70%) when the disruption is present on
outbred backgrounds. Surviving β1-AR-KO mice have structurally normal hearts.

To eliminate the possibility that the β2-AR provides sufficient redundancy to
mitigate the loss of β1-ARs, mice were bred with deletions of both receptors (β1-
/β2-AR-KO) on a mixed genetic background. Interestingly, there was no increase
in prenatal lethality in these double knockouts (30). When β1

+/–β2
+/– mice were

crossbred, expected Mendelian ratios were observed for β1/β2-AR-KO. This
suggests that prenatal lethality of β1-AR gene disruption may be caused by an
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imbalance of β2-AR and β1-AR signaling rather than disruption of the β1-AR
gene alone. When the β1/β2-AR-KO mice were bred with the β3-AR-KO mice to
generate mice lacking all three receptor subtypes on a mixed genetic background,
no increase in prenatal lethality was observed (31).

3. Role of β-Adrenergic Receptor
Subtypes in Regulating Cardiac Function

3.1. Basal Cardiovascular Function
Targeted deletion of β1-, β2-, and both β1- and β2-ARs in mice has no signifi-

cant impact on resting heart rate, blood pressure, or cardiac output (28–30,35)
(Table 1) (data from mice lacking all three β-ARs is not available yet). These
results suggest that β1- and β2-ARs are not required for maintaining normal
resting heart rate and blood pressure or for baseline contractile function in the

Table 1
Cardiovascular Function of Knockout Strains

Relative to Wild-Type Controls

β1-AR-KO β2-AR-KO β1β2-AR-KO

Viability ~10–30% a Normal Normal b

Basal cardiovascular
• Resting heart rate Normal Normal Normal
• Blood Pressure Normal Normal Normal
• Cardiac output Normal Normal Normal

Response to isoproterenol
• Heart rate increase 50% Normal 10%
• Blood pressure change 80% 70% 30%
• dF/dt (right ventricle) 50% Nd   1%

Exercise at 20 m/min
• Heart rate increase 23% Normal 65%
• Blood pressure Normal 110% Normal
• Distance Normal    123.5% Normal
• VO2 Normal Increased c Reduced
• VCO2 Normal Normal Reduced
• RER Normal Reduced Normal

The percentages reflect the ratios between the experimental data of knockout animal and
the wild-type controls.

Nd, indicates not determined.
a Viability dependent on strain background.
b Litter sizes are small relative to wild-type controls with the same genetic background.
c This increase is a trend that did not reach statistical significance (28–30,36).
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mouse. They differ somewhat from experiments using antagonists to disrupt β-
AR function acutely, suggesting some compensation occurs with the disruption
of β-AR genes. For example, downregulation of cardiac muscarinic receptors
observed in β1/β2-AR-KO mice may counterbalance the lack of adrenergic stimu-
lation in maintaining the resting heart rate (30).

3.2. Chronotropic and Inotropic
Response to Sympathetic Stimulation

The relative role of β-AR subtypes in modulation of cardiac chronotropy was
tested with the nonselective β-AR agonist isoproterenol administered to β-AR-
KO mice. Wild-type mice show a robust 200 beats per min increase in heart rate
associated with an approx 30 mmHg drop in mean blood pressure. In β1-AR-KO
mice, the heart rate response is attenuated by approx 50% (28). This residual
response is not mediated directly by cardiac β2-ARs but by β2-AR-mediated
vasodilation. The hypotensive effect of activating vascular β2-ARs leads to a
baroreflex-mediated withdrawal of vagal tone. The chronotropic response to
isoproterenol in β1-AR-KO mice can be blocked by atropine, a muscarinic recep-
tor antagonist (35).

The lack of β2-AR involvement in cardiac chronotropy is further evidenced
by the normal heart rate response to isoproterenol in β2-AR-KO mice (29). In β1/
β2-AR-KO mice, the heart rate response to isoproterenol is even more severely
attenuated because these mice have diminished peripheral vasodilation and
hence a smaller baroreflex response than do β1-AR-KO mice (30). The remain-
ing small baroreflex component in β1/β2-AR-KO mice is caused by an enhanced
β3-AR-mediated peripheral vasodilation (30). These results are in agreement
with experiments using isolated, spontaneously beating atria (30) and cultured
neonatal myocytes isolated from each of these knockout strains (24). Together,
these data suggest that the β1-AR is the primary receptor responsible for sym-
pathetic regulation of cardiac chronotropy in adult mice.

Isolated right ventricular tissues were used to measure the contribution of β-
AR signaling to contractility. Cardiac inotropy was monitored in isolated, paced
right ventricular muscle strips. Preparations from β1-AR-KO mice failed to show
any responsiveness to isoproterenol administration, while wild-type preparations
showed robust inotropic responses (28). This lack of contractile response is not
caused by generalized hyporesponsiveness of the contractile apparatus because
β1-AR-KO ventricles responded normally to activators of adenylyl cyclase such
as forskolin. Surprisingly, disruption of both β1- and β2-ARs has only modest
effects on resting left ventricular contractility in vivo. When contractility was
assessed with a micromanometer-tipped catheter, +dP/dt was reduced by 20%
and –dP/dt was reduced by 12% in β1/β2-AR-KO mice compared to wild-type
mice (30).
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αThese results are consistent with the ineffectual stimulation of cardiac
adenylyl cyclase by β2-ARs in β1-AR-KO mice. This observation is somewhat
surprising, however, given the fact that, in both native human myocardium and
heterologous expression systems, the β2-AR appears to couple more efficiently
to adenylyl cyclase stimulation than does the β1-AR. One possible explanation
is that activation of adenylyl cyclase by the β2-AR in murine hearts is inhibited
by β2-AR coupling to Gi. Indeed, β2-AR-selective agonist-mediated inotropic
effects on isolated adult ventricular myocytes are greatly enhanced when Gi/Go

proteins are inactivated by pertussis toxin treatment (6). Of interest, transgenic
mice with cardiac overexpression of β2-AR exhibit enhanced contractility and
elevated adenylyl cyclase activity (27). Thus, β2-AR coupling to cardiac
ionotropy can occur in murine heart when the appropriate cellular or tissue
context is provided.

3.3. Role of β-AR Subtypes
in the Cardiovascular and Metabolic Response to Exercise

Maximal exercise is associated with near maximal sympathetic nervous sys-
tem activity and dramatic changes in heart rate, contractility, and vascular tone.
Surprisingly, even though β1-ARs are essential for catecholamine stimulation of
chronotropy and inotropy, β1-AR-KO mice exhibited the same exercise capacity
as wild-type controls (32,36). The heart rate response to exercise in β1-AR-KO
mice was markedly reduced compared to wild-type mice; yet, there were no
differences between β1-AR-KO mice and wild-type mice in VO2 and VCO2 over
the entire range of workloads, suggesting no difference in metabolic response to
exercise and no difference in O2 extraction. Thus, β1-AR-KO mice must compen-
sate for their slower heart rates with greater increases in stroke volume, presum-
ably through preload-dependent mechanisms (36).

Using the same graded treadmill protocol, β2-AR-KO mice exercised for a
longer duration than did wild-type mice (29). Heart rate responses to exercise
were similar; however, β2-AR-KO mice became hypertensive relative to wild-
type mice, probably a result of unopposed α1-AR-mediated peripheral vasocon-
striction. At any given workload, VO2 tended to be slightly higher in the knockout
mice, resulting in a lower respiratory exchange ratio (RER; the ratio of
VCO2:VO2). RER is one indicator of substrate utilization, and this difference
suggests an alteration in energy metabolism caused by the absence of β2-ARs.
Normally, activation of β2-ARs enhances glycogenolysis during exercise. There-
fore, β2-AR-KO mice might preferentially metabolize fat, resulting in a higher
VO2. Interestingly, the body fat content is decreased in β2-AR-KO mice com-
pared with wild-type mice (29).

Similar to β1-AR-KO mice, β1/β2-AR-KO mice are able to achieve exercise
capacities equal to those of wild-type mice. Their heart rate response, like those
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of β1-AR-KO mice, is blunted. However, in contrast to both of the β1-AR-KO and
β2-AR-KO mice, the β1/β2-AR-KO mice have lower levels of VO2 at all exercise
workloads (30). This metabolic deficit results only from the combined defi-
ciency of both β1- and β2-ARs and could be secondary to an inability to mobilize
metabolic fuels or to downstream effects that alter metabolic demands––for
example, at the level of adenylyl cyclase, Na/K-adenosine triphosphatase, or the
calcium channel. Collectively, these results suggest that β1- and β2-ARs serve
both separate and redundant metabolic functions during exercise, and that both
receptors must be ablated before significant metabolic abnormalities are encoun-
tered. Despite these deficits and significant deficits in inotropy and chronotropy,
β1/β2-AR-KO mice were still able to achieve normal exercise capacity, which
emphasizes the importance of preload in the response to exercise.

3.4. Role of β-AR Subtypes in the Pathogenesis of Heart Failure

Studies outlined above as well as studies using pharmacological methods
showed that the β1-AR is the dominant subtype regulating cardiac performance.
Of interest, the β1-AR has also been implicated in the pathogenesis of heart
failure. It has been shown that the β1-AR is selectively downregulated in cardi-
omyopathy (37). Some evidence suggests that β-AR downregulation plays a role
in the decrease in cardiac function in heart failure. However, more compelling
is evidence that chronic β1-AR activation contributes to the pathogenesis of heart
failure. Chronic exposure to β-agonists leads to myocyte apoptosis, fibrosis, and
dysfunction (13,38). Moreover, inhibiting β-ARs with antagonists has been clini-
cally beneficial in patients with cardiomyopathy (18). Transgenic mice with
overexpressed β1-AR develop a cardiomyopathy similar to that seen with chronic
catecholamine infusion (26,39). In contrast, overexpressing the human β2-AR in
mouse hearts can significantly increase baseline cardiac contractility (27). Del-
eterious effects of β2-AR are observed only at very high levels of cardiac expres-
sion (40). In fact, physiological levels of β2-AR signaling in the heart may be
protective. When isoproterenol was administered to mice over 2 wk by isometric
infusion pump, β2-AR-KO mice had higher mortality and more myocyte apop-
tosis than did wild-type mice (41).

4. Role of β-Adrenergic Receptors
in the Regulation of Smooth Muscle Tone

4.1. Regulation of Vascular Tone

In addition to their prominent function in heart, β-ARs are located on vascular
smooth muscle cells, where they mediate vasodilating effects of catecholamines.
The β2-AR has been proposed to play a dominant role in catecholamine-induced
vasodilation in both pulmonary and peripheral vasculature. Surprisingly, isomet-
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ric myographic studies on various blood vessels from β-AR-KO mice revealed
that the β1-AR plays a much more prominent role in vasodilation than previously
thought (42). The β1-AR is responsible for vasodilation in femoral and pulmo-
nary arteries. However, in aortic and carotid arteries and in portal veins, the
vasodilating effect of isoproterenol was reduced in mice lacking either the β1- or
the β2-AR, and the effect was abolished in the β1/β2-AR-KO mice. Similar con-
tributions of the β1- and β2-ARs to isoproterenol-induced vasorelaxation were
found when vessels from wild-type mice were treated with isoproterenol in the
presence of subtype-selective β-AR antagonists. Thus, the β1-AR plays a domi-
nant role in adrenergic vasodilation in large to medium-size vessels in the murine
vascular system (42). However, the β2-AR-KO has greater effect on isoproter-
enol-induced hypotension than does the β1-AR-KO, suggesting that the β2-AR
plays a more important role in vasodilation of the small arterioles that contribute
the most to peripheral vascular resistance (29).

4.2. Regulation of Airway Resistance
In the lung, activation of β-ARs leads to relaxation of airway smooth muscle.

Many, if not most, of the different cell types within the lung have been shown
to express β2-AR on the cell surface. There is also significant β1-AR expression,
constituting about 20% of total β-AR in human lung; but no β3-AR is detectable.
β2-ARs have thus been implicated in the regulation of many aspects of lung
function (43). Clinically, β-agonists have been used for treating patients with
asthma; however, chronic treatment with β-agonists also leads to increased
sensitivity to airway constriction (hyperactivity) drugs, such as muscarinuc
receptor agonists. Unexpectedly, mice lacking both β1- and β2-ARs had mark-
edly decreased bronchoconstrictive responses to the muscarinic receptor ago-
nist methacholine and other Gq-coupled receptor agonists (44). Moreover, the
lack of β-AR signaling leads to increased expression of phospholipase C-β1, a
downstream component of Gq-coupled receptor signaling pathways and low
inositol accumulation induced by Gq-coupled receptors. Thus, β-AR antitheti-
cally enhances constrictive signals, affecting bronchomotor tone/reactivity by
additional means other than direct smooth muscle dilation (44). Future studies
with mice lacking individual β-AR subtypes will help clarify the cellular signal-
ing involved in the short-term airway smooth muscle relaxation as well as the
exacerbations under chronic β-agonist treatment.

4.3. Regulation of GI Motility
Pharmacological evidence, obtained predominantly using selective agonists,

has suggested that β3-AR causes relaxation in GI tract of rodents in vivo (45,46).
After administration of the β3-AR-selective agonist CL316243, wild-type mice
exhibited a significant decrease in the extent of GI motility, indicated by radio-
tracer in the stomach and intestines (47). In contrast, the decrease in the GI
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motility induced by CL316243 was absent in the β3-AR-KO mice, confirming
the important role of β3-AR in regulation of GI motility. However, there is no
difference in the decrease in GI motility induced by isoproterenol between the β3-
AR-KO and wild-type mice. Pharmacological studies suggest that an upregulated
β1-AR function compensates for the lack of β3-AR in regulation of GI motility,
an observation similar to that in adipocytes (14,47). These data were further
supported by increased β1-AR messenger ribonucleic acid level in GI tissue from
the β3-AR-KO mice.

5. Role of β-Adrenergic Receptors
in the Regulation of Fat Metabolism

The sympathetic nervous system can regulate body temperature through β-
ARs in adipose tissue. Pharmacological treatment with β-AR-selective agonists
showed that all three β-ARs may play a role in sympathetically driven thermo-
genesis; however, the relative importance of each is unknown. Stimulating
β1-, β2-, and β3-ARs all lead to activation of Gsα and protein kinase A (PKA) and
subsequent stimulation of lipolysis in white adipocytes and thermogenesis in
brown adipocytes (48). The β3-AR is expressed primarily on white and brown
adipocytes in rodents and on brown adipocytes in humans. Pharmacological
activation of β3-ARs results in marked stimulation of energy expenditure. Thus,
β3-ARs have been proposed to play an important role in the regulation of lipoly-
sis, thermogenesis, and energy balance (49,54).

Two independent groups have succeeded in targeted inactivation of the mouse
β3-AR gene (14,50). β3-AR-KO mice demonstrated a modest increase in body fat
and a normal response to cold exposure. The normal response to acute treatment
with β3-selective agonists, including increased serum free fatty acids and insulin
levels, increased whole body energy expenditure, and decreased food intake
(51,52), are absent in β3-AR-KO mice (14). Correspondingly, the nonselective
β-agonist isoproterenol-stimulated adenylate cyclase activity was markedly
impaired in adipocyte membranes derived from β3-AR-deficient mice (by 80%
in isolated white adipocyte membranes and 70% in brown adipose tissue mem-
branes), confirming the predominant contribution of β3-AR in adrenergic signal-
ing in these tissues. Despite the impaired adenylate cyclase activities in the
β3-AR-KO mice, the isoproterenol-induced increases in serum free fatty acids
and glycerol levels and increases in thermogenesis were almost normal, suggest-
ing a compensatory effect of β1- or β2-ARs to the loss of β3-AR for lipolysis and
thermogenesis (14). However, the β1- or β2-AR-mediated stimulation of lipoly-
sis is extremely sensitive to inhibition of adenylate cyclase by activation of Gi-
coupled adenosine receptor (14). These data suggest a minor role of β1-AR or
β2-ARs in adipocytes in wild-type mice, but their activities are enough to main-
tain the normal lipolysis in animals when β3-AR is absent.
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Pharmacological studies suggested that upregulation of β1-AR function can
compensate the lack of β3-AR in regulation of white and brown adipocytes,
which was further supported by increased β1-AR messenger ribonucleic acid
levels in these tissues in the β3-AR-KO mice (14). These compensatory mecha-
nisms operate to maintain brown fat function, thus limiting the development of
obesity. The regulatory pathways that mediate compensatory increases in β1-AR
gene expression in β3-AR-KO mice remain to be determined.

Mice that lack all three β-ARs (β1β2β3-AR-KO mice) have been created by
cross-breeding β3-AR-KO mice with β1β2-AR-KO mice (31). β1β2β3-AR-KO
mice are viable and have normal body weight. However, brown adipocytes in
these animals are thermogenically inactive, as indicated by the presence of large,
unilocular lipid droplets; reduced expression of uncoupling protein 1 (UCP1), a
protein expressed at a high level in brown adipose tissue; and complete resistance
to cold exposure-induced increases in UCP1 protein and type II thyroxine
deiodinase activity. Addition of isoproterenol to isolated brown adipocytes failed
to increase oxygen consumption.

When fed a standard chow diet, β1β2β3-AR-KO mice had a small increase in
fat stores when compared with wild-type mice. However, a calorically dense
diet, high in fat and sucrose, induced massive obesity in β1β2β3-AR-KO mice.
The observed weight gain of 25 g in 8 wk represents the development of extreme
obesity and is similar to that observed in leptin-deficient ob/ob mice. The marked
obesity observed in high calorie-fed β1β2β3-AR-KO mice is caused entirely by
a defect in diet-induced thermogenesis (31). These findings establish that β-ARs
are required for diet-induced thermogenesis, and that this pathway plays a critical
role in the body’s defenses against diet-induced obesity. The target tissue medi-
ating sympathetically driven diet-induced thermogenesis is unknown. Although
brown adipose has been proposed as the primary target, data from mice lacking
UCP1 strongly argue against this. In brown adipose, UCP1 is a downstream
component in the generation of heat following sympathetic nerve activity; how-
ever, UCP1 knockout mice do not display diet-induced obesity. These data sug-
gest that either different UCP proteins or other sympathetic nerve innervated
tissues are responsible for diet-induced thermogenesis, such as skeletal muscle,
liver, and white adipose tissue (53,54). It is clear that characterization of the
discrepancy between β1β2β3-AR-KO mice and UCP1-KO mice, with respect to
diet-induced thermogenesis, will result in new insights regarding regulation of
body weight.

6. Subtype-Specific β-Adrenergic Receptor
Signaling in Cultured Cardiac Myocytes

Gene disruption studies have revealed much about the functional roles of
specific β-AR subtypes in vivo; however, the cellular and molecular mecha-
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nisms underlying the subtype-specific behavior cannot be determined from
whole animal experiments. Tissues and cells extracted from these animals pro-
vide valuable model systems to further study the cellular and biochemical prop-
erties of these receptors (24,55). This strategy possesses several advantages over
more traditional in vitro studies, which are commonly carried out on immortal-
ized cell lines. Primary cultures from wild-type mice can be used to analyze the
properties of receptors expressed at physiological levels in the context of a
differentiated cell. Cultures from knockout provide ideal controls. This approach
is particularly beneficial in analyzing highly homologous receptor subtypes,
such as β1- and β2-AR, for which the limited subtype selectivity of agonists and
antagonists often prevents complete pharmacological isolation of a specific
receptor subtype. Moreover, many subtype-selective β-AR agonists are actually
partial agonists. Primary cultures from knockout mice also provide model sys-
tems for expressing mutated forms of the disrupted gene. This allows structure–
function analysis of receptors in differentiated cells without having to account
for endogenously expressed wild-type proteins. Together, these advantages have
greatly facilitated functional analyses of β-ARs in cardiac myocytes and will
likely be extended to studies of other systems regulated by ARs (56,57).

Over the past 5 yr, neonatal and adult myocytes have been successfully cul-
tured from β-AR-KO animals (24,55), and recombinant adenoviruses have been
successfully used to express wild-type and mutated receptors in both cultures.
Wild-type β-ARs expressed by recombinant adenovirus exhibit functional prop-
erties equivalent to those of the endogenous receptors in regulating myocyte
contraction rate and contractility, and adenovirus-expressed β2-AR can rescue
the Ica response to β2-AR agonist stimulation in the adult β1/β2-AR-KO myocytes
(24,55). One caveat regarding the use of adenovirus with cardiac myocytes is that
a relatively high level of expression of the exogenous receptors (above the endo-
genous levels) is required to achieve functional properties equivalent to those of
the endogenous receptors (24).

6.1. Subtype Differences in Basal Activity

One interesting observation from the exogenous expression of β-ARs in adult
cardiac myocytes is that β2-ARs but not β1-ARs display spontaneous activity
(55). The spontaneous activity of β2-ARs leads to increased basal cAMP levels
in cardiac myocytes, which can be inhibited by the β2-AR-selective inverse ago-
nist ICI118522. The same β2-AR activity also induces increased myocyte con-
tractility that can be blocked by the nonselective β-AR antagonist propranolol or
the inverse agonist ICI118522 (55). These results are consistent with in vivo
studies in transgenic mice, in which cardiac-specific overexpression of the β2-
AR leads to an agonist-independent enhancement in both baseline adenylyl
cyclase activity and myocardial contractility (27).
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6.2 β-AR Stimulation of Myocyte Contraction

β1-ARs couple to the stimulatory Gs protein in both adult and neonatal
myocytes, which leads to activation of adenylyl cyclase and production of
cAMP (Fig. 1). In adult myocytes, the cAMP-dependent PKA phosphorylates
various substrates, including the L-type Ca2+ channel, which increases Ca2+

entry into cells. PKA-mediated phosphorylation of phospholamban accelerates
Ca2+ sequestration into the sarcoplasmic reticulum, resulting in accelerated
cardiac relaxation (17). PKA-mediated phosphorylation of troponin I and C
proteins reduces myofilament sensitivity to Ca2+ (17). The ryanodine receptor
is also a substrate for PKA; ryanodine receptor hyperphosphorylation has been
observed in the failing human heart and in animal models of heart failure
(58,59). Both in vivo and in vitro assays showed that the β1-AR plays the pre-
dominant role in modulating the rate and force of myocyte contraction in the
mouse (24,30,55).

In contrast, activated β2-ARs can couple to both Gs and Gi in animal hearts,
including human and murine hearts (57,60), and in the isolated murine cardiac

Fig. 1. β-AR subtype-specific signaling in cardiac myocytes. Cav, caveolae; GIRK,
G protein coupled inwardly rectifying potassium channel; If, nonselective cation chan-
nel; NHERF, indicates NHERF/EBP50 (Na+/H+ exchange regulatory factor) or a related
protein; PLB, phospholamban; PSD-95, indicates PSD-95 or a related protein; TnC,
troponin C; TnT, troponin T. Dashed lines indicate postulated signaling pathways that
have not been verified experimentally.
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myocytes (17,24,61) (Fig. 1). In adult mouse cardiac myocytes, stimulation of
the β2-AR selectively modulates the activity of adjacent L-type Ca2+ channels
(17). However, in myocytes treated with pertussis toxin to disrupt Gi function,
stimulation of β2-ARs leads to a more generalized global activation of L-type
Ca2+ channels and a robust increase in phospholamban phosphorylation, similar
to that observed following stimulation of the β1-AR, which accelerates the car-
diac relaxation rate (17,62). In mouse neonatal cardiac myocytes, activated β2-
ARs sequentially couple to both Gs and Gi, which induces a small increase
followed by a sustained decrease in myocyte contraction rate (24). β2-AR stimu-
lation leads to smaller cAMP accumulation than observed for β1-AR stimulation.
Surprisingly, inhibition of PKA does not affect the magnitude of neonatal myo-
cyte contraction rate increase or decrease following stimulation of β2-ARs (24).
Similar to observations in adult myocytes, inhibiting Gi results in a more robust
β2-AR mediated increase in contraction rate in neonatal myocytes. The effectors
downstream of Gs and Gi in the β2-AR regulation of neonatal myocyte contrac-
tion rate have not been determined. The cAMP-sensitive, nonselective cation
channel (If) may mediate contraction rate increase, and the Gβγ-activated potas-
sium channel my mediate the Gi-dependent decrease in contraction rate.

β3-AR have been detected in both human and murine hearts, although at lower
levels than β1- and β2-ARs, and the physiological role of β3-AR in regulating
cardiac function is poorly understood. Stimulation of β3-ARs in human ventricu-
lar muscle reduces the strength of myocyte contraction by a Gi-dependent mecha-
nism (20). Similarly, stimulation of β3-ARs results in a Gi-dependent decrease in
the spontaneous contraction rate of cultured neonatal cardiac myocytes from β1/
β2-AR-KO mice (24). However, stimulation of human β3-AR overexpressed in
hearts of transgenic mice leads to an increase in the strength of contraction (22).
Because β3-ARs can efficiently couple to Gs signaling in many native cells, the
observed result in transgenic mice may in part be because of a loss of signaling
fidelity when human β3-ARs are overexpressed.

6.3. Subtype-Specific Regulation of Myocyte Growth and Apoptosis

Studies have revealed consequences of β-AR stimulation beyond regulating
the rate and strength of myocyte contraction. Chronic stimulation of the β1-AR
induces myocyte apoptosis, although the signaling pathway is controversial
(12,63,64). In vitro studies suggest that this process requires PKA-independent
activation of intracellular Ca2+ through L-type Ca2+ channels, which leads to
Ca2+ release from sarcoplasmic reticulum and subsequent activation of calmodu-
lin kinase II in adult cardiac myocytes (65). However, this β1-AR-stimulated
proapoptotic effect appears to be blocked by PKA inhibition in adult rat myocytes
(63). In contrast, activation of β2-ARs has an antiapoptotic effect, which is
mediated by the βγ-subunits of Gi in both rat and mouse adult cardiac myocytes
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(12,66). In the case of mouse myocytes, it seems that Gi2 is responsible for the
β2-AR-mediated protective effect (62). The role of specific downstream effec-
tors in Gi signaling is less clear. Studies in adult mouse cardiac myocytes sug-
gested that phosphatidylinositide-3 kinase can be activated by the βγ-subunits
of Gi, which leads to activation of the protein kinase B (Akt) pathway that
confers the Gi-mediated protection against apoptosis (12). In contrast, studies of
rat myocytes showed that stimulation of β2-AR leads to activation of the p38
MAPK, which is dependent on Giα and Gβγ. The activated p38 MAPK plays a role
in mediating the antiapoptotic effect of β2-AR stimulation (66). However, the
results from rat myocyte studies are contradictory to those from in vivo activa-
tion of p38 MAPK using transgenic overexpression of activated mutants of
upstream kinases MKK3bE and MKK6bE in mice (67). Nevertheless, inhibiting
the Gi pathway turns β2-AR signaling from antiapoptotic into proapoptotic in
adult mouse cardiac myocytes, suggesting that β2-AR signaling through Gs can
cause myocyte apoptosis when β2-AR coupling to Gi is inhibited (12). Interest-
ingly, β2-AR can also activate p38 MAPK through a PKA-dependent pathway
in adult mouse cardiac myocytes. The observed differences in the effect of β2-
AR activation on myocyte apoptosis can in part be attributed to differences
experimental conditions as well as differences in the species studied.

Stimulation of ARs plays a significant role in the regulation of cardiac growth
(68). In neonatal rat cardiomyocytes, both α- and β-AR stimulation increase as-
sembly of myosin light chain-2 into sarcomeric units (69). In vivo, β-AR activation
leads to skeletal α-actin gene expression, acting both directly on myocytes and
indirectly on cardiac fibroblasts through the elaboration of peptide growth factors
(70). The mechanism of β-AR activation of myocyte hypertrophy is less well
understood. Activation of Gs by β1- and β2-ARs and Gi by β2-ARs may both be
involved (71). In vitro, stimulation of the β-ARs leads to activation of the MAPKs
extracellular signal-regulated kinase (ERK)1 and ERK2, which can be mediated
by either Gs/PKA pathway or βγ-subunit-dependent Src activation in Gi pathway
(5,72). Stimulation of the β-ARs can also lead to assembly of a protein complex
containing c-Src and β-arrestin, followed by activation of the MAPKs ERK1 and
ERK2 (73). Thus, binding of β-arrestin to the β-AR, normally a step in receptor
desensitization, is also the initial step in a mitogenic signaling pathway.

7. Differentiated Localization and Trafficking of β-Adrenergic
Receptors Determines Their Signaling in Cardiac Myocyte
7.1. β2-AR Localization in Caveolae

There is a growing body of evidence that subtype-specific signaling of β-ARs
in cardiac myocytes involves the spatial segregation of the β1-AR and β2-AR on
the cell surface of cardiac myocytes (74). Studies also support that GPCRs func-
tion in the context of plasma membrane signaling compartments such as lipid
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rafts (75,76). These compartments may facilitate the interaction between recep-
tors and specific downstream signaling components while restricting access to
other signaling molecules. Caveolae, a flask-shaped membrane domain enriched
with caveolins, flotilins, and stomatins, are perhaps the best-characterized lipid
rafts. A number of studies have demonstrated that caveolae are enriched in G
proteins, GPCRs, and effector molecules (75,76). Therefore, caveolae may act
as scaffolds promoting the interaction of specific signaling molecules. However,
there is also evidence that caveolins may act to inhibit the function of several
signaling molecules, including G proteins and tyrosine kinases (77). Membrane
fractionation studies showed that the β2-ARs, but not the β1-AR, are found pre-
dominantly in a caveolin-enriched membrane fraction from both mouse and rat
neonatal myocytes (78,79). The association between β2-AR and caveolae was
further supported by the coimmunoprecipitation of the β2-AR and caveolin-3 and
co-localization between epitope-tagged β2-AR and endogenous caveolin-3 in
mouse neonatal cardiac myocytes isolated from β1/β2-AR-KO mice. Moreover,
caveolar localization is required for physiological signaling by β2-AR but not the
β1-AR in neonatal cardiac myocytes. The β2-AR-stimulated increase in the
myocyte contraction rate is increased by approximately twofold and markedly
prolonged by filipin, an agent that disrupts lipid rafts, such as caveolae (79).
Filipin also significantly reduces coimmunoprecipitation of β2-AR and caveolin-
3 and comigration of β2-AR with caveolin-3-enriched membranes. In contrast,
filipin has no effect on β1-AR signaling (79). The increase of β2-AR-stimulated
signaling by filipin treatment is consistent with the proposed inhibitory role of
caveolins on G proteins. By disrupting the caveolar structure, the β2-ARs may
have enhanced mobility in the plasma membrane, increasing the probability of
interacting with both Gs and Gi.

The apparent association of the β2-AR with caveolin-enriched membrane frac-
tion is disrupted following agonist stimulation in rat neonatal cardiac myocytes
(78). Interestingly, stimulated β2-ARs also undergo significant internalization in
mouse cardiac myocytes. This internalization of the β2-AR is necessary for the
sequential coupling to both Gs and Gi, which results in a biphasic effect on contrac-
tion rate, with an initial small increase followed by a sustained decrease (24).
Blocking the β2-AR internalization prevents the receptor coupling to Gi, resulting
a monophasic increase in contraction rate, presumably from Gs coupling alone.
Therefore, the internalization may serve as a mechanism to free the β2-ARs from
the inhibitory environment and hence enhance the opportunity for β2-AR to couple
to Gi. Many other GPCRs, including thyrotropin receptor, endothelin B receptor,
and adenosine receptor A1, undergo the activation-dependent translocation out of
caveolae in different cell cultures (80–82), but the role of caveolin/rafts in signaling
of these GPCRs is not well understood. In contrast, some activated GPCRs, such
as angiotensin and bradykinin receptors, do not move relative to caveolae in mem-
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brane fractionation studies (83,84), whereas others, such as the m2 muscarinic
acetylcholine receptor, migrate to the caveolae/raft after stimulation (85). The
association of a GPCR with caveolin could either facilitate or inhibit the receptor
coupling to G proteins; in the latter case, the interaction may serve as part of the
mechanism to turn off the receptor signaling.

7.2. β1-AR Subtype-Specific Signaling and Trafficking
Is Regulated by PDZ Domain-Containing Proteins

Evidence shows that GPCRs can form complexes with downstream effectors
to facilitate signaling specificity and efficiency. GPCRs can be recruited into the
signaling complexes through carboxyl-terminal PDZ domain-binding motifs,
which directly interact with PDZ domain-containing scaffolding proteins. A
PDZ domain-binding motif on the C-terminus of the β1-AR selectively binds to
a set of PDZ domain-containing proteins, including PSD-95, GIPC, and mem-
brane-associated guanylate kinase inverted-2 (MAGI-2) (86–88). Coexpressing
PSD-95 with β1-AR in HEK-293 cells inhibits the receptor internalization but
has no significant effect on β1-AR-stimulated cAMP accumulation or desensiti-
zation (86). Phosphorylation of the β1-AR by GRK5 reduces receptor binding to
PSD-95 (89). In contrast, coexpression of MAGI-2 with the β1-AR enhances
agonist-induced internalization of the receptor (87). The association between β1-
AR and MAGI-2 can be further enhanced by agonist stimulation; however,
whether this regulation is mediated by GPCR kinase phosphorylation on the
receptor is currently not known (87). Like PSD-95, MAGI-2 has no significant
effect on either desensitization of β1-AR- or β1-AR-stimulated cAMP accumu-
lation. Coexpressing GIPC with the β1-AR enhances receptor-mediated
ERK activation by β1-AR while having no significant effect on either receptor
internalization or receptor-mediated cAMP accumulation (88). It is currently
unknown which, if any, of these PDZ domain-containing proteins regulates β1-
AR signaling in cardiac myocytes. However, a similar interaction between mouse
β1-AR and one or more PDZ domain-containing proteins is necessary to maintain
the selective coupling of the β1-AR to Gs in neonatal mouse cardiac myocytes.
Disruption of the β1-AR PDZ motif leads to promiscuous coupling to both Gs and
Gi and to significant agonist-induced internalization in neonatal cardiac myocytes
(90). Therefore, the β1-AR PDZ-mediated interactions with PDZ domain-con-
taining proteins, presumably by a homologue of PSD-95, restricts receptor traf-
ficking and signaling.

7.3. Regulation of β2-AR Signaling
by PDZ Domain-Containing Proteins in Cardiac Myocytes

An interaction between the carboxyl terminal PDZ motif of the β2-AR and
EBP50 (also known as the Na+/H+ exchanger regulatory factor, NHERF) has
been demonstrated in HEK-293 cells. This interaction is involved in recycling of
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internalized β2-ARs and in receptor-mediated activation of Na+/H+ exchanger
(91,92). Disruption of the PDZ motif on the mouse β2-AR has no significant
effect on the agonist-stimulated receptor internalization but dramatically reduces
the receptor recycling in neonatal cardiac myocytes (93). Interestingly, disrup-
tion of the β2-AR PDZ-binding motif also prevents β2-AR coupling to Gi protein
in cardiac myocytes, resulting monophasic contraction rate increase after agonist
stimulation (93). Thus, the PDZ motif is necessary for both the receptor recycling
and the receptor coupling to Gi, although whether these events are interdependent
remains to be determined. The human β2-AR PDZ motif for binding EBP50/
NHERF also binds to N-ethylmaleimide-sensitive factor (NSF) (94). NSF is
involved in membrane fusion between vesicles and targeted membrane, a pro-
cess required for protein trafficking. Disruption of NSF binding also reduces the
human β2-AR recycling in HEK-293 cells (94). The specific roles played by NSF
and EBP50/NHERF proteins in recycling of the human β2-AR are not clear. It is
noteworthy that a key residue (leucine 410) in human β2-AR necessary for NSF
binding is not conserved in the mouse β2-AR. Therefore, NSF may not play a role
in regulating the function of the mouse β2-AR (93).

It is interesting to note that mutating the β2-AR PDZ-binding motif inhibits
receptor coupling to Gi; mutation of the β1-AR PDZ-binding motif promotes
coupling to Gi in the neonatal myocytes (90). The ability of these receptors to
couple to Gi correlates with their propensity to undergo agonist-induced internal-
ization and recycle back to the plasma membrane. The wild-type β1-AR does not
undergo agonist-induced internalization, and the PDZ motif-mutated β2-AR
cannot recycle back to the cell surface following internalization. In contrast, both
wild-type β2-AR and the PDZ motif-mutated β1-AR undergo agonist-induced
internalization and efficient recycling to the plasma membrane (90). Together,
these data show that the β-AR PDZ motif-mediated interactions play critical
roles in the receptor subcellular location and trafficking, which in turn dictates
subtype-specific signaling in cardiac myocytes.

7.4. A Kinase Anchoring Protein-Mediated Interactions

The β2-AR has been shown to associate with A kinase anchoring protein 79
(AKAP79) and gravin in vitro and in transfected HEK-293 cells (95,96). Both
AKAP79 and gravin are AKAPs that scaffold the β2-AR to PKA, protein kinase
C, PP2A, or L-type Ca2+ channels to orchestrate signaling at the plasma mem-
brane (95,97,98). Supporting the concept of β-AR signaling complexes in car-
diac myocytes, studies showed that β-AR-mediated cAMP accumulation is
concentrated in a striated pattern in rat neonatal cardiac myocytes (99). This local
accumulation of cAMP is in part mediated by phosphodiesterase (PDE) activities
in myocytes because the striated pattern of cAMP accumulation is disrupted by
IBMX, a nonselective PDE inhibitor (99). Thus, PKA activities are restricted to
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focal compartments in myocytes, possibly by a PDE activity associated with β-
ARs. Interestingly, activation of β2-AR can recruit PDE4D to the membrane in
both 293 cells and rat neonatal myocytes (100). Although this PDE4D recruit-
ment has been shown to depend on β-arrestin, it remains to be determined if
AKAP proteins are involved (100). Coincidently, a muscle-specific AKAP can
scaffold PKA and PDE4D together in a complex associated with the sarcomere
plasma membrane, suggesting tight regulation of cAMP-dependent PKA action
on its targets (101). Together, these data strongly suggest that AKAPs serve as
scaffolds for β-AR signaling complexes in cardiac myocytes; however, the func-
tional role of the AKAP-mediated signaling complexes remains to be deter-
mined.

8. Conclusions

Targeted disruption of the murine β-AR genes has helped to clarify the role
of specific β-AR subtypes in development and in regulating cardiovascular and
metabolic functions in vivo (54,102–104). Surprisingly, disruption of the genes
for receptors that play such important roles in autonomic regulation of cardiovas-
cular and metabolic functions are relatively well tolerated. This may be partly
caused by compensatory mechanisms that are activated when a specific receptor
gene is disrupted from the time of conception, such as upregulation of β1-AR
signaling in adipocytes of β3-AR-deficient mice. However, when the cardiovas-
cular system is maximally stressed, such as during exercise, more striking differ-
ences between the knockout mice and their wild-type littermates can be discerned.
For some physiological functions, such as heart rate and contractile function, the
dominant role of a single β-AR subtype can be defined. For others, such as
vasoregulation, the roles of the three subtypes are additive and integrated. For
still others, such as fat metabolism, β-AR actions appear to be partly redundant,
and deficits do not become readily apparent until at least two or all subtypes are
ablated.

Although the β-AR-KO animals have been extremely useful experimental
tools for defining the roles of specific receptor subtypes in normal physiology,
their value in predicting subtype-specific function in humans may be limited.
The pattern of expression and the physiological role of each receptor subtype
may be species specific (105,106), and extrapolation of results to humans must
be made very carefully. Nevertheless, the disruption of GPCR genes in mice will
continue to provide insight into their physiological function and the potential
therapeutic value of drugs that selectively target these receptors.
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Summary

Adrenergic receptors (ARs) belong to the largest known family of trans-
membrane receptors, G protein-coupled receptors (GPCRs). Two sub-
types, α and β, have been described, and even though they both respond
to norepinephrine and epinephrine, the cellular responses they medi-
ate differ significantly. Many human diseases, such as heart failure, are
characterized by alterations in adrenergic signaling. The generation of
genetically modified mice with altered expression of one of the AR sub-
types has been useful for characterization of the mechanisms of recep-
tor activation, as well as the ensuing in vivo phenotype. The availability
of numerous genetically targeted mouse models has been an important
tool for the study of AR function and the identification of potential
novel therapeutic strategies for a wide range of diseases.

Key Words: Adrenergic receptors; G protein-coupled receptors; gene-tar-
geted mice; transgenic mice.

1. Introduction

Adrenergic receptors (ARs) are the interface between the sympathetic ner-
vous system and the cardiovascular system. ARs include two major subtypes, α
and β, based on their pharmacological properties and molecular structure. The α-
ARs consist of three α1-AR subtypes and three α2-ARs. β-ARs are also classified
into three well-characterized subtypes: β1, β2, and β3. Although they respond to
the same hormones (norepinephrine and epinephrine), α- and β-ARs differ sig-
nificantly in the types of cellular responses they mediate.
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Activation of all types of ARs results in G protein-mediated generation of
second messengers or activation of ion channels. By inducing conformational
changes in the receptor, agonist stimulation allows interaction with the cognate
heterotrimeric G proteins, promoting dissociation of G proteins into Gα- and Gβγ-
subunits (Fig. 1; see Color Plate 2 following p. 148.) and activation.

Both Gα-subunits and Gβγ amplify and propagate signals intracellularly by
activating one or more effector molecules (Fig. 1). Examples of effector mol-
ecules are adenylyl cyclases (ACs), phospholipases, and ion channels, which in
turn generate different second messengers (1). Given the biological relevance of
these receptors, it is not surprising that they have evolutionarily developed a
highly regulated mechanism to turn off the signal (1). The most well-established
mechanism of regulation of ARs is desensitization; a slow instrument for recep-
tor desensitization (hours or days) is receptor downregulation (1), which is the
net loss of cell surface receptors (2,3).

Fig. 1. Classical AR signaling. (A) In the absence of agonist, ARs are in the low-
affinity state, and G proteins form a heterotrimeric complex bound to guanosine 5′-
diphosphate (GDP). Ligand binding allows the formation of a transient complex of
activated receptor and G protein. GDP is released from G proteins and is replaced by
guanosine 5′-triphosphate (GTP). (B) This leads to dissociation of G proteins into Gα-
and Gβγ-subunits and activation. Both subunits are able to activate different effectors.
(See Color Plate 2 following p. 148.)
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Rapid waning of receptor responsiveness (within seconds or minutes) is usu-
ally dependent on receptor phosphorylation and uncoupling from its signal-
transducing G protein. Phosphorylation can be mediated by second messenger
kinases (e.g., protein kinase A [PKA] or protein kinase C [PKC]) which induce
non agonist/heterologous desensitization or by a family of G protein-coupled
receptors kinases (GRKs) that phosphorylate only agonist-occupied receptors,
thereby triggering agonist-specific or homologous desensitization (1,4). The β-
adrenergic receptor kinase-1 (β-ARK1), also known as GRK2, is the most abun-
dant GRK expressed in the heart (5,6).

Binding of cytosolic β-ARK to Gβγ-subunit of the heterotrimeric G protein
facilitates its translocation to the plasma membrane, where it then phosphory-
lates the agonist-bound receptor (7). GRK-mediated phosphorylation of agonist-
occupied GPCRs enhances the affinity of the receptor for interaction with
cytosolic proteins known as β-arrestins. Once bound to the receptor, β-arrestins
not only interdict further G protein coupling and target the activated receptor for
endocytosis (8), but also act as a scaffold, assembling complex cascades, like
mitogen-activated protein kinase (MAPK) pathways (9,10).

An important consequence of agonist-mediated receptor phosphorylation is
the subsequent endocytosis of agonist-bound receptors into intracellular com-
partments (11). There is now growing evidence that phosphatidyl-inositol phos-
pholipids play an important role in receptor endocytosis. It has been demonstrated
that β-ARK1 and phosphatidylinositol-3 kinase (PI3K) form a cytosolic com-
plex (12). On agonist binding to the receptor and release of Gβγ-subunits, β-
ARK1 translocates to the membrane and mediates the translocation of PI3K to
the receptor complex, where it generates D-3 phosphoinositides that regulate
receptor internalization (Fig. 2; see Color Plate 3 following p. 148.) (12). Disrup-
tion of β-ARK1/PI3K complex prevents translocation of endogenous PI3K and
markedly attenuates β2-AR endocytosis (13), demonstrating that production of
phosphatidil-inositol-3,4,5-triphosphate at the receptor complex is necessary for
efficient receptor endocytosis.

Many human diseases are characterized by alterations in adrenergic signaling.
The ability to manipulate gene expression in vivo has been proven to be the most
powerful tool to analyze GPCR function (Tables 1–3). Overexpression of
nonmutated ARs in transgenic mice has been useful to characterize the mecha-
nisms of receptor activation and the functional consequences of receptor
overexpression. The creation of transgenic animals bearing engineered muta-
tions or naturally occurring polymorphisms of ARs can be also used to elucidate
the role of specific domains or residues in terms of receptor function. More
important, overexpression mouse models, as well as knockout studies, have been
invaluable to determine the role of specific AR subtypes and to identify potential
novel therapeutic strategies.
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2. α1-Adrenergic Receptors

The α1-ARs are expressed in many tissues and play a major role in a variety of
physiological processes, including blood pressure regulation, myocardial
inotropy/chronotropy, and neuronal function. Three different genes, correspond-
ing to three α1-AR subtypes, have been cloned so far (α1A-, α1B-, and α1D-ARs).
α1A-ARs are abundantly expressed in human liver, heart, cerebellum, cerebral
cortex, and prostate (14–16). α1B-AR messenger ribonucleic acid (mRNA) is
present at high levels in human spleen and kidney; α1D-AR mRNA is abundant in
human aorta (17). Stimulation of α1-ARs activates multiple signaling pathways.
All three cloned α1-AR subtypes are capable of activating calcium signaling by
interacting with G proteins of the Gq family, leading to the activation of phospho-
lipase C (18) and the hydrolysis of membrane-bound phosphoinositol 4,5-
biphosphate, generating diacylglycerol (DAG) and inositol-1,4,5-triphosphate.
Although DAG is a potent activator of protein kinase C, inositol-1,4,5-triphos-
phate stimulates the release of calcium from intracellular stores. In addition to
mobilizing intracellular calcium, α1-ARs have been shown to activate calcium
influx via voltage-dependent and -independent calcium channels (19). In addi-
tion, α1-ARs stimulation activates a number of calcium- and calmodulin-sensitive
kinases (20), as well as phospholipase D (21). There is also evidence that pertussis
toxin (PTX)-sensitive G proteins (Gi) mediate α1-adrenergic actions (22).

In addition to modulating calcium movements and smooth muscle contrac-
tion, the α1-ARs are also involved in cell growth and hypertrophy. Stimulation
of α1-ARs in cardiac myocytes induces protein synthesis, expression of imme-
diate-early genes, and reactivation of embryonic genes (23,24). The three α1-AR
subtypes also seem to differently activate enzymes of the MAPK family (25).
Because of the lack of subtype-selective drugs, the functional implications of α1-
AR heterogeneity remain largely unknown. To address this issue, several mouse
strains with genetic alterations of α-ARs have been reported.

2.1. α1-ARs and Cardiac Function
In the heart, all three α1-AR subtypes have been identified at the mRNA level,

but only α1A and α1B appear to be translated and functional (26). A large body of
evidence indicates that α1A-ARs are very important in the hypertrophic growth
response in vitro (27,28). An important possible role for α1-ARs in the heart is
as an alternate source of inotropic reserve in pathophysiological conditions in
which the β-adrenergic system is desensitized. Transgenic overexpression of the
wild-type (WT) α1A-AR under the α-myosin heavy chain (αMHC) promoter
induced marked enhancement of cardiac contractility (Fig. 3A) that could be
completely reversed by acute α1A-AR blockade but not β-AR blockade (Fig. 3B)
(29). Surprisingly, despite the change in cardiac contractility, the α1A transgenic
mice did not display any morphological, histological, or echocardiographic signs
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of cardiac hypertrophy (29), and expression of hypertrophy-associated genes
was unchanged (29). The dissociation of inotropy and hypertrophy of these
mice is quite surprising and contrasts with the marked hypertrophy observed in
mice with cardiac overexpression of Gq (30) and other Gq-coupled receptors, like
angiotensin II receptors (31) or with the blunted hypertrophy in mice lacking Gq

Fig. 3. α1A-AR overexpression induces enhanced contractility but not cardiac hyper-
trophy. (A) Representative left ventricular pressure (LVP) and dP/dT tracings from
transgenic animals (TG) and nontransgenic littermates (NTL). A slower recording speed
is shown at the beginning. (B) In vivo effects of ISO administration before and after
complete β-AR blockade with propanolol (left panel) in NTL (open square) and TG
(closed square) mice. Effects of selective α1A-AR blocker KMD3213 on +dP/dT and –dP/
dT are shown in the right panel. (From ref. 29; © 2001 Lippincott Williams & Wilkins.)
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signaling (32). Indeed, although α1A- or α1B-AR single-knockout mice did not
show changes in cardiac phenotype, double-mutant mice lacking both ARs dis-
played smaller myocyte and heart sizes (33), indicating that α1A- and α1B-ARs are
required for normal postnatal growth of cardiac myocytes.

Stronger evidence for a role of α1B-ARs in cardiac function has been obtained
in studies with transgenic mice because the α1B-AR single knockout did not show
any remarkable changes in cardiac development or function (34). Mice that
overexpressed a constitutively active form of the α1B-AR exhibited a phenotype
consistent with cardiac hypertrophy, with increased heart/body weight ratios,
myocyte cross-sectional area, and atrial natriuretic factor (ANF) mRNA levels
(35). After pressure overload, enhanced activity of α1B-ARs in the heart exerted
detrimental effects and accelerated the progression toward heart failure (36).
Surprisingly, cardiac hypertrophy was not observed in mice overexpressing the
WT form of α1B-ARs, despite an increase in basal myocardial DAG content and
ANF expression (37). On the contrary, these mice showed left ventricular dys-
function (38) and reduced response to βAR agonist isoproterenol (ISO) in physi-
ology studies (37). Also, significantly attenuated AC activity was observed in
membranes from the same animals, both in basal conditions and on ISO stimu-
lation (37). Interestingly, these abnormalities were reversed by PTX treatment,
indicating that very high levels of α1B-ARs can lead to coupling to PTX-sensitive
G proteins, like Gi (37).

The reasons for these unexpected results are still poorly understood. One
possible explanation is that the agonist-independent signaling through the
constitutively active α1B-AR differs from the enhanced signaling through over-
expressed WT receptors. This was confirmed in transgenic mice overexpressing
either the WT or the constitutively active mutant of the α1B-AR gene under
control of the isogenic promoter (39). The systemic overexpression of constitu-
tively active α1B-ARs led to left ventricular hypertrophy, cardiac dysfunction,
hypotension, and decreased pressor response (39). Plasma epinephrine and nor-
epinephrine were also reduced in these mice, suggesting that the hypotensive and
bradycardic phenotype may be a manifestation of the autonomic failure that
typically occurs in this model.

2.2. α1-ARs and Blood Pressure Regulation

All α1-AR RNA and proteins are expressed on peripheral arteries from humans
(40), and α1-blockers have been used for many years in the treatment of arterial
hypertension. Data from isolated vessels have shown that there is considerable
diversity in the vascular tree regarding the α1-subtypes that regulate smooth muscle
cells contractions. Although there is little evidence supporting a role for α1B-ARs
as mediators of vascular contraction, α1A-ARs have been shown to regulate both
renal and caudal arteries (41,42), and α1D-ARs have been implicated in the con-
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traction of the aorta, femoral, iliac, and superior mesenteric arteries (41,42). The
gene knockout approach has been used to test the role of individual α1-AR sub-
types in blood pressure regulation and the functional redundancy among receptor
subtypes. Mice with a deletion of the α1A-, α1B-, or α1D-AR gene have been gen-
erated (34,43,44), as well as double-knockout mice for α1A and α1B (33) (for
details on knockouts studies, see chapter 10). Knockout of the α1A-receptor caused
reduced blood pressure at rest and following infusion of catecholamines (43), and
similar findings were shown in the mouse model lacking the α1D-ARs (44).

Although α1B-knockout mice showed significantly reduced blood pressure,
they displayed reduced, instead of increased, systemic arterial blood pressure
compared to WT (39) and a normal contractile response of mesenteric segments
to α1-agonists (39). The mechanism of the hypotension is likely the autonomic
failure that characterizes the α1B-transgenic mice, indicating that α1B-ARs are not
significant players in vasoconstriction.

2.3. α1-ARs and Neurological Function
Although localization of each α1-AR subtype has been described in rat, mouse,

and human central nervous systems by different techniques (16,17), little is
known about the functional roles of the distinct α1-ARs subtypes in the central
nervous system. Pharmacological studies have shown that α1-ARs play a func-
tional role in the control of motor activity (45) and cognitive functions (46).
Interestingly, isogenic overexpression of the α1B-subtype induced a neurode-
generative phenotype with symptoms and histology similar to the parkinsonian
degenerative disease called multiple system atrophy (47). These mice also dis-
played a grand mal seizure disorder that is not typically seen in multiple system
atrophy and might actually be a species-related manifestation of the disease (47).
The neurodegenerative phenotype could be partially rescued by the α1-AR
antagonist terazosin, suggesting that α1-ARs antagonists might have a potential
therapeutic role in the treatment of neurodegenerative disorders (47).

3. α2-Adrenergic Receptors

α2-ARs play an important role in multiple physiological functions, especially
in the cardiovascular and central nervous systems. α2-ARs are highly expressed
in the rostral ventrolateral medulla (48), on vascular smooth muscle cells (49),
and in nerve terminals (50). Within all AR subtypes, α2-receptors are the only
presynaptic inhibitory ARs described.

Centrally, α2-AR agonists decrease sympathetic outflow and reduce arterial
blood pressure and heart rate by acting at the presynaptic level and inhibiting
norepinephrine release (51). In the periphery, stimulation of α2-ARs on vascular
smooth muscle cells induces a transient hypertensive response by causing vaso-
constriction (52). By coupling to Gi, α2-ARs inhibit AC activity (53) and activate
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G protein-gated K+ channels (54), resulting in membrane hyperpolarization. α2-
ARs can also inhibit voltage-sensitive Ca2+ channels by coupling to Go (55).
Three different subtypes of α2-AR have been identified on the basis of pharma-
cology (56) and molecular cloning (57): α2A, α2B, and α2C. Genetic approaches
using deletions, mutations, or overexpression of specific α2-AR subtypes have
elucidated subtype-specific functions. Mice with deletions of α2A-, α2B-, and α2C-
subtypes have been generated (58–60), as have double-knockout mice, in which
both α2A and α2C (61) have been deleted. Mice overexpressing a mutated form of
the α2A-AR gene (α2A-D79N) were also developed (51), and they served as
another functional knockout.

3.1. α2-ARs and Cardiovascular Function

Studies in both α2A-knockout and α2A-D79N-overexpressing mice indicated
that the α2A-subtype is the principal mediator of the classical effects of α2-ARs
agonists. In fact, in both α2A-knockout and α2A-D79N-overexpressing mice, the
hypotensive response after administration of α2-AR agonists was abolished, and
the bradycardic response was significantly reduced (Fig. 4) (51,58). In contrast
to the α2A-D79N-overexpressing mice, which retained some α2A-AR function,
α2A-knockout mice displayed basal tachycardia, and treatment with propanolol
abolished the difference in heart rate compared to their WT littermates. These
data suggest that the tachycardia was caused by increased sympathetic tone, most
likely because of reduced presynaptic inhibition of norepinephrine release
(51,58).

Compared to other subtypes, considerably less is known about α2B-ARs. The
α2B-ARs appear to have an important role in eliciting the hypertensive response
to α2-adrenergic agonists because in α2B-knockout mice this response was abol-
ished, and the hypotensive effect was immediate and accentuated (60). More-
over, α2B-ARs have been implicated in salt-induced hypertension because
α2B-knockout mice showed little hypertensive response after subtotal nephrec-
tomy and dietary salt loading compared to WT mice (62).

3.2. α2-ARs and Neurological Function

Several lines of evidence support a role for α2A-ARs in sedation, nociception,
and development of seizures (63–65). For example, α2A-D79N-overexpressing
mice treated with α2-ARs agonists were unable to induce sedation and analgesia
(66,67), and in a kindling model of epileptogenesis, α2A-D79N mice achieved
kindling more rapidly and showed a twofold increase in the duration of their
seizures (65).

α2C-ARs seem to be exclusively expressed in the central nervous system and
do not appear to play a major direct role in the cardiovascular system. The effect
of altered α2C-AR overexpression has been tested in several behavioral systems.
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The α2C-knockout and -overexpressing mice showed opposite effects on dopa-
mine and homovanillic acid levels, suggesting that α2C-ARs may regulate the
dopamine system in the brain (68). Also, α2C-knockout mice showed increased
locomotor activity in response to amphetamine challenge compared to WT mice,
whereas mice overexpressing α2C-ARs displayed an opposite phenotype (69). In
a forced swimming test used to test behavioral despair, opposite effects were also
observed in mice that were either knockout or overexpressing α2C-ARs, suggest-
ing a role for these receptors and stress-dependent depression (70). α2C-ARs were
impaired in spatial and nonspatial water maze tests, and α2-antagonist treatment
fully reversed this abnormality (71), supporting the concept that these receptors

Fig. 4. Hemodynamic effects of nonselective α2-agonist infusion in WT and α2A-
D79N mice. (A) Infusion of nonselective α2-agonist dexmedetomidine (Dex) in unre-
strained, conscious, WT (open triangle) mice produced a biphasic blood pressure
response. (B) Dexmedetomidine failed to reduce blood pressure in α2A-D79N
overexpressing mice (closed circle) and administration of α2-agonist caused a marked
decrease in heart rate in both groups of mice, but the maximal bradycardic response to
dexmedetomidine was significantly reduced in mice overexpressing α2A-D79N com-
pared to WT. (Reprinted with permission from ref. 51. © 1996 AAAS.)
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are involved in modulating motor behavior (71,72). Unfortunately, in all the
behavioral systems tested, it is unclear whether the α2C-ARs exerted a direct
effect or rather influenced metabolism or the regulation of other neurotransmitter
systems.

4. β-Adrenergic Receptors

All three subtypes of β-ARs are expressed in the heart (73). Despite the exist-
ence of species-related differences (reviewed in ref. 74), β1-ARs are the predomi-
nant form of ARs. The positive chronotropic and inotropic response of the heart
to catecholamine stimulation is mediated almost exclusively by β1-ARs (75–77).
Coupling of β2-ARs to cardiac contractility is less defined and species related,
showing a positive effect in human hearts (77) but not affecting contractility in
the mouse (75). Better defined is the role of β2-ARs in the regulation of vascular
tone and blood pressure (78). β3-ARs, “atypical β-ARs,” are expressed in the
adipose tissue, where they mediate lipolysis and thermogenesis (79,80), and in
smooth muscle cells, where they mediate vasorelaxation (81).

All known β-AR subtypes couple to Gs and activate AC, resulting in elevated
cyclic adenosine 5′-monophosphate (cAMP) levels and subsequent activation of
PKA (reviewed in ref. 82). PKA activation is a critical step in the mediation of
contractility through phosphorylation of L-type calcium channels and regulation
of calcium influx and reuptake (reviewed in ref. 74). Despite the dominant role
of the Gs/AC/cAMP pathway in β-AR signaling (particularly that of β1-ARs),
different subtypes of β-ARs are capable of coupling to other G proteins, thereby
activating more than one intracellular signaling pathway. In addition to Gs, β2-
ARs were shown to couple to Gi both in vitro (83) and in the heart (74,84–86).
A large body of data indicates that β2-ARs have the capacity to utilize alternative
compensatory mechanisms under conditions of altered/defective β-AR/Gs/AC
coupling (87–89).

4.1. β1 and β2 Adrenergic Receptors
β-AR abnormalities have been recognized in a number of human diseases.

Undoubtedly, the alterations that take place during the progression of heart fail-
ure are the best studied and characterized (90). Bristow et al. first observed in the
failing human heart a reduction of cardiac β1-AR density and desensitization of
the remaining receptors (91). Chronic exposure to high levels of circulating
catecholamines during heart failure results in marked impairment in the ability
of both β1- and β2-ARs to couple to their respective G proteins (92). Studies in
transgenic animals overexpressing Gs confirmed that increased signaling in the
β-AR/Gs/AC pathway initially leads to increased cardiac function but is detri-
mental to the heart in the long run (93). Overexpression of β1-ARs in a transgenic
mouse model was also shown to cause hypertrophy and interstitial fibrosis in
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young animals (Fig. 5; see Color Plate 4 following p. 148.), which proceeded to
cardiac dysfunction (~50% reduction in contractility) as the animals aged (94,95).
Hemodynamic studies in these mice showed that, although maximal contractility
and rate of isovolumic relaxation were initially increased in young animals,
systolic and diastolic functions were already impaired and progressed to a steady

Fig. 5. Histopathological characteristics of left ventricular specimens taken from
mice overexpressing the human β1-AR. The upper panels show (A) H&E stain, (B)
Masson‘s Trichrome stain, and (C) signal for epitope-tagged human β1-AR protein in
control hearts. The lower panels (D–F) show representative sections from transgenic
mice overexpressing the human β1-AR. (See Color Plate 4 following p. 148; from ref.
95, © 2000, with permission from Elsevier.)
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decline of left ventricular contractility and relaxation (96). Although
overexpression of WT β1-AR in the healthy myocardium clearly is deleterious,
it remains to be determined whether it is advantageous under conditions of chronic
downregulation.

As opposed to a specific marked downregulation of β1-ARs, there is no sig-
nificant change in the levels of β2-ARs in the failing heart (92). The result is a
change in the ratio of β1- to β2-ARs and suggests a prominent role for β2-ARs
when β1-AR signaling is suppressed. Importantly, failing hearts also display a
significant elevation in the levels of Gi (97). Because β1-:β2-AR ratios are signifi-
cantly altered in heart failure, coupling of β2-ARs to Gi is likely to play an
important role in heart failure pathophysiology.

Several studies addressed the issue of whether β2-ARs are advantageous or
deleterious during cardiac hypertrophy and failure. Mice with extremely high
levels of β2-ARs in the myocardium (200- to 350-fold over endogenous levels)
(98) displayed a phenotype of maximal activation of β-AR signaling in basal
conditions, with no additional response to ISO stimulation (Fig. 6) (98). It is
possible that the activation of the receptors in the absence of agonist was caused
by the extremely high expression levels, causing an increase in spontaneously
isomerized receptors in the active conformation. However, lower levels of β2-
ARs (60 times higher) also resulted in enhanced AC activation and cardiac
function (99). Enhanced baseline function in these mice occurred in the absence
of any pathological signs over a 1-yr period (99). Conversely, mice with 350
times higher expression levels of β2-ARs showed rapidly progressive fibrosis,
heart failure, and premature death (99).

Interestingly, intrinsic receptor activity was observed only in the highest
expression levels line (99), suggesting that expression of β2-ARs at a level that
improves cardiac performance but is not associated with ligand-independent
signaling may be beneficial without exerting long-term deleterious effects.
Importantly, in all β2-AR-overexpressing lines, cyclase activity was reduced on
forskolin/NaF stimulation, suggesting that significant coupling to Gi takes place
in these animals (37,98,99). Indeed, disruption of Gi signaling by PTX was found
to totally rescue the contractile response to β2-agonists in ventricular myocytes
from β2-AR-overexpressing mice (74), suggesting that β2-AR/Gi coupling con-
tributes to adequate regulation of contractility. It is important that failing hearts
also display a significant elevation in the levels of Gi (97). Because β1-:β2-AR
ratios are significantly altered in heart failure, coupling of β2-AR to Gi is likely
to play an important role in heart failure pathophysiology. For example, it has
been demonstrated that although activation of β1-AR in mouse cardiac myocytes
leads to cellular apoptosis, β2-AR stimulation results in activation of a Gi-Gβγ-
PI3K-mediated survival pathway (100,101) (reviewed in ref. 102). Therefore, it
has been suggested that β2-AR/Gi coupling may act to activate a protective
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Fig. 6. Extremely high levels of β2-ARs in the heart determine maximal activation
of β-AR signaling in basal conditions. Mice overexpressing at very high levels of β2-
ARs (TG4, open circle; �) and corresponding WT controls (control, closed circle; �)
were anesthetized, and their hemodynamic parameters were invasively studied: (A) dp/
dt max; (B) heart rate; (C) aortic mean pressure. (Reprinted with permission from
ref. 98; © 1994 AAAS.)
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antiapoptotic pathway during hyperactivation of β1-ARs by excess catechola-
mines (103).

In this regard, adenoviral-mediated transfer of the human β2-ARs to ventricu-
lar myocytes from chronically paced rabbits led to restoration of β-AR signaling
in vitro (37). Hence, expression of β2-ARs may be advantageous in some condi-
tions and deleterious in others, depending on the expression levels and on the
types of signals that are initiated.

Besides downregulation of β1-ARs, human failing hearts are characterized by
profound desensitization of remaining receptors (92,104). Desensitization of
ARs in patients with heart failure is attributed in part to a significant increase in
the levels of β-adrenergic receptor kinase (ARK) 1 (105). The role of β-ARK1
in myocardial contractility and its potential therapeutic role have been studied
extensively (for reviews, see refs. 13,106,107) and is not discussed here. Because
recent data have shown that β-ARK1 and PI3K form a cytosolic complex that is
recruited to the membrane on agonist binding (12), long-term pressure overload
in transgenic mice has been used as a model to study the role of PI3K in the
transition from hypertrophy to heart failure. These experiments showed that
short-term transverse aortic constriction (TAC) results in specific activation of
p110γ (PI3Kγ) (108). Activation of PI3Kγ on pressure overload was completely
absent in mice overexpressing the C-terminus of β-ARK (β-ARKct), which
binds and sequesters Gβγ-subunits (6), suggesting that PI3K activation in pres-
sure overload is Gβγ dependent (108).

The evidence that PI3Kγ is activated during the hypertrophic process and that
it may play a role in the transition to heart failure led to the investigation of the
hypothesis that downregulation of β-ARs under conditions of chronic catechol-
amine stimulation can be prevented through interference with PI3K interaction
with the receptor complex (109). By displacing endogenous PI3K from β-ARK,
transgenic overexpression of the catalytically inactive mutant of PI3Kγ pre-
vented the development of heart failure after pressure overload (Fig. 7) (109).
These data establish a novel role for receptor-localized PI3K in regulation of β-
AR turnover in vivo and show that a strategy that blocks membrane association
of PI3K may provide a novel therapeutic approach to restore normal β-AR sig-
naling and preserve cardiac function.

Besides the effects of receptor levels, it is becoming evident that genetic
heterogeneity in the structure of both β1- and β2-ARs has a remarkable effect
on heart failure predisposition. Human β1-ARs were found to be polymorphic
at amino acid residue 389 (substitute of Arg to Gly). Overexpression of the
Arg389 in mice was found to induce an initial increase in receptor function and
contractility, followed by marked deterioration in both parameters, suggesting
predisposition of Arg389 to heart failure (110). Together with the findings in
β1-AR-overexpressing mice (94,95), these results suggest that initial hyper-
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stimulation of the β1-AR system may culminate in depressed receptor function
and ventricular dysfunction.

4.2. β3-Adrenergic Receptors

β3-ARs, “atypical β-ARs,” are highly expressed in the white and brown adi-
pose tissue (111) to induce lipolysis or thermogenesis by coupling mainly to Gs.
In cultured adipocytes, they have also been shown to couple to Gi and activate
the MAPK pathway with a cAMP-independent mechanism (112). Two distin-
guishing features of β3-ARs are (1) much lower affinity for catecholamines
compared to other β-ARs and (2) relative resistance to desensitization and down-
regulation. The β3 -selective agonists potently stimulate energy expenditure, and
a missense mutation in the human β3-AR gene has been associated with obesity,
reduced insulin sensitivity, and earlier onset of non-insulin-dependent diabetes
(113–115). Mice with targeted disruption of β3-ARs completely lacked AC
activation on selective β3-agonist stimulation and showed an increase in fat
stores (79). Interestingly, β3 knockout mice also showed a selective upregulation
of β1-AR mRNA, indicating that cross talk between β1- and β3-gene expression
exists (79).

Although β3-ARs have been detected in both murine and human hearts, their
physiological role in the regulation of cardiac function is still not well under-
stood. Stimulation of human ventricular biopsies with β3-agonists induced a
PTX-sensitive negative inotropic effect (116), initially suggesting that, in the
heart, β3-ARs are preferentially coupled to Gi. Similarly, ISO infusion induced
an augmented contractile response in β3-knockout mice compared with WT
littermates (117), indicating that β3-adrenergic stimulation can lead to a negative
inotropic effect. However, in transgenic mice with cardiac-specific overexpres-
sion of the human β3-AR, stimulation with selective β3-agonist induced a signifi-
cant increase in AC activity and cardiac (118) and basal contractility, investigated
with a load-independent pressure–volume loop analysis, showed similar cardiac
function in β3-overexpressing mice and their WT littermates (118). β3-AR-
overexpressing mice were also characterized by 50% downregulation of endo-
genous β1-ARs (118), confirming a previously described compensatory
regulation between β1- and β3-gene expression (79). Moreover, PTX had no
effect on the enhancement of cardiac contractility to β3-agonists, indicating little
coupling to Gi. The reason for the discrepancy between these studies is not clear
but may be caused by the use of different selective β3-agonists or species differ-
ences.

Interestingly, unlike β1-ARs, β3-ARs are upregulated in human heart failure
(119). Taken together, these studies highlight a potential therapeutic role for β3-
ARs in heart failure by providing receptors that are functionally inactive in basal
conditions and become activated on selective agonist administration.
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Adrenergic Receptor Signaling
Components in Gene Therapy

Andrea D. Eckhart and Walter J. Koch

Summary

Adrenergic receptor (AR) signaling is a key regulator of normal car-
diopulmonary homeostasis. Under pathophysiological conditions, such
as heart failure, asthma, and hypertension, there are alterations in the
signaling cascades. Advances in the ability to manipulate the adenovi-
ral genome have allowed the development of gene therapy in which
transgenes of interest are inserted into the adenovirus and transferred
to mammals in an organ-specific manner based on delivery methods.
These transgenes have included components of the AR signaling path-
way that have gone awry at the level of the AR itself or the G protein it
activates, the G protein-coupled receptor kinases (GRKs), and regula-
tors of G protein signaling (RGS) proteins that regulate AR desensitiza-
tion, or the adenylyl cyclase that subsequently activates protein kinase
A activity. The use of these vectors in both the heart and the lung has
offered promising novel benefits for animal models of disease, includ-
ing heart failure and lung disorders, and it remains to be determined
whether these will be successful future therapeutic strategies in human
disease.

Key Words: Adenovirus; adenylyl cyclase; β-adrenergic receptor signal-
ing; G protein; G protein-coupled receptor kinase; heart failure; regula-
tor of G protein signaling (RGS) protein.

1. Introduction

Adrenergic receptor (AR) signaling components are essential for the estab-
lishment and maintenance of overall homeostasis. Pathophysiologies and dis-
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ease states can arise when there are aberrations in the AR signaling cascades, and
dysfunctional AR signaling can be associated with different disorders. This
phenomenon has been best characterized in the cardiovascular and respiratory
systems. A goal in the generation of novel therapeutics to treat heart failure,
hypertension, and lung disorders has been either to augment or to attenuate
abnormal adrenergic signaling cascades using gene therapy. Although not yet at
the clinical stage, these methods have been extensively studied in animal models
of human disease.

At present, gene therapy is primarily accomplished using adenoviral vectors
(1). The adenovirus used has been engineered such that it lacks an envelope and
has a 36-kb double-stranded deoxyribonucleic acid (DNA) genome, and it is no
longer capable of viral replication (1). The virus is not integrated into host DNA,
but rather it persists in the cell as episomal DNA. Adenovirus has produced
robust transgene expression in cardiomyocytes, and it can easily be produced in
quantities sufficient for experimentation. The advent of adenoviral-mediated
gene transfer has provided researchers with a powerful tool to examine signaling
pathways in animal models of disease, and it has the potential to provide clini-
cians with an effective new therapeutic tool.

2. Potential Gene Therapy Targets
2.1. Adrenergic Receptors

The signaling cascade activated with AR stimulation is similar between the
three major subclasses of ARs: α1, α2, and β (Fig. 1). Agonist binding to the AR
causes a conformational change that stimulates a heterotrimeric protein, which acts
as a molecular transducer. The heterotrimeric G proteins coupled to ARs (Gs, Gq,
or Gi) differ depending on the specific AR activated and can even vary depending
on the modification status of a single AR (Fig. 1). The activated heterotrimeric
protein dissociates into α− and βγ-components (2), each of which can transduce
signals and modulate different second messengers, including activation of adenylyl
cyclase (Gs), phospholipase C (Gq), and inhibition of adenylyl cyclase (Gi).

Also integral to the AR signaling cascade is the densensitization and down-
regulation of AR signaling. This is accomplished primarily by the G protein-
coupled receptor kinases (GRKs), which phosphorylate activated ARs, allowing
for the subsequent association of the arrestins. The arrestin association leads to
inhibition of classical signaling cascades described above via the endocytic pro-
cess and activation of newly appreciated signaling cascades, including mitogen-
activated protein kinases (MAPKs) (3).

2.1.1. β-AR in Heart Failure
The ARs most predominant in both the cardiac and respiratory setting include

β-ARs. The β-AR family consists of three subtypes, β1, β2, and β3. The majority of
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research to date has primarily focused on the β1- and β2-AR subtypes, and the role
of the β3-AR remains controversial (4). The β-AR system is compromised in both
the failing heart (4) and asthmatic lungs (5). The alterations that take place in the
β-AR system during the progression of heart failure are best characterized (6). As
the heart begins to fail, compensatory mechanisms are initiated to maintain cardiac
output and systemic blood pressure. One of these mechanisms involves the sym-
pathetic nervous system, which increases its myocardial outflow of norepinephrine
in an attempt to stimulate contractility (7), leading to β-AR desensitization. There
is a reduction of cardiac β-AR density in the failing human heart, and the remaining
receptors appear to be desensitized (8). β1-ARs have been shown to be selectively
reduced, and β2-ARs are not altered (9,10).

Interestingly, the levels of β-adrenergic receptor kinase 1 (β-ARK1, otherwise
known as GRK2) are significantly elevated in human heart failure, representing a
potential mechanism for loss of β-AR responsiveness seen in this disease (9). The
loss of cardiac β1-ARs is critical because this translates to a larger percentage of β2-
ARs and α1-ARs. Thus, signaling from these ARs becomes more important in heart
failure. Another potential contributing factor to overall decreased β-AR signaling
in heart failure is increased levels of Gαi (11). These collective β-AR changes are
thought to be adaptive to protect the heart against chronic activation (6,12).

Fig. 1. The β-AR system in cardiomyocytes. On agonist binding to β-ARs, the Gs

heterotrimeric protein dissociates into α- and βγ-components. The α-component acti-
vates adenylyl cyclase (AC), which results in cAMP accumulation. cAMP activates
protein kinase A, which leads to downstream signaling effects, including phosphoryla-
tion of L-type calcium channels, phospholamban, troponin I, ryanodine receptors,
myosin-binding protein C, and protein phosphatase inhibitor-1 (4). β-ARK1 (or GRK2)
is brought to the membrane via association with the G protein βγ-subunits, whereas
GRK5 is already associated with the membrane. Either of these GRKs is capable of
phosphorylating the agonist-activated β-AR and subsequently desensitizing the recep-
tor. On GRK phosphorylation, a member of the arrestin protein family binds and stimu-
lates an entirely new signaling cascade unique from the adenylyl cyclase. This signaling
cascade activates the family of MAPKs.
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2.1.1.1. COMPARTMENTALIZATION OF β-ARS

Although at the macroscopic level β1- and β2-AR signaling appears similar,
evidence suggests that their signaling consequences are not only distinct, but
also they are uniquely regulated. There appears to be compartmentalization
(13). The β2-AR subtype is copurified with cardiomyocyte caveolae, whereas
the β1-AR subtype is more evenly distributed (14). In addition, these two sub-
types of β-AR possess distinct abilities to activate adenylyl cyclase, resulting in
accumulated cyclic adenosine 5′-monophosphate (cAMP) (4). Furthermore,
activation of protein kinase A subsequent to cAMP accumulation phosphory-
lates β2-AR, which then allows the receptor to switch from coupling with Gs to
Gi, whereas β1-AR does not undergo this same phenomenon (15). The differ-
ences between β1- and β2-ARs become even more apparent when the studies are
conducted in vivo.

2.1.1.2. β2-ARS IN CARDIAC GENE TRANSFER TO NORMAL HEARTS

Through several key in vitro and in vivo studies, it appears that genetic
enhancement of β2-AR density has therapeutic potential for cardiovascular and
pulmonary disorders. The benefits of cardiac-specific β2-AR overexpression
were first studied in transgenic mice. With more than 200-fold (16) cardiac-
specific overexpression of β2-AR using the α-myosin heavy chain promoter,
mice demonstrated significantly greater indices of cardiac performance, includ-
ing enhanced systolic function and myocardial relaxation (16,17). These mice,
when compared with their nontransgenic littermate controls, have the phenotype
of maximal β-AR myocardial signaling, both biochemically and physiologically
(16). Baseline, nonstimulated cardiac function in mice with cardiac-specific
overexpression of β2-AR is equal to or greater than function in control mice with
maximum doses of the β-AR agonist isoproterenol. In addition, there is minimal
pathology associated with cardiac β2-AR overexpression up to 1 yr of age,
including negligible fibrosis and collagen replacement (18). A similar pheno-
type was seen in mouse models with more modest (30- to 50-fold) cardiac β2-AR
overexpression (19,20,21). However, too much β2-AR overexpression (>200-
fold) can lead to cardiac toxicity (21). Importantly, moderate overexpression of
the β2-AR in the heart, using hybrid breeding strategies in a mouse model of heart
failure, restores ventricular function and reverses cardiac hypertrophy (20).
Therefore, this suggests that β2-AR supplementation is a potential for gene
therapy as a means of enhancing ventricular function.

Gene therapy using an adenovirus that expresses the β2-AR (adeno-β2-AR)
has been used both in vitro in cultured cardiac myocytes and in vivo. In cultured
myocytes, adeno-β2-AR enhanced adrenergic signaling in cells isolated from
hearts of adult control rabbits and those with heart failure (22,23). In vivo deliv-
ery of the adeno-β2-AR using open chest intracoronary injection (aortic cross-
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clamp) to normal rabbit hearts produced diffuse multichamber myocardial
expression with a reproducible 5- to 10-fold β-AR overexpression in the heart,
which at 7 and 21 d after delivery resulted in increased in vivo hemodynamic
function compared with control rabbits that received an empty adenovirus (24).
Several physiological parameters, including contractility, were significantly
enhanced basally and showed increased responsiveness to the β-AR agonist
isoproterenol (24). Percutaneous left circumflex artery-mediated gene transfer
of adeno-β2-AR to normal rabbit hearts produced expression in a chamber-spe-
cific manner, with approx 10-fold overexpression of the β2-AR (25). Delivery of
a control virus that expresses the β-galactosidase gene did not alter in vivo left
ventricular systolic function, whereas overexpression of β2-ARs in the left ven-
tricle improved global left ventricular contractility at baseline and in response to
isoproterenol (25). In addition, in a rat model of heterotopic cardiac transplanta-
tion, ex vivo delivery of adeno-β2-AR prior to heterotopic transplantation resulted
in enhanced function 1 wk later (26). Therefore, similar to what was seen in
transgenic mice, cardiac-specific overexpression of β2-ARs using adenovirus in
either a global or chamber-specific manner or ex vivo in a transplant situation is
sufficient to improve baseline and agonist-stimulated cardiac function.

2.1.1.3. β2-ARS IN CARDIAC GENE TRANSFER TO FAILING HEARTS

Adenoviral transfer of the β2-AR is also capable of improving failing hearts.
Pressure overload is a method used in animals to induce cardiac hypertrophy and
failure. Concomitant with the failure, there is a decrease in β-AR responsiveness
and receptor number (1). In vivo transfection of β2-AR enhances the cardiac
response to isoproterenol in the pressure-overloaded rat heart, thus preserving
myocardial function (27). In addition, as a model of cardiac unloading, such as
that which occurs with the use of left ventricular assist devices, rabbits under-
going heterotopic transplantation of failing hearts with prior treatment with
intracoronary delivery of adeno-β2-AR functionally recovered rapidly, and this
improvement in function was comparable to nonfailing hearts (28). These data
suggest that β2-AR may be a useful molecular adjunct to existing therapies in
select patients with heart failure.

Interestingly, because of the dual coupling of β2-AR, and not β1-AR, to both
Gs and Gi, it appears that β2-AR–Gi coupling conveys a significant cell survival
signal that counteracts apoptosis induced by concurrent β1/2-AR–Gs-mediated
and other signaling pathways (29). This survival pathway sequentially involves
Gi, Gβγ, phosphoinositide-3 kinase, and Akt (29). This suggests that selective
activation of cardiac β2-ARs may provide beneficial effects to the failing heart
via catecholamine-dependent inotropic support without cardiotoxic conse-
quences (29). Further, it suggests that β2-ARs are excellent targets for gene
transfer-based gene therapy in the failing heart.
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2.1.1.4. β2-AR GENE TRANSFER

FOR ARRHYTHMIAS AND HEART RATE CONTROL

Arrhythmias and heart rate control are complicating factors associated with
heart failure. β-ARs can affect the automaticity of myocardium; accordingly,
the use of β2-AR gene transfer has been explained for this purpose. Studies were
done that injected β2-AR plasmid constructs into the right atrium of native
murine hearts (30). Mouse hearts that were transfected with β2-AR and subse-
quently heterotopically transplanted had a marked increase in cardiac rate as
compared with mice transfected with control plasmids (30). Minimal changes
were noted in the electrocardiograms of β2-AR-transfected hearts, suggesting
that electrical conduction is unaltered except for the increased basal heart rate.
These studies demonstrated that the basal heart rate can be enhanced by local
delivery of β2-ARs, improving cardiac automaticity and suggesting that the β2-
AR may be a successful candidate gene to act as an in vivo alternative to pace-
maker implantation.

2.1.1.5. β2-AR IN PULMONARY DISEASE

Not only has gene transfer of the β2-AR been successful in the improvement
of heart function, β2-AR gene therapy has also been successful in the treatment
of animal models of asthma and pulmonary edema (31). β-AR agonists acceler-
ate the clearance of edema from the alveolar airspace by increasing the function
of epithelial transport proteins. Adeno-β2-AR was used to cause a significant
increase in β2-AR number and function in the alveolar epithelium of normal
rats (31). β2-AR overexpression upregulates alveolar fluid clearance, improves
responsiveness to endogenous catecholamines, and prevents receptor desensiti-
zation, suggesting a therapeutic role for the β2-AR in the treatment of pulmonary
edema (31). In lung airway smooth muscle, β2-ARs also act to relax the muscle,
resulting in bronchodilation, and contribute to bronchomotor tone (32). In asthma,
there is excessive bronchial smooth muscle contraction, and airway epithelial
and smooth muscle β2-AR function is depressed (32). Although current therapy
for the disease includes the regular use of β-agonists for bronchodilation, this
therapy also results in β-AR desensitization, thus potentially worsening obstruc-
tion and limiting the effectiveness of therapy (32). β2-AR gene delivery may be
a successful strategy to treat asthma because transgenic overexpression of β2-AR
in airway smooth muscle results in mice resistant to an animal model of
bronchoconstriction (33) and hyperreactivity (34), although it remains to be
determined whether this is the case.

2.1.2. β1-ARs in Heart Disease

Interestingly, although β2-ARs appear to be beneficial during disease states,
it appears that β1-ARs, the most abundant β-AR subtype in the human heart, are
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pathological (1). Even at modest levels of cardiac-specific β1-AR overexpres-
sion in the range of 3- to 15-fold, transgenic mice present with myocardial hyper-
trophy with rapid progression to failure (35,36). In vitro studies of cardiac
myocytes demonstrated that prolonged stimulation of β1-AR induces cAMP-
independent calcium-calmodulin kinase II-dependent apoptosis (37), whereas
β2-AR stimulation may actually prevent apoptosis (29). In addition, it appears
that β1-AR stimulation also leads to cardiac fibrosis and accumulation of extra-
cellular matrix (38). Therefore, at least with respect to cardiac failure, it does not
appear that overexpression of the β1-AR would be a successful approach to
improve cardiac function. However, data suggest that the use of antisense therapy
against the β1-AR could be a useful strategy to combat high blood pressure (39),
and perhaps this strategy could also be used in the heart to minimize the detrimen-
tal β1-AR effects caused by prolonged stimulation.

2.2. G Proteins in Heart Failure
2.2.1. Gi

In addition to enhancing β2-ARs or inhibiting β1-ARs, potential gene therapy
can also be administered downstream of the AR in the signaling cascade. As
determined using mice with Gi2 gene ablation, Gi2 is critical for theprevention of
hypertrophy and survival of mice with chronic β2-AR signaling (40). Although
it remains unclear whether Gαi2 upregulation is part of the diminished positive
inotropic effect after β-AR stimulation or whether it represents a protective
mechanism to attenuate the effect of adrenergic overstimulation, gene transfer of
Gαi2 severely attenuated the β1-adrenergic contractile response in cardiac
myocytes isolated from normal adult female rabbits (41). Therefore, this would
suggest that it may be advantageous to increase Gαi2 levels such that beneficial
antiapoptotic Gi-mediated β2-AR signaling (29) is enhanced and detrimental
β1-AR signaling, in the setting of heart failure, is diminished. Another possibility
is the use of gene therapy of the Gαi2 as an antiarrhythmic strategy. Gαi2 over-
expression in the atrioventricular node using adenoviral gene transfer suppressed
baseline atrioventricular conduction and slowed the heart rate during atrial fibril-
lation without producing complete heart block (42). In essence, the Gαi2 was
acting as a directed β-AR antagonist again, inhibiting detrimental β-AR signal-
ing. Therefore, gene therapy for cardiac-specific overexpression of the Gαi2

warrants further investigation to determine whether it is a successful strategy to
augment beneficial and attenuate detrimental β-AR signaling with respect to
cardiac contractility and pacing.

2.2.2. Gs

In contrast to Gαi signaling, which is enhanced in heart failure, Gαs protein
levels are unchanged (43). However, studies have been done using transgenic
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cardiac overexpression of Gαs, and it was found that the efficacy of the β-AR–
Gs–adenylyl cyclase signaling pathway is enhanced (44). This increased Gs

activity leads to amplified inotropic and chronotropic responses to endogenous
sympathetic stimulation, which over the life of the animal results in myocardial
damage characterized by cellular degeneration, necrosis, fibrosis, and compen-
satory hypertrophy (44). Therefore, similar to β1-AR, a gene therapy approach
targeting this molecule would not be to enhance but rather to inhibit signaling.
This could be accomplished through the use of a peptide inhibitor of Gs signaling
(45) engineered in a similar manner to that described for Gq signaling in the heart
(46), although this remains to be determined.

2.2.3. Gq

Activation of Gαq signaling in the heart through either cardiac overexpression
of Gαq (20) or excessive activation of receptors that couple to Gq, including α1-
ARs, can induce cardiomyocyte hypertrophy (47). Thus, inhibition of Gq and
its signals was envisioned by us as a potential therapeutic intervention to limit
cardiac hypertrophy, which often leads to heart failure in humans. To achieve
class-specific G protein inhibition and inhibit the signaling of all receptors that
employ Gq, we targeted the receptor–Gq interface (46). This therapeutic strat-
egy eliminates the need for multiple receptor antagonists in a variety of dis-
eases, including pressure overload cardiac hypertrophy. We designed an
inhibitor carboxyl-terminal peptide of Gαq that contains the region of the Gαq

subunit that interacts with the intracellular domains of agonist-occupied recep-
tors (GqI) and created transgenic mice with cardiac-specific overexpression
of this GqI peptide (46). When pressure overload was surgically induced, the
GqI transgenic mice developed significantly less ventricular hypertrophy than
control animals; therefore, inhibition of myocardial Gq may be a possible strat-
egy for preventing pathophysiological signaling by simultaneously blocking
multiple receptors coupled to Gq (46). This peptide inhibitor strategy is particu-
larly amenable to targeted gene therapy strategies because it would permit
organ-specific inhibition of an entire class of receptors and minimize side
effects. In addition to cardiac hypertrophy, this strategy of targeting Gq signal-
ing may be amenable for hypertension because Gq signaling can cause vaso-
constriction, which plays a role in this vascular disorder. Further studies will
be directed in this area.

2.3. GRKs in Cardiovascular Disease

2.3.1. β-ARK1 (GRK2)

Much work on cardiovascular gene therapy has been done in our lab target-
ing the manipulation of β-ARK1 (GRK2) activity. Signaling via ARs is regu-
lated by GRKs, and β-ARK1 is upregulated in heart failure (9). Evidence from
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transgenic mouse models suggests that inhibiting β-ARK1 may be beneficial
in the setting of heart failure. On agonist binding, β-ARK1 is translocated to
the membrane via the βγ-subunits of the heterotrimeric G protein (18).
Overexpression of the carboxyl terminal portion of β-ARK1 (β-ARKct) com-
petes with endogenous β-ARK1 and prevents the translocation of β-ARK1 and
its subsequent phosphorylation and desensitization of its target G protein-
coupled receptor (48). There are numerous different G protein-coupled recep-
tors in the heart that β-ARK1 desensitizes (18). In addition, β-ARKct also
interferes with βγ-signaling, including activation of the family of MAPKs (48).
However, in the heart, the β-ARs are the predominant receptor; therefore, it is
believed that the majority of β-ARKct actions are caused by inhibition of β-
ARK1 activity rather than effects on other signaling systems, although this
remains to be determined (2).

Importantly, mice with transgenic cardiac-specific expression of the β-
ARK1 demonstrated attenuation of agonist-stimulated left ventricular contrac-
tility in vivo, dampening of myocardial adenylyl cyclase activity, and reduced
functional coupling of β-ARs (48), similar to what is observed in heart failure.
In contrast, mice expressing the β-ARKct displayed enhanced cardiac contrac-
tility in vivo both basally and with agonist stimulation (48), indicating an
important role for β-ARK1 in normal cardiac regulation and function (1). In
fact, the β-ARKct has been able to restore normal β-AR function and improve
left ventricular function and remodeling, cardiac hypertrophy, and survival
rates in several different mouse models of heart failure (1). Therefore, these
studies were applied to larger animal models of heart failure to determine
whether gene therapy using an adeno-β-ARKct would be a successful thera-
peutic strategy.

Adeno-β-ARKct infection transmitted globally to the entire heart was able
to prevent the development of heart failure in a rabbit following left circumflex
artery ligation if given at the time of ligation (49) or reverse the heart failure
phenotype if given 3 wk following myocardial infarction via percutaneous
subselective coronary artery catheterization (50). In addition, inhibition of β-
ARK1 activation using adeno-β-ARKct was able to restore β-AR signaling
and contractile function in donor hearts that had undergone cardioplegic arrest
and cold ischemia for up to 4 h prior to transplant. Thus, β-ARK1 inhibition
may represent a novel target in limiting depressed ventricular function after
cardiopulmonary bypass (51). Interestingly, β-ARK1 levels are also increased
in human hypertensive patients (52). Therefore, it would be interesting to
determine whether adeno-β-ARKct would be a successful antihypertensive
therapeutic strategy. Importantly, we have data supporting this idea as we over-
expressed β-ARK1 in the vascular smooth muscle of transgenic mice, and this
was sufficient to cause hypertension (53).
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2.3.2. GRK5

Unlike human heart failure, for which there has been no change in GRK5
documented, in some animal models of heart failure such as the pacing-induced
pig model (54), cardiomyopathic hamsters (55), and rats with surgically induced
myocardial infarction (56) and hypertension (57), GRK5 levels are increased.
GRK5 also phosphorylates and desensitizes β-ARs as well as other ARs. There-
fore, it might be of potential therapeutic benefit to inhibit GRK5 using an aden-
oviral approach to express small molecule interfering RNA (RNAi) inhibitors
that could prevent RNA transcription of the GRK5 gene. Alternatively, some
sort of peptide inhibitors of GRK5 could be derived that would inhibit GRK5
function and thus potentially restore heart function.

2.4. Regulators of G Protein Signaling Proteins

In addition to the GRKs, a new class of proteins has been appreciated; the
regulators of G protein signaling (RGS) proteins also exhibit specific regula-
tion of G protein-coupled receptor-induced signaling within cells (58). RGS
proteins negatively regulate the activity of heterotrimeric G proteins by accel-
erating guanosine 5′-triphosphate hydrolysis and termination of signaling (58).
To date, it has been described that the RGS proteins have a relatively nonspe-
cific negative regulation of G protein-coupled receptor signaling mediated by
Gi/o and Gq/11, and an interaction with Gs and G12 has not been detected (58). The
majority of cardiovascular studies to date have focused on RGS4, although
there are 13 different RGS proteins expressed in the heart and vasculature (58).
Transgenic mice with cardiac-specific overexpression of RGS4 appear normal
basally with no apparent morphological abnormalities (59). However, the
hearts of RGS4 mice are markedly compromised in their ability to adapt to
pressure overload induced by transverse aortic constriction, and they had
elevated postoperative mortality compared to nontransgenic littermate control
mice (59). In contrast, when RGS4 mice were mated with a heart failure mouse
model in which Gαq signaling is enhanced, the RGS4 was able to delay the
progression of heart failure (60). Therefore, the antihypertrophic effects that
RGS4 can exert on Gαq signaling in the heart can be either beneficial or detri-
mental depending on the physiology or pathophysiological context, suggesting
that further studies are needed to explore whether the RGS family of proteins
may be a potentially important therapeutic target to either enhance or inhibit,
depending on circumstances.

2.5. Adenylyl Cyclase Gene Transfer in Heart Disease

β-AR signaling is coupled to adenylyl cyclase. When β-ARs are coupled
with Gs, as is primarily the case, β-AR stimulation activates adenylyl cyclase,
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resulting in an accumulation of cAMP and activation of protein kinase A,
which in the heart lead to increased chronotropy and inotropy. Protein kinase
A activity phosphorylates a number of important and interesting substrates,
including β2-AR, such that the β2-AR is now capable of coupling to Gi, inhib-
iting adenylyl cyclase activity and preventing apoptosis (29). Adenylyl cyclase
5 and 6 are the most abundantly expressed cyclases in the heart (61). Interest-
ingly, cardiac-specific overexpression of adenylyl cyclase 6 alone had normal
cardiac function with no change in myocardial β-AR; G protein or cAMP
expression and signaling were only altered when transmembrane receptors
were activated (62,63). Cardiac-specific adenylyl cyclase 6 mice were mated
with a mouse model of heart failure, and the hybrid mice had increased sur-
vival, restored cAMP-generating capacity, improved basal heart function, and
increased β-AR responsiveness (64). This suggested that adenylyl cyclase 6
may be a powerful therapeutic target. In fact, intracoronary injection of a
recombinant adenovirus encoding adenylyl cyclase 6 into normal pigs pro-
vided persistent increases in cardiac function, whereas basal heart rate and
blood pressure were unchanged (65). Therefore, although further study is
needed, these data suggest that long-term exposure to cardiac-selective over-
expression is beneficial and that this may also be an important method for
increasing function in the setting of heart failure.

3. Conclusions

Gene therapy is a powerful research and therapeutic tool that allows for
organ-specific expression of transgenes. As an investigational tool, gene
therapy of the AR system is powerful because it allows for acute changes in
expression/activity to be studied without developmental issues and chronic
expression that is encountered with transgenic mice. As a therapeutic approach,
there are many different molecules along the cascade involved in AR signaling
pathways that can be considered as targets, which may provide beneficial
outcomes in the setting of heart failure, asthma, hypertension, and other dis-
eases of the cardiovascular and pulmonary systems. Further research is needed
to determine whether a single target approach would be more successful than
a multimolecular approach. In addition, it remains to be determined whether a
designer strategy is needed in which transgenes are manipulated and tailored
prior to infection such that certain signaling pathways are favored over others
(32). What has been established through extensive transgenic mouse models
and larger animal models using adenoviral-mediated gene delivery is that the
genetic manipulation of several members of the AR signaling cascade has
therapeutic potential that may lead to novel strategies to treat diseases for
which, overall, current drug treatments are not optimal.
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Genetic, Molecular, and Clinical
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Receptor Polymorphisms

Stephen B. Liggett

Summary

Natural variations in the genes that encode adrenergic receptors have been
identified. The variations of major interest for common diseases are those
that occur with allele frequencies of 1% or more and are termed polymor-
phisms. Of the nine adrenergic receptors (α1A, α1B, α1D, α2A, α2B, α2C, β1, β2,
β3), seven have been found to have nonsynonymous coding polymor-
phisms. Because of the distribution of adrenergic receptors throughout the
body, there is the potential to explore genotype-phenotype associations in
many organ systems and diseases. To date, the most extensively studied
have been asthma, hypertension, vascular disease, heart failure, and obe-
sity and related metabolic disorders.

Key Words: Associations; allele; asthma; clinical; disease; haplotypes;
heart; polymorphism; SNPs; transgenic.

1. Introduction

Natural variation in the genes that encode adrenergic receptors (ARs) have
been identified. The variations of major interest for common diseases are those
that occur with allele frequencies ≥1% and are termed polymorphisms. Within
the coding region, polymorphic variation can result in either a change in the
encoded amino acid (nonsynonymous) or, because of the redundancy of the
genetic code, have no effect on the encoded residue (synonymous). The most
common variants are single nucleotide polymorphisms (SNPs), but insertions
and deletions are also found. AR polymorphisms have been considered as poten-
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tial risk factors for a disease, as modifiers of a given disease, or as loci that act
to alter the response to therapeutic agents targeted to a receptor. In this review,
the AR polymorphisms are identified and their molecular properties as deter-
mined in cells or genetically altered mice summarized; the physiological/clinical
consequences in human disease are discussed.

2. Localization and Population Genomics
of Adrenergic Receptor Polymorphisms

Of the nine ARs, seven have been found to have nonsynonymous coding poly-
morphisms. Although there does not appear to be any pattern regarding the loca-
tions of these polymorphisms, certain regions may well be spared (Fig. 1). The
nucleotide and amino acid localization, major and minor alleles, and frequencies
of these polymorphisms are provided in Table 1. Of particular interest is the
difference in allele frequencies for some polymorphisms between those individu-
als of European vs African descent. For example, the α2C-Del322-325 polymor-
phism has an allele frequency that is approx 10-fold more common in African
Americans (1). On the other hand, the α2B-Del301-303 is threefold more common
in Caucasians (2). Combinations of polymorphisms of a gene that are on the same

Fig. 1. Localization of nonsynonymous polymorphisms of adrenergic receptors.
Schematic representation of a prototypic receptor. Locations are approximate and not
to scale. (Reprinted, with permission, from ref. 28; © 2003 by Annual Reviews, www.
annualreviews.org.)
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parental chromosome are termed haplotypes. Because of linkage disequilibrium
between multiple polymorphisms that are in the same gene, some combinations
are uncommon. For the β2-AR, we have ascertained polymorphic sites within the
open reading frame as well as approx 1000 bp 5′ upstream (3). Thirteen SNPs have
been identified, and although 213 = 8192 combinations are possible, only 12 hap-
lotypes were found in a multiethnic population. Using phylogenetic analysis, one
can ascertain ancestral alleles and potential recombination events. Such an analy-
sis is shown in Fig. 2 (see Color Plate 5 following p. 148.) for the β2-AR haplo-
types.

3. Signaling Consequences
of Adrenergic Receptor Polymorphisms

3.1. β1-AR Polymorphisms
Two nonsynonymous polymorphisms have been identified (4-6), at amino acid

49 within the amino-terminus of the receptor and in the proximal cytoplasmic tail
within the proposed eighth α-helix at amino acid 389. There are discrepant reports
regarding the effects of the Ser�Gly substitution at position 49 on receptor func-
tion. In one report, basal and agonist-stimulated adenylyl cyclase activities were

Table 1
Adrenergic Receptor Polymorphisms

Minor allele
Position Alleles frequency (%)

Amino African-
Receptor Nucleotide acid Major Minor Caucasians Americans

α1A-AR 1441 492 Cysa Arg  46   70

α2A-AR   753 251 Asn Lys 0.4     5

α2BAR 901–909 301–303 No Delete   31   12
deletion Glu-Glu-Glu

α2C-AR 964–975 322–325 No Delete    4   38
deletion Gly-Ala-Gly-Pro

β1-AR   145   49 Ser Gly   15   13
1165 389 Arg Gly   27   42

β2-AR     46   16 Gly Arg   39   50
    79   27 Gln Glu   43   27
  491 164 Thr Ile 2–5 2–5

β3-AR   190   64 Trp Arg   10 ?

a In African-Americans, Arg is the major allele.
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not different between the two (6); another noted higher activities for β1-Gly49 (7).
There is agreement, though, that agonist-promoted trafficking differs between
the two allelic variants. Western blots of transfected HEK-293 cells expressing
each receptor revealed different immunoreactive bands (Fig. 3A). For β1-Ser49,
a high molecular weight species (∼105 kDa) was identified. This was considered
consistent with enhanced glycosylation (N- or O-linked) or dimerization of non-
glycosylated receptor (monomer size is ∼49 kDa). Although a dimerized form
cannot be unequivocally excluded, the high molecular weight form was sensitive
to the in vivo glycosylation inhibitor tunicamycin and N-glycosidases in vitro. O-
Glycosidases had no effect.

In addition to the lack of this high molecular weight species, β1-Gly49 has a
major immunoreactive species at approx 69 kDa compared to approx 63 kDa for
β1-Ser49. Taken together, it appears that β1-Gly49 is not expressed in a “mature”

Fig. 2. Phylogenetics of β2-AR haplotypes. Each circle represents a haplotype with
an area that correlates with its frequency in the test population. Sections within each
circle show the distribution by race. Connecting lines: solid black, single-site differ-
ences; solid blue, two-site differences; dashed, more than two-site differences. Analysis
was by the minimum spanning network algorithm. (See Color Plate 5 following p. 148;
reprinted, with permission, from ref. 3.)
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form, potentially because of altered glycosylation. It is not clear, however, how
a polymorphism at amino acid position 49 can effect N-glycosylation that occurs
at Asn15 of the β1-AR. This altered form of β1-Gly49 is associated with an
increase in agonist-promoted downregulation (net loss of cellular receptor) after
18 h of exposure to the agonist isoproterenol (Fig. 3B). In these experiments,
cells were treated with cycloheximide to block new receptor synthesis. Agonist-
promoted degradation of receptor was approx 55% for β1-Gly49 compared to
approx 36% for β1-Ser49. In contrast, degradation in the absence of agonist and
agonist-promoted internalization of either receptor were not different. The major
phenotype, then, of the β1-Gly49 receptor is enhanced agonist-promoted down-
regulation.

The polymorphism at position 389 has been studied in transfected cells (4) and
transgenic mice (8). Amino acid 389 is within a proposed α-helix formed by a
stretch of intracellular residues from the seventh transmembrane domain (TMD)
and the palmitoylated cysteine(s), which forms a membrane anchor. For many
receptors, this region is important for coupling to G proteins. Initial agonist-
binding studies (Fig. 4A), carried out in the absence of guanine nucleotide,
revealed steep and monophasic curves for β1-Gly389; thus, little high-affinity
agonist binding could be detected by this method for this receptor. In contrast,
β1-Arg389 curves could be readily resolved into high- and low-affinity states
(Fig. 4B) (4). This suggested that there was greater accumulation of the high-

Fig. 3. Phenotype of the position 49 variants of the β1AR in transfected cells: (A)
representative autoradiogram of a Western blot from whole cell lysates; (B) results from
downregulation studies. ISO, isoproterenol. (From ref. 6; with permission from
Lippincott Williams & Wilkins.)
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affinity agonist-receptor-Gs complex for β1-Arg389 compared to β1-Gly389, and
that the former would display enhanced signal transduction. As shown in Fig. 4C,
this turned out to be the case, with basal and isoproterenol-stimulated adenylyl
cyclase activities greater for the Arg compared to the Gly allelic variant (4).

Subsequent studies were carried out with transgenic mice, for which in sepa-
rate lines the two β1-ARs were expressed on myocytes using the α-myosin heavy
chain promoter (8). Lines were selected with equivalent levels of β1-AR protein
expression as assessed by quantitative radioligand binding. The physiological
consequences are shown in the work-performing heart studies of Fig. 5A. In 3-mo-
old mice, basal and agonist (dobutamine)-stimulated contractility (+dP/dt) is
greater for β1-Arg389 hearts compared to those from β1-Gly389 mice. In con-
trast, by 6 mo of age, a contractile response of the β1-Arg389 hearts to dobutamine
was not observed (Fig. 5B). Expression studies revealed a pattern of altered
hypertrophy, Ca2+-handling, and signal transduction transcripts or protein in
these hearts, which occurred during the 3- to 6-mo window. Some of these changes
occurred with both mice; others were specific for β1-Arg389. These data sug-
gested that the Arg variant evokes a signaling program, which results in adapta-
tion, potentially to protect the heart from persistently enhanced contractility. In
the case of these mice, though, this adaptation (which physiologically appears
as “autoblockade”) is ultimately not successful because β1-Arg389 mice die of
dilated cardiomyopathy by 9 mo of age.

Fig. 4. (C) (Continued from previous page) Results from adenylyl cyclase studies.
The Arg-389 demonstrated small increases in basal activities and marked increases in
agonist-stimulated activities compared with the Gly-389 receptor. (From ref. 4 with
permission.)
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The potential for position 389 of the β1-AR as a pharmacogenetic locus was
assessed in these mice with both acute and chronic dosing of the β-blocker pro-
pranolol (Fig. 5C). Acute administration of propranolol in work-performing prepa-
rations of 3-mo-old mice revealed increased sensitivity and maximal response to
propranolol (decrease in +dP/dt) for the β1-Arg389 hearts compared to β1-Gly389
hearts (Fig. 5C). In short-term oral dosing studies, 3-mo-old mice were treated for
5 wk with propranolol, with the decrease in heart rate utilized as the response end
point. Only the β1-Arg389 displayed a decrement. These data suggested that β1-
Arg389 may represent a response locus for β-blockers for the treatment of heart
failure.

3.2. β2-AR Polymorphisms

The most uncommon β2-AR SNP is at amino acid position 164, where Thr or
Ile can be found within the fourth TMD of the receptor (9). The minor allele (Ile)
is found in the heterozygous state in approx 2-5% of any population studied to
date. Interestingly, a homozygous individual has never been identified, suggest-
ing that it may be developmentally lethal. In transfected cells, β2-Ile164 dis-
played two- to threefold lower binding affinity for β2-agonists and some
antagonists. Minimal high-affinity binding was detected, which was consistent
with this receptor having substantially decreased basal and agonist-stimulated
adenylyl cyclase activities (9) (Fig. 6A). This decreased function of the Ile164
variant has also been observed in physiological studies of transgenic mice with
targeted overexpression of the β2-Thr164 and -Ile164 receptors (10). Neither of
the transgenic mice exhibited pathological features.

In addition to this uncoupled phenotype, β2-Ile164 interacts aberrantly with
the long-acting β-agonist salmeterol (11). This agonist has a phenylalkyloxyalkyl
side chain that “anchors” it to the receptor within the fourth TMD to provide for
repetitive binding events and a 12-h duration of bronchodilating action in the
treatment of asthma (12). The substitution of Ile for Thr in this region perturbs
this anchoring, and functional washout studies in transfected cells (11) revealed
approx 50% reduction in the duration of action of salmeterol (Fig. 6B).

The prevalent β2-AR polymorphisms are at amino acid positions 16 and 27
(13,14). Three of the four possible combinations are commonly observed. The
phenotypes of the 16/27 polymorphisms appear to be confined to long-term
agonist-promoted downregulation. Initial studies revealed no alterations in
ligand-binding affinities, coupling to cyclic adenosine 5′-monophosphate
(cAMP), the rate of receptor synthesis, or short-term agonist-promoted internal-
ization (14). However, when cells were exposed to isoproterenol for 24 h, a
difference in the degree of downregulation was noted (Fig. 7).

The Arg16/Gln27 receptor underwent 26 ± 3% downregulation. In contrast,
the Gly16/Gln27 receptor displayed 41 ± 3% downregulation. Furthermore, the
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rare Arg16/Glu27 receptor failed to downregulate. The Gly16/Glu27 receptor
displayed a similar level of downregulation (39 ± 4%) compared to the Gly16/
Gln27 receptor. The data suggest that position 16 is the major polymorphic locus
that affects agonist-promoted downregulation (14). That is, whenever Gly16 is
present, downregulation is enhanced compared to Arg16. The molecular basis of
these phenotypes is not clear, but it appears to occur after the internalization
process, prior to or during passage through the degradation pathway.

In a study of cultured human airway smooth muscle cells natively expressing
several of the β2-AR genotypic combinations (15), downregulation promoted by
24 h of agonist exposure followed the same pattern as that observed in the trans-
fected cell studies (14). However, another study using human airway smooth
muscle cells showed a somewhat different phenotype (16). In this study, changes
in receptor expression were not determined, but rather changes in function (cAMP
accumulation and cell stiffness) after agonist exposure were examined. The
presence of any Glu27 allele was associated with enhanced desensitization of
these functions. This finding was observed with both 24-h exposures as well as
1-h exposures to agonist in culture. Because agonist-promoted downregulation
of β2-AR density requires approx 6 h for earliest detection, one must conclude
that these protocols serve to study event(s) other than downregulation alone. The

Fig. 6. Signaling characteristics of the β2-Ile164 polymorphism in transfected cells:
(A) results from adenylyl cyclase studies reveal decreased coupling of β2-Ile164; (B)
washout studies with the agonist salmeterol reveal a shorter duration of action at the β2-
Ile164 receptor compared to the wild-type Thr164. PBS, phosphate-buffered saline.
(Reprinted, with permission, from refs. 11 and 28; © 2003 by Annual Reviews,
www.annualreviews.org.)
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effect of the position 16 genotype could not be fully assessed because of the
distribution of genotypes.

In another study with natively expressing polymorphic β2-AR, human lung
mast cell function (agonist-promoted inhibition of histamine release) was exam-
ined (17). Desensitization of this response after 24 h of agonist exposure showed
results that were the opposite of that predicted by other studies (14,15) in which
receptor expression was quantitated by radioligand binding. Although the above
studies with endogenous cells from humans utilized different protocols and
outcome measures, one must also consider that polymorphisms in other genes
with products that are involved in the various pathways investigated may account
for some of these apparent discrepancies.

As introduced in Section 1.2., the β2-AR promoter 5′ untranslated and 5′ leader
cistron are highly polymorphic, serving to define at least 12 unique haplotypes
(18,3). Although characterization of all the haplotypes has not been carried out,
studies of two common Caucasian haplotypes revealed that β2-AR haplotype 2
(see nomenclature from ref. 3) consistently had higher expression levels in trans-
fected cells compared to haplotype 4. These two differ at eight SNP positions in
the gene, including several cis-acting elements. As is discussed in Section 4.3.,
the bronchodilator response to β-agonist is associated with β2-AR haplotypes in
asthmatics, in a direction and magnitude consistent with the in vitro studies (3).

3.3. β3-AR Polymorphisms
One nonsynonymous polymorphism of the β3-AR gene has been reported (19)

that results in a substitution of Arg for Trp (the major human allele) at amino acid

Fig. 7. Downregulation phenotypes of the position 16 and 27 variants of the β2-AR
in transfected cells. These mutations markedly altered the degree of agonist-promoted
downregulation of receptor expression after 24-h exposure to 10 μM isoproterenol.
(From ref. 28; © 2003, with permission from Elsevier.)
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position 64. This residue is localized either to the most distal residue within the
first transmembrane-spanning domain or the most proximal residue of the first
intracellular loop (Fig. 1) of the receptor. It is interesting to note that in virtually
all β3-AR genes cloned from various species, Arg is found at position 64, yet Trp
is the major human allele (Table 1). This suggests evolutionary pressure for
dominance of the Trp residue in humans. Two studies with discrepant results
have been published on the pharmacological effect of the Arg64 substitution
in the β3-AR using recombinant expression. In Chinese hamster ovary (CHO;
dhfr-) cells, there were no differences in agonist-binding parameters or agonist
stimulation of cellular cAMP accumulation between the Trp64 and Arg64 recep-
tors (20). In contrast, others have reported (21) a decrease in the maximal stimu-
lation of cAMP accumulation in CHO-K1 and HEK-293 cells with the Arg64
β3-AR compared to its allelic counterpart. It appears, then, that there may be a
difference in coupling between Arg64 and Trp64 β3-ARs, but additional studies
are necessary to clarify these pharmacological characteristics.

3.4. α2A-AR Polymorphisms

One nonsynonymous SNP has been reported in the α2A-AR coding region (22),
where Asn or Lys can be found at amino acid 251, which is within the third
intracellular region (Fig. 1). The SNP is in a region that is highly conserved among
species; indeed, Asn is found in the analogous position in genes of all species
cloned to date except for human, where the Lys polymorphism has an allele
frequency of 0.4% in Caucasians and 5.0% in African Americans (Table 1). The
α2A-Lys251 receptor displays enhanced agonist-promoted 35S-GTPγS binding
compared to α2A-Asn251, consistent with enhanced coupling to inhibition of
adenylyl cyclase and stimulation of mitogen-activated protein kinase p44/42
(Fig. 8) (22).

3.5. α2B-AR Polymorphisms

A nine-nucleotide in-frame deletion resulting in a three-amino acid (Glu-
Glu-Glu) deletion representing residues 301-303 of the wild-type α2B-AR has
been delineated (22) (Fig. 1). It is common in Caucasians and African Ameri-
cans. The deletion is within the third intracellular loop of the receptor, within
a long string of Glu residues. Studies have shown that this region is important
for establishing the acidic environment necessary for G protein-coupled recep-
tor kinase (GRK)-mediated desensitization (23). Expression of wild-type and
α2B-Del301-303 receptors in CHO cells revealed a complex phenotype (22). In
membrane adenylyl cyclase assays, the polymorphic form displayed a small
decrease in maximal inhibition of forskolin-stimulated adenylyl cyclase, and
the dose-response curve was right shifted. Thus, one component of the pheno-
type is decreased coupling to Gi.
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Based on the importance of this region for agonist-promoted desensitization,
additional studies were carried out to ascertain GRK phosphorylation and desen-
sitization. Cells were cotransfected with GRK2 and the wild-type or α2B-Del301-
303 receptor, loaded with 32P-orthophosphate, treated with vehicle or agonist for
10 min, and purified by immunoprecipitation. As shown in Fig. 9A, agonist-
promoted phosphorylation of α2B-Del301-303 was reduced by approx 50% com-
pared to wild type. Consistent with these results, agonist-promoted functional
desensitization (inhibition of adenylyl cyclase) was absent with the polymorphic
receptor compared to 54% for the wild type (Fig. 9B). Thus, the major phenotype
of α2B-Del301-303 is a lack of a critical regulatory event: short-term agonist-
promoted desensitization by GRK2 phosphorylation.

3.6. α2C-AR Polymorphisms
Like the other two α2-AR subtypes, the site for polymorphic variation of the

α2C-AR is localized to the third intracellular loop (1) (Fig. 1). For this subtype,
a 12-nucleotide in-frame deletion resulting in a four-amino acid (Gly-Ala-Gly-
Pro) loss has been detected, primarily in subjects of African descent (Table 1).
In CHO cells, the α2C-Del322-325 displays markedly depressed function as
assessed by inhibition of adenylyl cyclase (Fig. 10), stimulation of mitogen-
activated protein kinase p44/42, and stimulation of inositol phosphates (1). The
basis for this impairment is not clear. Although the third intracellular loop is

Fig. 8. Enhanced signaling of the α2ALys251 polymorphic receptor. Adenylyl cyclase
activities were determined in the presence of 5.0 μM forskolin and the indicated con-
centrations of the full agonist epinephrine. Results as shown are the percentage inhibi-
tion of forskolin-stimulated activities from clones at matched levels of expression
(~2500 fmol/mg). *, p < 0.05 for the maximal inhibition compared with wild-type for
both agonists. (From ref. 22 with permission.)
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Fig. 9. Decreased agonist-promoted phosphorylation and desensitization of the
α2B-Del301-303 polymorphism: (A) results of a whole-cell phosphorylation study in
cells cotransfected with receptor and GRK2; (B) results from adenylyl cyclase stud-
ies. The percentage of inhibition of adenylyl cyclase at a submaximal concentration
of norepinephrine (NE) in the assay is shown for both conditions, indicating an approx
54% desensitization of wild-type (WT) α2B-AR. The Del301-303 failed to display
such desensitization. (From ref. 2 with permission.)

critical for G protein coupling, it is generally felt that the regions near the fifth
and sixth TMDs are most important. However, compared to the β2-AR, the α2-
ARs have large third intracellular loops and minimal cytoplasmic tails. So,
there may be complex folding of the third intracellular loop of the α2C-AR that
acts to regulate coupling. Other considerations include altered membrane in-
sertion or microdomain localization of the α2C-Del322-325.

3.7. α1-AR Polymorphisms
To date, only one polymorphism in an α1-AR subtype gene that alters amino

acid sequence has been described (Table 1). This polymorphism is located within
the α1A-AR subtype gene, resulting in Arg or Cys at amino acid 492 (24). This
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residue is located in the carboxy-terminus of the receptor (Fig. 1). Comparison
of the Arg492 and Cys492 α1A-AR functions has been investigated using trans-
fected CHO cells stably expressing each receptor (24). Radioligand-binding
studies showed no differences in agonist or antagonist binding. In addition,
receptor-mediated calcium signaling and the extent of receptor desensitization
following agonist exposure were also similar for both receptors. For the α1B-AR
gene, sequence analysis of exonic regions from 51 individuals revealed only two
synonymous polymorphisms (25). Studies designed to identify polymorphisms
of the α1D-AR have not been described to date.

4. Clinical Relevance of Adrenergic Receptor Polymorphisms

Typically, studies have been carried out to investigate associations between
AR polymorphisms and three scenarios: risk factors for disease, modification of
disease phenotype, and alteration of the response to therapy (26). These three
aspects of genetic variation are interrelated. For example, an apparent direct
pharmacogenetic effect of a polymorphism may in fact be caused by its influence
on disease severity (i.e., phenotype), thereby associating it with response to
therapy. Similarly, the risk for developing a disease if an individual has a given
polymorphism may be related to a highly specific clinical subset of the disease,
which may be only broadly defined, and thus the risk and disease modification
effects can become difficult to distinguish.

Because of the distribution of ARs throughout the body, there is the potential
to explore genotype-phenotype associations in many organ systems and dis-

Fig. 10. Depressed function of the α2C-Del322-325 polymorphic receptor. Adenylyl
cyclase activities were determined in membranes in response to forskolin (5 μM) and
forskolin plus various concentrations of norepinephrine. (From ref. 1 with permission.)
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eases. To date, the most extensively studied have been asthma, hypertension,
vascular disease, heart failure, and obesity and related metabolic disorders. Physi-
ological studies have also been carried out in normal subjects as well. Table 2
provides results from representative studies. However, it is not comprehensive;

Table 2
Physiologic Phenotypes of Adrenergic Receptor Polymorphisms

Receptor Disease Association (–or +)

α2A Hypertension (−) Lys251

α2B Acute coronary events (+) Del301-303
Hypertension (−) and (+) Del301-303
Reduced metabolic rate (+) Del301-303
Body weight (+) Del301-303
Fat mass (with β3-Arg64) (+) Del301-303
Vasoconstriction (normals) (+) Del301-303

α2C Heart failure (+) Del322-325
125I-MIBG uptake (heart failure) (+) Del322-325
Hypertension (−) Del322-325

β1-AR Heart failure (with α2C-Del322-325) (+) Arg389
Exercise tolerance (heart failure) (+) Arg389
Exercise response (normals) (−) Arg389
Left ventricular mass (+) Arg389
Ex vivo cardiac response (heart failure) (+) Arg389
Hypertension (+) Arg389
Response to β-blocker (hypertension) (+) Arg389
Ventricular tachycardia (+) Arg389
Response to β-blocker (heart failure) (−) Arg389, Gly49
Response to β-blocker (heart failure) (+) Arg389
Survival (heart failure) (+) Gly49
Heart rate (normals and hypertension) (+) Gly49

β2-AR Asthma
• Nocturnal phenotype (+) Gly16
• High immunoglobulin E phenotype (+) Gln27
• Bronchial hyperresponsiveness (−) and (+) 16, 27
• Altered response to albuterol (+) Arg16, (+) haplotype (+) 523
Exercise tolerance (heart failure) (+) Ile164, (+) Gly16
Heart rate, QTC to agonist (normals) (+) Ile164
Survival (heart failure) (+) Ile164, (−) 16/27
Vascular response to agonist (normals) (+) 16/27
Obesity, diabetes, hypertriglyceridemia Multiple (+) and (−) 16/27

β3-AR Obesity, diabetes, hypertriglyceridemia Multiple (+) and (−) Arg64

α1A-AR Vascular response to agonist (normals) (–) 492

(+), An association has been reported; (−), the study revealed no association.
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refs. 27 and 28 provide additional discussion of specific diseases. In the follow-
ing sections, representative examples of clinical studies that address each of the
three aforementioned scenarios are provided and discussed.

4.1. AR Polymorphisms as Risk Factors for Disease

β2-ARs (and to a lesser extent β1-ARs) are expressed on vascular smooth
muscle, where they serve to vasodilate and, by way of regulating peripheral
vascular resistance, have been considered potential genetic loci for hypertension.
In addition, β1-ARs of the kidney regulate renin secretion and subsequent angio-
tensin generation. Several studies have addressed whether β2-AR polymorphisms
are associated with essential hypertension. Given the allele frequencies of these
SNPs, it was expected that the contribution of an individual SNP or even a
haplotype, from one gene, would have a somewhat small contribution to the
phenotype. Some of the initial studies may not have been designed in such a way
to distinguish small contributions or to take into account population stratification
among various ethnic groups (29,30).

A large set of studies by Boerwinkle and colleagues using both pedigrees with
sibling pairs discordant for systolic hypertension and two-family studies (total
of 2527 individuals) has revealed associations that are the most definitive to date
(31). In the sibling pair studies, locus 16 of the β2-AR was significantly related
to blood pressure (p = 0.009). In the first family study of 1283 individuals, Arg16
homozygosity was associated with lower diastolic and mean arterial blood pres-
sures, accounting for approx 3 mmHg decrease in either parameter. When the
second cohort of families was added, the position 27 locus appeared to have a
greater effect (they are in strong linkage disequilibrium). Glu27 was associated
with increased systolic and mean arterial pressures. The odds ratio for the occur-
rence of hypertension for the Glu27 allele was 1.80 (95% confidence interval
[CI] 1.08-3.00. Studies with the β1-AR polymorphisms have been less extensive.
Groop and colleagues (32) reported associations in a case-control study of unre-
lated individuals and in a sibling pair study. In the case-control study, the odds
ratio for hypertension for the β1-Arg389 allele was 1.9 (95% CI 1.3-2.7) when
compared to β1-Gly389 carriers. The sibling study revealed higher diastolic
blood pressures for homozygosity at β1-Arg389, amounting to an approx 3 mmHg
increase. A similar observation has also been made in patients with heart failure
(33). When stratified by the β1-AR-389 genotype, those with homozygous β1-
Arg389 had higher systolic blood pressure (by ∼12 mmHg) than those who were
homozygous for Gly389, with an intermittent value for heterozygotes. This more
profound phenotypic effect observed in patients with heart failure compared to
those with essential hypertension may be caused by the fact that the former
patients have elevated catecholamines, which would be expected to exacerbate
the gain-of-function phenotype of β1-Arg389 (4).
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4.2. AR Polymorphisms as Disease Modifiers
In these scenarios, the allele frequency of the variant is not considered to be

different between the disease cohort and an appropriate control population.
However, the hypothesis being tested is whether the polymorphism is associated
with some relevant clinical characteristic, a defined phenotype, or a “clinical
subset” of a heterogeneous syndrome. As discussed earlier, it may be difficult to
ascertain disease risk when a variant from a single gene is one of several from
multiple genes that together ascertain risk. Furthermore, disease modification
effects may be part of a pharmacogenetic influence. In many cases, it is not
ethical to withdraw or standardize therapy for all patients, so statistical methods
need to be utilized to ascertain medication use as a confounder in analysis of a
polymorphism’s disease modification potential.

Studies of AR polymorphisms in heart failure represent examples of the com-
plexity of the aforementioned issues. Given the highly integrated nature of the
sympathetic nervous system, genetic variability of multiple ARs that control
cardiac contractility and rate (β1-β1-AR), norepinephrine release from cardiac
presynaptic nerves (α2A-α2C-AR and β2-AR), peripheral vascular resistance
(α1-, α2-, and β-AR subtypes), and other neurohumoral responses to depressed
cardiac output, could influence the phenotype. Several studies have concentrated
on exercise tolerance as a clinically relevant phenotypic trait, given that it is
quantitative (typically, maximal oxygen consumption VO2 is measured), and it
correlates with survival. The β2-AR expressed on myocytes has a diverse signal-
ing repertoire, which includes coupling to inotropy/chronotropy by stimulation
of adenylyl cyclase (via Gs), inhibition of adenylyl cyclase (via Gi), and
antiapoptotic signals. The β2-Ile164 receptor is substantially dysfunctional in
transfected cells and transgenic mice (see Section 1.2.), so we hypothesized that
those carrying this polymorphism who had heart failure (idiopathic dilated or
ischemic cardiomyopathies) would have lower VO2 and increased mortality.

Exercise capacity was measured using a graded treadmill protocol, with VO2

as the primary outcome measure (34). Those with Ile164 had substantially
depressed VO2 (15.0 ± 0.9 vs 17.9 ± 0.9 mL/kg/min). The odds ratio of having
VO2 � 14 mL/kg/min was 8.0, p = 0.009. Importantly, these patients could not
be differentiated by standard clinical tests. Of note, a VO2 of 14 or below is one
of the criteria for placement on the cardiac transplantation list. Cardiac catheter-
ization studies (Fig. 11) in these individuals revealed substantially reduced
cardiac output responses as well as decreased vasodilation in response to exer-
cise in the patients with β2-Ile164 heart failure compared to matched patients
homozygous for the wild type (β2-Thr164). Of note, baseline left ventricular
ejection fractions and other clinical characteristics were not different between
the two groups. So, even at early stages, a pathophysiological effect of Ile164
is observed.



Characterization of AR Polymorphisms 357

A study by Brodde et al. (35) with normal volunteers showed mild decreased
responsiveness (heart rate and systolic time interval) to infusions of the β2-AR
agonist terbutaline in those with the Ile164 allele compared to Thr164 homozy-
gotes. This indicates that this polymorphism has physiological effects even in the
absence of disease, but its effect may be greater in a disease with compromised
hemodynamics such as heart failure. Consistent with these findings, a longitu-
dinal study (36) with up to 3 yr of follow-up revealed that the adjusted relative
risk of death or transplantation for patients with heart failure who carried β2-
Ile164 was 4.81, 95% CI 2-11.5, p < 0.001. Because the frequency of this poly-
morphism is low in the population (Table 1), its relevance to the majority of
patients with heart failure is not extensive, but clearly it defines a discreet subset
of patients who may require aggressive or alternative therapy. Polymorphisms
at positions 16 and 27 of the β2-AR are not associated with heart failure and do
not appear to affect survival (36). However, the position 16 variants do have
some effect on exercise tolerance (34).

Similar studies with the two nonsynonymous polymorphisms of the β1-AR have
revealed additional phenotypes. The majority of studies have been with the β1-AR
position 389 variants. Alone, neither allelic variant appears to be associated with
heart failure. Of note, the combination of β1-Arg389 and α2C-Del322-325 appears
to impart heart failure risk in African Americans (37). In patients with compensated

Fig. 11. The hemodynamic response to exercise is influenced by the β2-Ile164 poly-
morphism in patients with heart failure. Exercise-induced changes were significantly
lower in patients with Ile164 for O2, stroke volume (SV), cardiac index (CI), and sys-
temic vascular resistance (SVR). All changes represent increases by the indicated per-
centage, except for SVR, which was a decrease. HR, heart rate. *p < 0.05 vs Thr164.
VO2 is maximal oxygen consumption. (Reprinted with permission from ref. 34.)
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heart failure, β1-Arg389 is associated with increased exercise tolerance (VO2 =
17.7 ± 0.4 mL/kg/min vs 14.5 mL/kg/min, p = 0.006) (33). An additional contri-
bution to VO2 is provided by the position 49 variants (33). In terms of survival, few
studies have addressed this with adequate-size cohorts and control for β-blockers.
Nevertheless, β1-Gly49 has been reported to be associated with improved 5-yr
survival (risk = 2.32, 95% CI 1.3−4.20, p = 0.003) (38). This finding appears to be
consistent with the Gly49 phenotype in transfected cells, which includes enhanced
agonist-promoted downregulation (see Fig. 3B), which may provide a protective
effect against the high levels of catecholamines in heart failure.

4.3. AR Polymorphisms as Pharmacogenetic Loci

β2-ARs are expressed on airway smooth muscle and act to relax the constricted
airway in asthma. β-Agonists, typically in the inhaled form, are a mainstay of
asthma treatment and are used for acute treatment of bronchospasm, prophylaxis
prior to a known asthma trigger, or on a regular basis for prevention. “Overuse” of
β-agonist, particularly the short-acting forms, has been associated with decreased
airway function, increased bronchial hyperreactivity, increased symptoms/exacer-
bations, and mortality (49–41). Several studies have been carried out to assess
whether a β2-AR SNP or haplotype is predictive of efficacy or unfavorable events
during treatment of asthma with the agonist albuterol.

In one study, the various β2-AR haplotypic combinations (see Section 2. for
description and ref. 3 for nomenclature) were utilized to assess the acute response
to a standard dose (two puffs) of albuterol, with the change in forced expiratory
volume in 1 s (FEV1) as the outcome measure. As shown in Fig. 12, there was a
relationship between haplotype pair and FEV1 response (p = 0.007 by analysis
of covariance). The two homozygous haplotype pairs (2 and 4) were further
studied in transient transfected cells, with β2-AR mRNA and protein as measures
of expression. Haplotype 4 had approx 50% decreased expression compared to
haplotype 2. This was entirely consistent with the physiological data for the
asthmatics in that those with the 4/4 haplotype had a lower FEV1 response to
albuterol compared to those with the 2/2 haplotype. Those with the 4/4 haplo-
type, then, may be the least responsive to acute administration of β-agonist, and
either alternative dosing or different agents might be considered for these indi-
viduals.

Two studies of the relationship between β2AR SNPs and the chronic response
to albuterol revealed additional findings relevant to those who use the drug on a
regularly scheduled basis (i.e., every 6 h regardless of need, which is not an uncom-
mon scenario). Israel and colleagues (42) retrospectively genotyped patients with
mild asthma from a multicenter trial of albuterol given on an as-needed basis
vs regular use. The change in morning and evening peak expiratory flow was the
outcome measure. The results stratified by genotype are shown in Fig. 13A.
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Fig. 12. The acute bronchodilator response to the β-agonist albuterol is associated
with β2-AR haplotype. FEV1, forced expiratory volume in 1 s. (From ref. 3.)

Fig. 13. The response to chronic administration of the β-agonist albuterol is associ-
ated with the β2AR allele at position 16: (A) fall in peak expiratory flow (PEF) rate as
a function of β2-Arg16 genotype and treatment schedule (as needed vs regularly sched-
uled); (B) (Continued on next page.)
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Patients who were homozygous for β2-Arg16andwho used albuterol on the regular
schedule exhibited a fall in peak flow over the course of the study. In contrast, those
who were homozygous for β2-Gly16 and were on the regular use schedule showed
no such loss of lung function. And, as shown, β2-Arg16 patients who used albuterol
on an as-needed basis also showed no decline.

In another study, similar outcome measures were utilized, but the patients
included moderate asthmatics; thus, exacerbations were frequent enough to dis-
cern if β2-AR genotype influenced asthma control during β-agonist therapy (38).
As shown in Fig. 13B, exacerbations were substantially greater under the con-
ditions of chronic (regularly scheduled) albuterol in the homozygous β2-Arg16
patients compared to the homozygous β2-Gly16 individuals. The peak flow data
were similar to that of Israel et al. (42) but did not quite reach statistical signifi-
cance. Based on these results, a prospective trial, in which patients are enrolled
by homozygous genotype, is now under way.

4.4. Conclusions
A variety of polymorphisms have been delineated for most of the adrenergic

receptors. Emphasis has been on the coding regions, but recently the promoter,
5′ untranslated and 3′ untranslated regions have been investigated as well. Sig-
naling phenotypes have been determined in transfected cells, and to a lesser
extent in endogenously expressing cells from humans with various genotypes.
The findings thus far with such in-vitro assays must be taken into context, how-
ever, because they may be cell-type dependent. Clinical association, sib-pair,
and family studies have concentrated on these common variants as risk factors,
disease modifiers, or pharmacogenetic loci. The results of such studies are begin-
ning to shed light on the physiologic and/or clinical implications of these poly-
morphisms.
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Microarray Analysis of Novel
Adrenergic Receptor Functions

Boyd Rorabaugh, June Yun, and Dianne M. Perez

Summary

The advent of DNA microarray technology has provided a means to iden-
tify changes in the expression of thousands of genes simultaneously. This
research tool has enabled investigators to study the effects of adrenergic
receptor (AR) stimulation on gene expression on a large scale and has
led to the identification of many genes that are regulated by adrenergic
receptors (ARs). Microarrays have been used to compare the effects of
α1A-AR, α1B-AR, and α1D-AR stimulation on gene expression. This work
demonstrated that all three α1-AR subtypes commonly regulate many
types of genes. However, genes that are regulated by only one or two
α1-AR subtypes have also been identified. These data provide evidence
that the physiological roles of the three α1-AR subtypes are not redun-
dant despite their activation by the same ligand, use of common signal
transduction pathways, and overlapping tissue distributions. Microarray
studies have also identified genes that underlie AR-mediated regulation
of the cell cycle, apoptosis, neuronal differentiation, cell hypertrophy,
and other biological processes that are regulated by ARs. In addition,
microarrays have identified changes in gene expression that accompany
AR-mediated disease states, including cardiac hypertrophy, neuro-
degeneration, and hypermetabolism. The purpose of this chapter is to
review how microarrays have contributed to our understanding of AR
function at the genomic level.

Key Words: Adrenergic; function; gene expression; gene profiling;
microarray; mRNA; receptor; transcription.
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1. Introduction

The existence of nuclear signaling pathways for G protein-coupled receptors
(GPCRs) has been well established. GPCRs are known to influence gene expres-
sion by activating the serum response element (SRE), cyclic adenosine 5′-mono-
phosphate response element, mitogen-activated protein kinase pathways, and
signal transducers and activators of transcription (STAT), and other nuclear
signaling pathways (1–5). Some GPCRs also influence the expression of genes
by decreasing messenger ribonucleic acid (mRNA) transcript stability (6). Thus,
GPCRs use multiple mechanisms to regulate gene expression.

Northern blots, RNA protection assays, and other traditional methods of gene
expression analysis have limited investigators to analyzing only one gene or a
few genes simultaneously. Consequently, the logistics of evaluating the effects
of GPCR stimulation on a large number of genes has historically been an insur-
mountable barrier. However, the advent of deoxyribonucleic acid (DNA)
microarray technology has made it feasible to study changes in gene expression
on a large scale. Unlike traditional methods of gene expression analysis, DNA
microarrays enable investigators to analyze changes in the expression of thou-
sands of genes simultaneously in a single experiment. The purpose of this chapter
is to review how DNA microarrays have contributed to our understanding of the
function of adrenergic receptors (ARs) at the genomic level.

2. What Is a DNA Microarray?

A DNA microarray (also known as a gene chip) is essentially a miniaturized
dot blot that has been designed for high-throughput analysis of gene expression.
A microarray consists of a postage stamp size piece of glass that has many DNA
probes uniformly arranged on its surface. Each probe is composed of a poly-
merase chain reaction product, complementary DNA, or synthetic oligonucle-
otide that has a unique nucleotide sequence and is located at a specific “address”
on the surface of the gene chip. The DNA probe at each address corresponds to
a specific gene and can hybridize to RNA that contains the complementary
sequence. When fluorescently labeled RNA (prepared from a biological sample)
hybridizes with the DNA probes on the gene chip, each address on the chip
fluoresces with an intensity that is proportional to the amount of RNA present in
the biological sample. Consequently, if two identical gene chips are hybridized
with RNA from different biological samples (healthy vs diseased tissue, drug-
treated vs untreated cells, two different tissue types, etc.), then changes in the
expression of each gene can be measured by comparing the fluorescence of their
respective addresses on each gene chip. The results of DNA microarray analysis
are generally consistent with those obtained by Northern blotting (7–10), with
the microarray often showing increased sensitivity.
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The first DNA microarray was synthesized using oligonucleotides compli-
mentary to 45 Arabidopsis thaliana genes (11). Microarrays are now available
for gene expression analysis in a variety of species, including human, rat, mouse,
Drosophila melanogaster, Saccharomyces cerevisiae, Caenorhabditis elegans,
Pseudomonas aeruginosa, and Escherichia coli. These microarrays contain up
to 47,000 genes on a single chip. In addition to representing an increasingly large
number of genes, DNA microarrays are also becoming more complex. Some
microarrays use multiple probes that are complementary to different regions of
the mRNA sequence for each gene that is represented on the chip. This enables
RNA transcripts that are alternatively spliced into multiple mRNA products to
be detected. In addition, some oligonucleotide microarrays also contain a control
oligonucleotide for each probe that contains a single nucleotide mismatch. These
mismatched oligonucleotides are used to verify the hybridization specificity of
each probe.

3. α1-Adrenergic Receptors

The effects of α1-AR stimulation on gene expression have been more thor-
oughly studied than those of α2-ARs or β-ARs. Microarray studies provide
evidence that the three α1-AR subtypes differentially regulate gene expression.
This may provide a mechanism for the sympathetic nervous system to control
cell growth, cell differentiation, apoptosis, and other cellular functions by
stimulating receptors that are coupled to changes in the expression of different
genes. DNA microarray studies have also identified genetic changes that occur
during α1-AR-induced pathological conditions. These studies have provided
new insight into the physiological and potential pathological roles of α1-ARs.

3.1. Transcriptional Regulation by α1-AR Subtypes
All three α1-AR subtypes are coupled via the Gq family of G proteins to the

activation of phospholipase C. This enzyme catalyzes the hydrolysis of phospha-
tidylinositol 4,5-bisphosphate into the second messengers inositol 1,4,5-
trisphosphate and diacylglycerol. These second messenger molecules trigger
changes in cell function by stimulating an increase in cytosolic calcium and
activating protein kinase C. In nonmicroarray studies, α1-ARs also activate
mitogen-activated protein kinase, P38 kinase, and Jun kinase, although all α1-
AR subtypes do not activate these pathways with equal efficiency (12,13). Stud-
ies using reporter gene constructs have found that α1-AR subtypes also
differentially regulate the expression of genes encoding several transcription
factors (12,13). α1A-ARs stimulate transcription of genes encoding activator
protein-1, nuclear factor of activated T cells, nuclear factor-κB, and genes con-
trolled by the SRE. α1B-ARs stimulate transcription of activator protein-1 and
nuclear factor of activated T cells but have no effect on expression of nuclear
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factor-κB or genes regulated by the SRE. In contrast, α1D-AR stimulation has no
effect on the expression of any of these genes. These studies suggest that the three
α1-AR subtypes might activate different signal transduction pathways that lead
to the expression of different genes. However, in these studies the α1D-AR gen-
erally had a much smaller effect on gene expression than the α1A-AR or α1B-AR.
On a cautionary note, it is possible that these differences are not caused by
differential coupling but because α1D-ARs are usually expressed at a lower den-
sity or are hardly expressed at all compared to the other two α1-AR subtypes.

3.2. Genetic Profiling of α1-AR Subtypes

DNA microarrays have also been used to compare transcriptional responses
induced by α1-AR subtypes. Our laboratory used a DNA microarray containing
7000 rat genes to compare the effects of stimulating α1A-, α1B-, or α1D-ARs in
stably transfected Rat-1 fibroblasts. We found that 38 of 7000 genes were com-
monly regulated (either upregulated or downregulated) by all three α1-AR sub-
types (8). Of these genes, 29 were upregulated at least twofold and 9 were
downregulated at least twofold in cells expressing different α1-AR subtypes
compared to cells that do not express ARs. These commonly regulated genes
encoded a wide variety of proteins, including cytokines and growth factors,
transcription factors, enzymes, and cell matrix proteins. Epinephrine increased
the expression of some genes (i.e., interleukin 6 and c-fos) more than 60-fold in
cells expressing α1-ARs compared to nontransfected cells (Table 1). However,
most changes were more modest.

Some of the genes that are commonly regulated by all three α1-AR subtypes
have also been previously identified with traditional methods of detection. Com-
mon transcription factors such as c-fos and c-jun (14) as well as the early growth
response genes (egr-1) (15) have been found to increase after α1-AR activation.

In addition to genes that were commonly regulated by all three α1-AR sub-
types, we also identified genes that were regulated by specific α1-AR subtypes
(Table 1). Stimulation of the α1B-AR caused a 25-fold increase in expression of
the neuritin gene, involved in neuronal growth. However, α1A- and α1D-ARs had
no effect on the expression of this gene. Another interesting neuronal gene that
was specifically regulated by the α1B-AR was synuclein, a gene associated with
parkinsonian syndromes. The α1B-AR decreased its expression by 34-fold. We
have also reported that synuclein expression is abnormal in transgenic mice that
overexpress the α1B-AR. Interestingly, these mice develop a neurodegenerative
disorder called multiple system atrophy that is similar to a human parkinsonian
syndrome (16). The α1B-AR also specifically decreased the expression of two
genes involved in apoptosis (caspase 6 and transforming growth factor- β 3
[TGF- β 3]) in Rat-1 fibroblasts. We have confirmed in this cell line that the α1B-
AR “protects” against apoptosis, and the α1A- and α1D-ARs promote apoptosis
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(unpublished data). The α1D-AR specifically changed the expression of adipsin
(Table 1), an acylating protein involved in fat metabolism. In general, the α1B-
AR influenced the expression of the greatest number of specific genes (17 genes),
followed by the α1D-AR (12 genes) and α1A-AR (6 genes).

We also discovered genes that were regulated by two of the α1-AR subtypes
but not by the third subtype. This was always patterned with the α1A- and α1D-
ARs showing similar regulation; the α1B-AR showed no coupling. For example,
stimulation of α1A- and α1D-ARs significantly increased the expression of gp-
130 and STAT-3 at the mRNA and protein levels. However, stimulation of α1B-
ARs had no effect on these genes. We also explored these pathways at the
protein and biochemical levels, showing that the α1-AR subtypes were differ-
entially coupled to STAT-3 serine-phosphorylation (8). The mechanism by
which the α1-AR subtypes differentially regulate these genes is not understood.
These differences suggest that the physiological roles of the α1-AR subtypes are
not redundant despite the fact that they are activated by the same endogenous
ligand, share some common signal transduction pathways, and have overlap-
ping tissue distributions.

Another interesting observation found in this study was that changes in gene
expression did not correlate with epinephrine-stimulated inositol phosphate (IP)
formation. The α1A-AR is more efficiently coupled than the α1B- or α1D-AR to IP
turnover (8,17). However, the commonly regulated genes demonstrated similar
fold changes for all three α1-AR subtypes (Table 1) despite differences in the
efficacy of the IP response. A simple explanation for this discrepancy is that IP
formation may be at a saturating level for all three subtypes, and any extra
production does not result in further changes in gene expression. Alternately, it
is also possible that α1-AR-induced changes in gene expression may be mediated
by signal transduction pathways that do not involve the production of IPs.

3.3. Differential Regulation of the Cell Cycle by α1-ARs

α1-ARs stimulate proliferation of a variety of cell types, including vascular
smooth muscle cells (18,19), prostate stromal cells (20), hepatocytes (21), and
neuroepithelial cells (22). α1-AR stimulation also inhibits the proliferation of
some cell types (23). However, the lack of sufficiently selective α1-AR subtype
antagonists and the fact that many cell types express multiple α1-AR subtypes
have made it difficult to determine how each of these receptors influence cell
proliferation. Therefore, cell lines that have been transfected with a single α1-AR
subtype have been used to study the effects of α1-ARs on cell proliferation and
cell cycling.

By using microarray technology, our laboratory reported that the α1-AR
subtypes influence the proliferation of Rat-1 fibroblasts by controlling the pro-
gression of cells from the G1 to the S phase of the cell cycle. Stimulation of α1A-
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or α1D-ARs decreased the expression of several genes required for cell cycle
progression. The α1A- or α1D-AR stimulation decreased the expression of cyclin
E and cyclin B and downregulated the cyclin-dependent kinases associated
with cyclins (Table 2). Stimulation of α1A- or α1D-ARs also downregulated the
transcription of genes encoding DNA polymerase α-subunits I–IV, which are
required for DNA synthesis. α1B-AR stimulation did not affect the expression
of any of these genes. Rather, stimulation of α1B-ARs increased the expression
of cyclin D1, which promotes progression of cells from the G1 to the S phase.
Using flow cytometry, we confirmed these changes at the functional level.
Stimulation of α1A- or α1D-ARs caused G1–S phase arrest; α1B-AR stimulation
caused unchecked cell cycle progression. We also confirmed the decreased
kinase activity of the cyclin-dependent kinases associated with the cyclins and
the increased expression of p27 (a kinase inhibitor) when the α1A- or α1D-ARs
were stimulated. The α1B-AR showed no regulation of these proteins. Similar
effects were also observed in PC 12 cells transfected with different α1-AR
subtypes and in DDT-MF2 cells that endogenously express α1B-ARs (24). These
data suggest that α1-AR subtypes differentially influence cell proliferation by
regulating the expression of genes that control the cell cycle.

Another study using α1-AR-transfected Chinese hamster ovary cells also
demonstrated that the three α1-AR subtypes have different effects on cell prolif-
eration (25). This study was consistent with the results of our laboratory in that
G1–S arrest was an important point of α1-AR-mediated cell cycle regulation.
However, the results of this study differed from our data in that cell cycle arrest
was initiated by α1A- or α1B-AR stimulation; the α1D-AR had no effect on the cell
cycle. This suggests that individual α1-AR subtypes may influence the cell cycle
differently depending on the cellular environment in which they are expressed.

3.4. Gene Expression Profile of Hearts and Brains
That Express Constitutively Active α1B-ARs

The elucidation of functional roles of the α1-AR subtypes has been ham-
pered by the lack of sufficiently selective ligands. In addition, the inability to
produce high-avidity antibodies against the receptor subtypes has also hin-
dered research in this area. Investigators have attempted to circumvent these
obstacles by using genetically altered transgenic and knockout mouse models
of the different α1-AR subtypes (26–30). To investigate further the physiologi-
cal role of α1B-ARs, transgenic mouse lines were generated that systemically
express the wild-type α1B-AR or constitutively active α1B-ARs under the con-
trol of the mouse α1B-AR promoter (16). The transgenic mouse lines expressing
the constitutively active mutant receptor carried either a single-mutant form
(C128F) or a triple-mutant form (C128F/A204V/A293E), both of which spon-
taneously couple to Gq (31,32).
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The transgenic mice displayed a cardiovascular phenotype that included
mild cardiac hypertrophy with some aspects of heart dysfunction, such as an
increased isovolumetric relaxation time and dilated chambers (33). Although
displaying a hypertrophic heart, these transgenic mice did not advance into
heart failure. Transgenic mice also showed a neurological phenotype that was
characterized by neurodegeneration that began in discrete brain regions and
spread to encompass many areas of the brain with age (16). These mice had
impaired hindlimb movement starting at about 3 mo of age and progressively
worsened as the mice grew older. Also, older mice (>8 mo of age) had uninduced
grand mal seizures similar to those of human epilepsy (34). Transgenic mice
also showed symptoms of autonomic dysfunction, which included reduced
plasma catecholamine, corticotropin releasing factor, adrenocorticotropic hor-
mone levels, hypotension, weight loss, and reproduction problems (16,33).
Together with cytoplasmic inclusions bodies of α-synuclein in oligodendro-
cytes, these symptoms were similar to a human disorder, multiple system atro-
phy, which is characterized by Parkinson-like neurodegeneration and
autonomic failure (35). These data suggest a possible role for α1B-ARs in the
control of movement disorders.

To identify the molecular mechanisms underlying these symptoms, Yun et al.
carried out two microarray studies that compared the gene expression profiles of
hearts and brains from mice that overexpress α1B-ARs to those of their normal
counterparts (10,36). Because some of the transgenic traits could be age associ-
ated, gene expression profiles were also compared at different age points with
their age-matched controls. Both studies utilized transgenic mice that systemi-
cally expressed the constitutively active triple-mutant α1B-AR and their wild-
type nontransgenic counterparts. In the heart study, mRNA was isolated from
normal and transgenic mice at 2 mo of age before symptoms were detected and
at 12 mo, when transgenic mice had developed cardiac hypertrophy. The mRNA
targets were labeled and hybridized to the murine genome U74A oligonucleotide
array from Affymetrix, which allowed the screening of 12,656 transcripts of
known genes and expressed sequence tags.

As expected, a number of gene transcripts involved in regulating cardiac
function were differentially expressed, primarily in the 2-mo-old transgenic
hearts (Table 3). These included many genes associated with cardiac hypertro-
phy. During hypertrophy, cytoskeletal and extracellular matrix alterations lead
to the remodeling of the myocardium. Consistent with cytoskeletal alterations
associated with classical hypertrophy, changes in the expression of cytoskeletal
genes, including actin and tau, were detected, and several genes encoding col-
lagens were differentially expressed in transgenic hearts (Table 3). It is known
that, during cardiac dysfunction, remodeling events in both the cellular cytosk-
eleton and the extracellular matrix lead to the physical changes associated with
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the hypertrophic heart. These changes are associated with increased expression
levels of collagens and structural proteins such as actin. Of interest, the col-
lagens and actin were downregulated rather than upregulated, primarily in the
2-mo-old transgenic hearts. Similarly, GP130, CamKII, and MEF2, genes asso-
ciated with signaling of interleukin 6 cytokines (inducers of hypertrophy) also
showed reduced transcript levels. These changes indicate a potential subset of
genes that are regulated by α1B-ARs and are involved in mediating cardiac
hypertrophy; they may also be caused by compensatory responses that attempt
to attenuate α1B-AR signaling and prevent further enlargement of the heart.

Another set of genes that were differentially expressed in transgenic hearts
was those associated with tyrosine kinase pathways, particularly cSrc (Table 4).

Table 3
Changes in Gene Expression in the Hearts

of 2- and 12-mo-old Mice Expressing
Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2 mo 12 mo

Tachykinin I (D17584) +2.1 NC
Tau (M18775) +1.8 NC
PKC β1 (X59274) +1.8 NC
Calbindin-28K (D26352) –1.0 +2.9
Procollagen IV (X04647) –1.5 NC
MEF2 (U94423) –1.6 +0.7
Procollagen III (X52046) –1.7 NC
Procollagen I (U03419) –1.8 NC
Actin α1 (M12347) –2.0 NC
GP130 (X62646) –2.3 NC
Collagen V (AB009993) –2.3 NC
CamKII δ (AF059029) –2.5 NC
Collagen IV (Z35167) –2.9 NC
Caveolin (U07645) –3.7 NC
Procollagen-type XVIII (L22545) NC +3.3
Ceruloplasmin (U49430) NC +2.5
γ-Glutamyl transpeptidase (C76628) NC +2.0
Insulin II (X04724) NC +1.8
LIM (AF002283) NC –1.5

Values represent fold changes compared with age-
matched nontransgenic mice. SEM were removed for sim-
plicity. NC, no change. (Data from ref. 10.)
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The transcript for cSrc itself was only increased 1.5-fold in 12-mo-old
transgenic hearts. This also corresponded to a 60% increase in cSrc protein
levels over that of normal mouse hearts by Western blot analysis (10). Previous
studies have shown that other GPCRs can transactivate growth factor recep-
tors, such as receptors for epidermal growth factor and platelet-derived growth
factor, which typically signal via Src (37,38). Interestingly, transcripts for
platelet-derived growth factor and granulocyte macrophage colony-stimulat-
ing factor (GM-CSF) were also differentially expressed in transgenic hearts.
The interaction with the Src signaling pathway is also consistent with previous
studies indicating that α1-ARs may exert their growth and mitogenic properties
via activation of tyrosine kinases such as cSrc (12). In addition, activated cSrc
has been associated with the hypertrophying feline myocardium (39) and to
induce an increase in cell size in isolated neonatal rat myocytes (40). Thus, Src
tyrosine kinases may be involved in the α1B-AR signaling pathway that leads
to hypertrophy of these transgenic hearts. This result is not surprising given
the fact that β-ARs have been shown to couple to Src after desensitization of
the receptor, a result likely to occur in heart failure or excessive catecholamine
drive (41).

Table 4
Changes in the Expression of Genes Encoding

Growth Factors, Tyrosine Kinases, and Associated Genes
in the Hearts of 2- and 12-mo-old Mice That Express

Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2 mo 12 mo

Tyrosine Kinases and Associated Proteins
• Lck (M12056) +2.7 NC
• PDGF (M29464) +2.2 NC
• Protein tyrosine phosphatase (X97268) +1.8 NC
• GM-CSF (X03020) –1.8 +6.5
• PI3-kinase (U52193) NC +3.0
• VEGF (AF022856) NC +2.6
• Intestinal tyrosine kinase (Z48757) NC +2.2
• Braf (M64429) NC +2.2
• cSrc (M17031) NC +1.5
• FGF-7 NC –9.5

Values represent the fold changes compared with age-matched
nontransgenic mice. SEM were removed for simplicity. NC, no
change. (Data are taken from ref. 10.)
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By far the largest number of gene expression changes detected in transgenic
hearts were those involved in the inflammatory or immune response, such as
increased production of immunoglobulins and autoantibodies (Table 5). Increased
immunoglobulin light and heavy chains were also detected by Western blots,
verifying that the increased gene transcription resulted in increases at the protein
level (10). These changes were primarily detected in the 12-mo-old hearts, sug-
gesting that the hypertrophic changes associated with this transgenic model leads
to inflammation. Alternately, α1B-AR expression may lead to direct proliferation

Table 5
Differential Gene Expression of Inflammatory

and Immune Response Proteins
in 2- and 12-mo-old Mouse Hearts Expressing

Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2 mo 12 mo

Inflammatory/Immune Response
• Complement C3 (K02782) +1.9 NC
• C1q-related factor (AF095155) +1.9 NC
• CD3θ T cell receptor (L03353) +1.8 NC
• Variable heavy chain (X88902) +0.9 +5.9
• Anti-DNA IgG light chain (U55576) +0.7 +2.3
• Uteroglobin (L04503) –2.2 +3.2
• γ-1 Ig (V00793) –2.5 NC
• Anti-DNA κ-chain (U30629) NC +5.9
• Ig active κ-chain V-reg (M13284) NC +5.4
• Ig heavy chain (AF036736) NC +5.0
• TAX (Z21674) NC +4.2
• LY49C (U34891) NC +3.4
• B-cell antigen receptor (L28060) NC +3.2
• Anti-DNA IgG light chain (U55641) NC +3.1
• Toll-like receptor 6 (AB020808) NC +3.1
• Ig-κ light chain (U60442) NC +2.9
• Ig-V(H)II H18 (X02468) NC +2.8
• Ig heavy chain, var (AF025445) NC +2.5
• Carboxypeptidase A3 (J05118) NC –2.1
• T-cell-specific protein (L38444) NC –2.5
• Heavy chain var region (AF035203) NC –4.3

Values represent the fold changes compared with age-matched
nontransgenic mice. SEM were removed for simplicity. NC, no
change. (Data from ref. 10.)
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of lymphocytes because mRNAs for α1-ARs have been localized to these cells
(42). Gene expression changes included increases in complement, autoantibod-
ies, and immunoglobulins. It is known from recent investigations that inflamma-
tory responses are associated with heart failure and other cardiac diseases (43),
and autoantibodies have also been linked to dilated cardiomyopathy (44,45). In
fact, a previous study indicated higher levels of both anti-DNA autoantibodies
and complement proteins associated with hypertensive patients presenting with
left ventricular hypertrophy as compared with hypertensives without left ven-
tricular hypertrophy or normal patients (46). This may indicate a link between
these immune response pathways and cardiac hypertrophy. It is still unclear how
the damaged heart evokes the inflammatory response. The α1B-AR transgenic
mice also showed increased levels of apoptotic cell death in the myocardium and
changes in the expression of a number of genes that are involved in apoptotic cell
death (10). Thus, an apoptotic component (i.e., release of self-DNA) may also
contribute to the autoantibody response observed in the myocardium of α1B-AR-
overexpressing mice.

Genes that may contribute to the neurological phenotype observed in mice
expressing constitutively active α1B-ARs were identified by comparing gene
expression levels between transgenic and normal brains at three different ages:
2–4 mo (before most disease manifestation), 8–10 mo (when some symptoms
begin and some symptoms worsen), and 12–18 mo (when transgenic mice are in
a diseased state). Genes that are involved in glutamate or calcium regulation
(Table 6), growth and the immune response (Table 7), and transcription or trans-
lation regulation (Table 8) were generally changed in older transgenic brains. In
contrast, changes in the expression of genes involved in apoptosis (Table 6),
synaptic transport (Table 9), and cellular structure (Table 9) were observed in
both young and old mice.

Several glutamate receptor genes were also found to be differentially expressed
in the transgenic brains. These included the genes that encode three different
ionotropic glutamate receptor subunits, N-methyl-D-aspartate (NMDA) receptor
R1, and α-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid 1, all of which
were upregulated in older transgenic brains. Accompanying this increase in
excitatory glutamatergic signal was a decrease in subunit expression of the
inhibitory γ-aminobutyric acid A (GABAA) receptor. Protein levels of the NMDA
and GABA receptors were verified by radioligand binding assays
and Western blotting. In addition, immunohistochemistry studies indicated
increased levels of NMDA receptor subunits in transgenic brains in both the
cortex and hippocampus, two regions highly associated with epileptogenesis
(47). These findings strongly suggest that glutamate dysregulation is involved in
the manifestation of the seizure phenotype and possibly in the etiology of neuro-
degeneration that is observed in the α1B-AR-overexpressing transgenic mice.
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These data also implicate the α1B-AR in the modulation of NMDA and GABA
receptors.

Another interesting set of genes that were differentially expressed in transgenic
brains was those involved in apoptotic cell death and neurodegeneration. These
genes included Blk (a proapoptotic Bcl2 family member) and TGF-β (a proapop-
totic cytokine). Increased levels of activated caspase-3, a mediator of apoptosis,
were also detected by immunohistochemistry in the 2- to 3-mo-old transgenic
brains, particularly in the white matter. This suggests that caspase-mediated cell

Table 6
Changes in the Expression of Genes Involved

in Neurodegeneration Pathways in Mouse Brain
Expressing Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2–4 mo 12–18 mo

Glutamate regulation

• Calcium-sensing receptor (AF022252)   +2.8 ± 0.5 NC
• Calmodulin (M27844)     +1.7 ± 0.08 NC
• Cam kinaseII (plasticity; X14836) –11.0 ± 0.5 +3.9 ± 0.5
• Plasma membrane Ca2+-ATPase (AF053471) NC +6.1 ± 0.9
• L-type Ca2+ channel (U73487) NC +2.6 ± 0.1
• NMDA receptor R1 (D10028) NC +2.8 ± 0.1
• Glutamate decarboxylase (D42051) NC +2.7 ± 0.1
• Guanylate kinase (U53514) NC   +2.2 ± 0.05
• GABAA receptor α1 (X61430) NC   –1.9 ± 0.03
• GABAA receptor γ1 (X55272) NC –3.0 ± 0.1

Apoptotic

• Bik-like killer (AF048838) +6.1 ± 2 NC
• Met proto-oncogene (Y00671)   +5.6 ± 2.3 NC
• Transforming growth factor, β (AJ009862)   +5.0 ± 1.0 NC
• Cd40 Ligand (X65453)   +4.2 ± 0.6 NC
• Superoxide dismutase 1 (M35725)     +3.2 ± 0.03 NC

Neurodegeneration

• α-Tubulin (M13441     +1.7 ± 0.06 NC
• Tau (M18776)     +1.6 ± 0.05 NC
• Apoliprotein E (D00466)     +1.6 ± 0.03 NC
• LR11, ApoE receptor (AB015790) NC +5.8 ± 0.3
• Niemann-Pick type C1 (AF003348) NC   +1.8 ± 0.03

Data represent fold changes ± SEM compared to age-matched nontransgenic
mice. NC, no change. (Data from ref. 36.)
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death occurred in transgenic brains. These findings are consistent with the pre-
vious microarray study in the heart because genes involved in regulating TGF-
β were also differentially expressed in transgenic hearts (10). This suggests that
α1B-AR overexpression may lead to increased apoptotic cell death through a
TGF-β-mediated mechanism.

A potentially novel finding is that α1B-ARs regulate the expression of genes
that are involved in synaptic or vesicular transport. A number of genes that are

Table 7
Changes in the Expression of Genes Involved in Growth

and the Immune Response in Mouse Brains
Expressing Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2–4 mo 12–18 mo

Growth
• Inhibin B (U89840) +5.2 ± 0.9 NC
• Pro-opiomelanocortin α (J00612) +3.8 ± 0.2   +5.4 ± 0.5
• Brain neurotensin receptor 2 (U51908)   +2.1 ± 0.06 NC
• Calmodulin (M27844)   +1.7 ± 0.09 NC
• Jun kinase (AB005664) –2.0 ± 0.4 NC
• Carboxypeptidase D (D85391) NC   +3.6 ± 0.4
• Casein kinase II (U51866) NC   +4.9 ± 0.2
• Prolactin (X04418) NC +53.7 ± 10
• Growth hormone (X02891) NC +16.6 ± 0.2
• IRS2 (AF090738) NC   +7.7 ± 0.2
• Bone morphogenetic prot recept II (AF003942) NC   +4.1 ± 0.2
• FGF, inducible (U42384) NC   +3.7 ± 0.4
• Endothelin receptor, B (U32329) NC   +3.5 ± 0.4
• Brain-derived neurotrophic factor (X55573) NC     +1.8 ± 0.03
• Thyroid hormone receptor (U09504) NC     –1.8 ± 0.04

Immune/defense
• Ig-κ variable (AB007986) +5.0 ± 0.8 NC
• Interleukin 4 (X035320 +4.6 ± 0.7 NC
• Stress-induced phosphoprotein (U27830)   –1.9 ± 0.09 NC
• Ly49E, Natural killer cell receptor (U10091) –3.6 ± 0.7 NC
• Tec tyrosine kinase (X55663) –5.6 ± 0.2 NC
• Natural killer enhancing factor B (U20611) NC     +2.3 ± 0.04
• Hsp40 (AB028272) NC     +1.8 ± 0.08
• Interferon-β (V00756) NC   –1.8 ± 0.2

Data represent the fold changes ± SEM in gene expression compared to brains from
age-matched nontransgenic mice. NC, no change. (Data from ref. 36.)
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involved in neurotransmitter release (synaptotagmin, SNARE, and complexin)
were differentially expressed in the 2- to 3-mo and older transgenic brains.
Expression levels of transcripts for a number of axonal transport kinesin genes
were also changed in transgenic brains. Previous studies have implicated α1-
ARs in glutamate release in the dentate gyrus (48) and noradrenaline release
from rat renal sympathetic nerve (49). However, more studies need to be car-
ried out to examine further this potential function of α1-ARs.

4. α2-Adrenergic Receptors
In contrast to α1-ARs, the effects of α2-AR stimulation on gene expression

have not been well studied with DNA microarrays. Laifenfeld et al. (50) used
DNA microarrays to identify gene expression changes that accompany norepi-
nephrine-induced neuronal differentiation in SH-SY5Y cells that endogenously
express α2-ARs. However, much more work is needed to understand fully the
effects of α2-AR stimulation on gene expression.

Table 8
Changes in the Expression of Genes Involved in Intracellular

Signaling, Transcription, and Translation in Mouse Brains
Expressing Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2–4 mo 12–18 mo

Transcription/Translation Regulatory
• Tead4 (U51743) +7.3 ± 1.3 NC
• Nuclear respiratory factor 2 (M74515) +6.0 ± 0.7 NC
• Mcm4 (D26089) +5.2 ± 1.6 NC
• Pbx3b (AF020200)   +1.8 ± 0.06 NC
• Pr264 (X98511)   +1.8 ± 0.05 NC
• Smad3 (AB008192) –4.1 ± 1.4 NC
• Rck RNA helicase (AF038995) NC +5.6 ± 0.1
• Nfatc3 (D85612) NC +2.4 ± 0.2
• Protein kinase inhibitor p58 (U284230 NC +3.5 ± 0.2
• Pbx1b (L27453) NC +3.0 ± 0.2
• Ppar γ-binding protein (AF000294) NC +2.9 ± 0.1
• Fos (V00727) NC   +2.1 ± 0.06
• NeuroD (U28068) NC   +2.1 ± 0.03
• Nuclear factor I/B (Y07685) NC   –1.7 ± 0.03
• NeuroD2 (D83507) NC   –3.0 ± 0.04
• Stat1 (U06924) NC –2.4 ± 0.2

Data represent fold changes ± SEM in gene expression compared to brains from
age-matched nontransgenic mice. NC, no change. (Data from ref. 36.)
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4.1. Norepinephrine-Induced Neuronal Differentiation
Neuronal differentiation is the process by which neuronal precursor cells

develop the morphological, biochemical, and physiological properties of neu-
rons. This is characterized by cell elongation, development of neurites, decreased

Table 9
Changes in the Expression of Cell Structure Genes in Mouse

Brains Expressing Constitutively Active α1B-Adrenergic Receptors

Fold changes

Encoded protein (accession no.) 2–4 mo 12–18 mo

Synaptic/vesicular transport

• Neurotensin receptor (U51908)   +2.1 ± 0.06 NC
• Synaptophysin (X95818)   –1.8 ± 0.06 NC
• Kinesin heavy chain 1a (D29951) –2.1 ± 0.1 +2.5 ± 0
• Syntaxin 1B (D29743) –3.5 ± 1.0 NC
• Girk1 (D45022) –5.1 ± 1.4 NC
• IGF receptor 2 (U04710) –9.3 ± 1.7 NC
• SNARE (X61455) NC   +3.6 ± 0.09
• Kinesin heavy chain 5b (U86090) NC –2.0 ± 0.1
• Synapsin IIb (AF096867) NC +2.9 ± 0.1
• MB-IRK2 (X80417) NC   +2.8 ± 0.03
• Trans-Golgi network protein 2 (D50032) NC –5.4 ± 0.3
• Kinesin member c2 (U92949) NC –2.6 ± 0.1
• RAB7 (X89650) NC   –1.7 ± 0.03
• Golga 5 (AB016784) NC –1.8 ± 0.1
• Synaptotagmin XI (AB026808) NC   –1.9 ± 0.04

Adhesion/structural

• Involucrin (L28819)   +4.7 ± 0.06 NC
• Cofilin (L29468) –1.8 ± 0.3 NC
• Matrin3 (AB009275) –2.4 ± 0.2 –2.4 ± 0.1
• Eph receptor (X79082) –3.1 ± 0.5 NC
• Robo1 (Y17793) –4.8 ± 0.8 NC
• Wasp (U42471) –5.0 ± 0.4 NC
• P-type ATPase I (U75321) NC +7.7 ± 0.3
• Prosaposin (AF037437) NC +4.5 ± 0.3
• Microtubule-associated protein 2 (M21041) NC +3.6 ± 0.2
• Glial cell adhesion molecule (X16646) NC +2.2 ± 0.2
• Ankyrin 3 NC   +2.1 ± 0.01
• Fibronectin receptor-β (integrin; X15202) NC   –2.2 ± 0.07

Data represent fold changes ± SEM in gene expression compared to brains from
age-matched nontransgenic mice. NC, no change. (Data from ref. 36.)
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cell proliferation, development of intracellular neurotransmitter granules, and the
production of specific proteins that serve as markers of neuronal differentiation.
Norepinephrine stimulates the differentiation of several different cell types of
neuronal origin, including PC 12 cells, embryonic frog neurons, and human SH-
SY5Y neuroblastoma cells (51,52). The significance of norepinephrine-induced
differentiation has not been well studied in vivo. However, deficiencies in nore-
pinephrine-induced neuronal differentiation and synapse formation have been
implicated in the development of clinical depression (50).

Human SH-SY5Y cells have been used as a model to study norepinephrine-
induced neuronal differentiation. These cells endogenously express α2-ARs
(50). The α1- and β-ARs have not been identified in these cells, but that does not
necessarily preclude their presence. Stimulation of SH-Y5Y cells for 24–48 h
with norepinephrine inhibits cell proliferation and induces morphological
changes, including cell body elongation, increased dendrites, and formation of
granules that contain norepinephrine (50). In addition, norepinephrine also
upregulates GAP-43 (a marker of neuronal differentiation) and downregulates
Oct 4 expression (a protein that is highly expressed in undifferentiated cells) in
SH-SY5Y cells, confirming that norepinephrine causes these cells to differen-
tiate.

DNA microarrays have been used to identify changes in gene expression that
accompany norepinephrine-induced differentiation of SH-SY5Y cells. Laifen-
feld et al. (50) found that norepinephrine modified the expression of 44 neuro-
associated genes, including those that encode neurotransmitter receptors, pro-
teins involved in intracellular signal transduction, ion channels, extracellular
matrix proteins, and calcium regulatory proteins (Table 10). Norepinephrine also
increased the expression of genes that encode laminin, neural cell adhesion
molecule, and GAP-43, which are associated with neuronal differentiation, neu-
rite outgrowth, the formation of synapses, and neural plasticity (51–57). Laifen-
feld et al. proposed that abnormally low norepinephrine levels in the brain could
cause dysregulation of these neurite growth-promoting genes. This could inhibit
proper synapse formation and lead to the development of depression. In addition,
the antidepressant effects of imipramine, desipramine, amitriptyline, and other
antidepressant drugs that elevate synaptic norepinephrine levels may be partially
mediated by the norepinephrine-stimulated upregulation of these genes. This is
consistent with a nonmicroarray study in which the expression of genes encoding
neogenin, synaptophysin, amphiphysin, and other proteins that promote synapse
formation was significantly upregulated in the hippocampus of rats chronically
treated with antidepressant drugs that increase synaptic norepinephrine concen-
trations (57). Further investigation of the relationship between AR-stimulated
changes in gene expression, synapse formation, and depression may lead to the
development of more effective treatments for this disease.
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5. β-Adrenergic Receptors
DNA microarrays have also been used to study the effects of β-AR stimulation

on gene expression. Unlike α1- and α2-ARs, DNA microarray studies of β-ARs
have only been performed using in vivo experiments. In addition, this is the only
group of ARs that has been studied by DNA microarrays in human patients.

5.1. Regulation of Gene Expression by β-ARs in the Parotid Gland
The autonomic nervous system regulates the growth and secretory function of

salivary glands. Cholinergic stimulation of salivary glands stimulates ion trans-
port and the copious secretion of saliva. In contrast, sympathetic stimulation
increases protein secretion but has little effect on the volume of secreted saliva
(see review in ref. 58). Sympathetic stimulation also causes hypertrophy and
hyperplasia of salivary glands through β-ARs (59). To identify changes in gene
expression that accompany these responses to β-AR stimulation, Ten Hagen et al.
(9) used a DNA microarray containing 6500 rat genes to identify isoproterenol-
stimulated changes in the expression of rat parotid glands in vivo. Rats were given
a single injection of isoproterenol, and gene transcription in the parotid gland was
analyzed using DNA microarrays 30 min and 2, 6, or 24 h following the injection.
Isoproterenol altered (increased or decreased) the expression of 48 genes, which
encoded proteins involved in gene transcription, protein synthesis, DNA synthe-
sis, signal transduction, and cell cycling. In general, this is consistent with the
increased protein secretion and glandular enlargement caused by sympathetic
stimulation of the parotid gland. However, the impact of these data were limited
by the fact that this report failed to confirm that these changes in gene expression
are related to isoproterenol-induced parotid gland enlargement or secretory func-
tion. Consequently, the genetic changes that underlie sympathetic regulation of
the parotid gland are still not well defined.

Despite this limitation, this study did provide interesting information concern-
ing the time-course of β-AR-induced changes in gene transcription (9). β-AR
stimulation caused rapid (30 min) changes in the expression of some genes;
changes in the expression of other genes were not detected until 24 h after iso-
proterenol stimulation (Fig. 1). β-AR-induced changes in the transcription of
genes encoding transcription factors (STAT-3 and activating transcription factor
4) and proteins involved in glycolysis (glyceraldehydes-3-phosphate dehydro-
genase [GAPDH] and hexokinase) peaked within 30–120 min after the isopro-
terenol injection and rapidly returned to prestimulated levels. Changes in the
transcription of genes encoding proteins required for protein synthesis (multi-
functional aminoacyl-transfer RNA synthetase, lysyl-transfer RNA synthetase,
protein synthesis elongation factor 2, protein synthesis initiation factor 5, and
protein synthesis initiation factor 4A) peaked 2–6 h after the isoproterenol injec-
tion. Expression of genes that regulate DNA synthesis and the cell cycle (cell
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cycle protein p34 and cell division control protein) was not significantly changed
until 24 h after the isoproterenol injection. Thus, genes that were upregulated or
downregulated by isoproterenol stimulation demonstrated temporal differences
in their expression.

Another important finding of this study was that transcription of the GAPDH
gene decreased threefold within 30 min of isoproterenol stimulation. Similar
results have also been reported in brown adipocytes stimulated with isoproter-
enol (60). This housekeeping gene is commonly used as a control for Northern
and Western blots to ensure that equal amounts of RNA or protein samples are
loaded into each lane of a gel. However, the discovery that GAPDH transcription
is significantly decreased by isoproterenol suggests that this gene is not a suitable
control for experiments involving β-AR stimulation.

5.2. Gene Expression Changes in Skeletal
Muscle of Burn Patients Treated With Propranolol

Severe burn trauma causes an elevation of serum catecholamines and triggers
a hypermetabolic response that is mediated by β-ARs (61–63). This hypermeta-
bolic response causes protein catabolism, muscle wasting, and the loss of lean
body mass and can persist up to 9 mo after the injury in some patients. Propra-
nolol is one of several drugs that have been used to treat the hypermetabolic

Fig. 1. Temporal variation of gene expression in the parotid gland of isoproterenol-
injected rats. Rats were given a single injection of isoproterenol (0.025 g/kg) or vehicle.
Parotid glands were isolated 0.5, 2, 6, or 24 h after the injection, and DNA microarrays
were used to quantify gene expression in isoproterenol-injected rats to gene expression
in rats injected with vehicle only. (Data are from ref. 9.).
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response in burned patients. Propranolol significantly reduces energy expendi-
ture, oxygen consumption, and heart rate and decreases muscle catabolism in
burned patients (62).

DNA micorarrays were used to identify changes in gene expression that
occurred in the skeletal muscle of propranolol-treated burn patients (63). Chil-
dren 3–18 yr of age with flame or scald burns covering at least 40% of the body
were treated for 5 d with propranolol. Skeletal muscle biopsies were obtained
before and after propranolol treatment, and DNA microarrays were used to iden-
tify propranolol-induced changes in gene expression. Small (1.5- to 2.9-fold) but
statistically significant changes in the expression of 14 genes were observed in
propranolol-treated patients but not in patients treated with placebo. The affected
genes have been associated with stress response pathways, angiogenesis, con-
tractile function, signal transduction, and other cellular processes. However,
none of the changes in gene expression identified in this study were conclusively
linked to the inhibition of protein catabolism and the preservation of lean tissue
mass that has been observed in propranolol-treated burn patients. Thus, it is still
unclear whether β-AR-stimulated changes in gene expression are involved in the
hypermetabolic response.

6. Conclusion
The unique power of DNA microarrays originates from the ability of

microarrays to measure changes in the expression of thousands of genes simul-
taneously. This allows a large amount of data to be collected in a relatively
short time. However, microarray data only provide a starting point for answer-
ing biological questions, and many studies have failed to follow up microarray
experiments with additional experiments that demonstrate that the changes in
gene expression are related to AR-induced changes in cell function. Unfortu-
nately, many of these studies have produced a list of genes that are influenced
by AR stimulation but provide no evidence that these changes are physiologi-
cally important. It is critical that future DNA microarray studies also use other
experimental techniques to confirm that AR-induced changes in gene expres-
sion are associated with the physiological changes that are observed on AR
stimulation.

Despite this criticism, DNA microarrays have provided insight into the func-
tion of ARs that could not be obtained using traditional methods of gene expres-
sion analysis. Microarrays have enhanced our understanding of the genetic
changes induced by ARs that may be important for the regulation of cell prolif-
eration, cell differentiation, the hypermetabolic response, cardiac hypertrophy,
and Parkinson-like neurodegeneration. We anticipate that future DNA micro-
array studies will continue to advance our understanding of the physiological and
pathological functions of ARs.
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Summary and Future Endeavors

Dianne M. Perez

The first half of the 20th century saw the development of the concept of a
receptor and the isolation of the first hormone. The last half of the 20th century
revealed that there are many subtypes of the adrenergic receptors with different
pharmacological properties, and that they are coupled to different G proteins and
signal transduction mechanisms. We then basically determined how the ligands
bind to the receptor, how G proteins become activated, and how G proteins can
selectively couple to receptors through interactions with the intracellular loops
of the receptor. We also determined which tissues contain the different subtypes
and some of the physiological processes that are regulated by the receptors. The
century ended with the cloning of the receptors and the application of basic
molecular biological techniques to discern the roles of the individual subtypes.
Although much information was garnered in cell lines, there remained a notice-
able lack of information in integrated systems and whole animal physiology.

Within each subfamily, the roles of the different subtypes were hard to discern
because of the lack of high-avidity antibodies and highly selective antagonists.
To avoid these problems, genetically modified mouse models were developed to
address the roles of these subtypes in physiological processes. At first, heart-
specific overexpression models were developed because of the availability of
heart-targeted promoters. Transgenic overexpression models provided the con-
text of what could possibility happen when receptors were overactivated and also
provided a pathological model system for exploration into gene therapy targets
in heart failure. Next came the knockout models, which provided some more
definitive answers in physiological contents. These models are still serving as
great model systems and will no doubt continue to be used to address still-
unknown questions. In conjunction with the knockouts, double and triple knock-
outs of the subtypes have also been successfully used. Interestingly, none of these
combined knockouts are lethal. Finally, systemic overexpression models using
isogenic promoters are now used to determine subtype localization through the
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use of receptors tagged with green fluorescent protein and to determine possible
systemic pathology caused by chronic activation. The use of these tagged recep-
tors in model cell systems and transfected into native tissues is opening new
vistas in cellular localization, dimerization, and subtype-specific function.

Although much of the basic signal transduction was worked out in the 20th
century, the 21st century is seeing a much more complex involvement of the
adrenergic receptors in signal transduction. First, at the level of the ligand, ago-
nist trafficking is being studied to explore the ability of an agonist to drive
coupling to specific G proteins and pathways. This may offer some therapeutic
benefit in the near future as we try to understand the different conformations of
the receptor responsible for this specificity. Besides agonist trafficking, multiple
conformations of the receptors are also now being appreciated in other signal-
ing mechanics, such as desensitization, internalization, and phosphorylation. At
the level of the receptor, new paradigms in signal transduction and cross talk are
constantly being discovered, mostly through novel couplings involving the use
of the C-tail and scaffolding domains. Levels of signal transduction specificity
are also being seen in the differential regulation of adrenergic receptor function
and compartmentalization. New pathways are also being discovered through the
use of microarray technology and perhaps in the future proteomics, which may
be tailored to clinical applications.

As our knowledge base of these receptors increases, so too will clinical appli-
cations. Already, polymorphisms have been discovered that are associated with
diseases and compromised function. Together with our understanding of how to
manipulate the signaling of these receptors, we may be able to circumvent the
signaling alterations associated with these polymorphisms. In clinical medicine,
adrenergic regulation is at the center of asthma, heart, and prostate disease. As
our knowledge increases in the more unknown regions of the central nervous
system, treatment may be possible for debilitating neurological diseases.



Index 397

397

Index

A

Activation,
agonist trafficking, 42–46, 53
molecular determination of, 46–52
theory and models, 37–42

Adenosine receptor A, 281
Adenovirus, 321, 322, 324–325, 331
Adenylyl cyclases (ACs), 59–60, 61,

322–324, 330–331, 350–353
Adipocytes, 188, 275–276
Adrenal gland, 256
Agonist trafficking, 42–46, 53
A kinase anchoring proteins (AKAPs),

92
Allele, 339, 340–341, 347–350, 355,

356, 357
Antagonist binding, 32–37
Antihypertensive and Lipid-Lowering

Treatment to Prevent Heart
Attack Trial (ALLHAT), 220

Antinociception, 253, 257–258
α1-ARs

blood pressure regulation, 302–303
cardiac function, 300–302
cellular localization, 116–118
contractile responses, acute,

229–230
gene expression in vivo, 297
genetic models, discrepancies in,

234–235
GFP, 155–156
in-situ hybridization, 174–182
interacting proteins, 95–97
neurological function, 303
phosphorylation, internalization,

desensitization, 118–119
trafficking, 116–120

Apoptosis, 227, 279–280
AP2, 96
Arachidonic acid (AA), 55, 56–57
Aromatic ring, 26, 29, 33
Arteries,

aortic,
constriction, 226, 227, 310, 330
rings, 217, 218
smooth muscle cells, 117
valve stenosis, 227

blood pressure, 108, 303, 355
carotid, 164, 217, 219, 227, 274
coronary, 135, 213, 220, 230
femoral, 218
mammary, 187
mesenteric, 156–157, 160–162,

217, 218
pulmonary, 187, 219
resistance, 137, 162, 219, 220
in vitro, 217–218

Asthma, 326, 331, 347, 354, 358, 360,
361, 396

α2A-ARs
BP regulation, 245–246
catecholamine release, 246
cognitive function, 248
depressive behaviors, 249–250
D79N, 242–245
epileptogenesis suppression,

248–249
heterozygous, assessment of mice,

250–251
in-situ hybridization, 182–185
sedative, anesthetic sparing, and

analgesic responses, 246–247
α2B-ARs,

blood pressure regulation, 251–252



398 Index

α2B-ARs (cont.),
embryonic development, 253–254
hypertension, salt-sensitive, 252
N2O-mediated mouse

antinociception, 253
α2C-ARs,

adrenal gland catecholamine
release, 265

behavior and psychomotor function,
256–257

catecholamine, 255–256
moxonidine-induced

antinociception, 257–258
α2-ARs, 9, 303–304

cardiovascular function, 304
gene expression in vivo, 298
interacting proteins, 97
internalization, phosphorylation,

desensitization, 121–122
localization, 120–121
neurological function, 304–306
trafficking, 120–123

Autoradiography, 173, 174, 180, 181,
182–188

B

Bacteriorhodopsin, 11, 41
β-ARK1, 328–329
β-arrestins, 91, 97, 111–112
β-ARs, 6–11, 306–312

cardiac function, regulation of, 101,
270–273

cardiac myocytes, signaling,
276–284

caveolae interactions, 114, 116
compartmentalization, 324
downregulation, 64, 109, 111, 226,

227, 310, 312
fat metabolism, regulation of,

275–276
fluorescent ligands, for studies of,

160–162
gene disruption, 269–270
gene expression in vivo, 299

GFP, 154
in situ hybridization, 185–189
interacting proteins, 90–95
PDZ protein interaction, 112–114
smooth muscle tone, regulation of,

273–275
trafficking, 109–116

Basal activity, 15, 277
Biochemical era, 4, 6–7, 12, 15
Bladder,

base urothelium, 182
dysfunction, 138
in situ hybridization, 181–182,

188–189
outlet resistance, 138, 139
overactive, 138

Blood pressure (BP), 213, 216–219,
220, 224, 225, 245–246

BODIPY, 118, 157, 158, 161–164
Bonding,

disulfide, 49–50
hydrogen, 26–29, 32, 52
intramolecular, 109

β1-ARs, 7, 9, 12, 14, 306–312
Brain,

gene expression profile, 372–381
in situ hybridization,

β1-ARs, 174–181
β2-ARs, 182–185
β-ARs, 185–186

β3-ARs, 14, 312
β2-ARs, 7–9, 11, 12, 14–15, 306–312

C

Cardiovascular system,
α2-ARs, 304
basal function, 270–271, 277
cardiac,

chronotropy/inotropy, 271–272
contractility, 63, 268, 273, 300,

306, 312, 327, 329
function, 225–226, 270–273,

300–302



Index 399

hypertrophy, 221–225
myocytes, 276–284

disease and disorders,
130, 135, 137

GRKs, 328–330
exercise, role of β-AR subtypes in,

272–273
medicine, ARs in, 135–137
vasculature, 182, 187, 219

in situ hybridization,
182, 185, 187

tone regulation, 273–274
Catecholamine, 246, 256
Catechol ring, 29, 47, 52
Caveolae, 114, 116, 280–282
Central nervous system, 191–196
Chinese hamster ovary cells (CHO),

56, 57, 58, 59, 62,
350, 351, 353

C-Jun N-terminal kinases (JNKs),
58, 64

Clinical medicine, 129–135
cardiovascular, 135–137
future perspective, 141
pulmonary, 137
urogenital tract, 138–141

CN-ras-GEF, 93–94
Confocal microscopy, 159, 167
Constitutive activity, 15, 42, 50–51
Construction, 190, 208–210
C-Src, 94
Cubic ternary complex (CTC), 38, 40
Cyclic adenosine monophosphate

(cAMP), 59–60, 282–283,
332, 350

D

Depressive behaviors, 249–250
Desensitization, 15, 63–64, 96, 109,

118–122, 296, 310
Diacylglycerol (DAG), 56–58, 300
Dimerization, 98–100
DNA microarrays, see Microarray

analysis

Downregulation, 109, 111, 226, 227,
310, 312, 347–349

D79N α2A-ARs, 242–245

E

E/DRY motif, 50–52
Effector molecules, 87–88, 281, 294
EIF2Bα, 97
Embryonic development, 253–254
Endogenous ligands, 26–32
Endophilins, 94–95
Endothelin B receptor, 281
Epileptogenesis, 248–249
Epinephrine, 4, 6–8, 26, 28, 29, 30
Eukaryotic initiation factor, 95
Extended ternary complex (ETC),

38, 40
Extracellular loop, 33, 49, 50, 208

F

Fluorescence microscopy, 95, 166
Fluorescence resonance energy

transfer (FRET),
98, 99, 155, 158, 166, 167

Fluorescence spectroscopy, 46, 47
Fluorescent ligands, 158–166
14-3-3 ζ, 97

G

Gastrointestinal tract, 268, 274–275
GC1qR, 95–96
Genetics,

expression, see also Microarray
analysis

altering, consequences of,
243–244

altering, physiological effects of,
297–299

of hearts and brains, 372–381
parotid gland, regulation of,

385–386
skeletal muscle of burn patients

treated with propranolol,
386–387



400 Index

model discrepancies, 234–235
profiling, 368–371
therapy,

AC gene transfer in heart disease,
330–331

ARs, 322–328
cardiac gene transfer,

324–326
G proteins, signaling regulators,

330
G proteins in heart failure,

327–328
GRKs in cardiovascular disease,

328–330
Gi, 327
G protein-coupled receptor kinases

(GRKs), 109, 321–323,
328, 330

G protein-coupled receptors (GPCRs),
9, 11, 15

activation, 4–42, 38
ERKs, 64
GDP/GTP, 52–53
rhodopsin, 46–47, 50–51

analyzing, 295
caveolin/rafts, 280–282
dimerization, 98
disulfide bond, 33
GFP, 152–153, 158
GRKs, 109, 321
homodimerization, 98
signaling mechanisms, 88–90

G proteins, 47–49, 52–54, 57–59,
322, 327, 330, 395, 396

Green fluorescent protein (GFP),
153–158

Gs, 327–328
Guanosine diphosphate (GDP), 52–53,

55, 56
Guanosine triphosphate (GTP), 52–53,

55, 56

H

Haplotypes, 341, 342, 349

Heart, see also
Cardiovascular system

ALLHAT, 220
α1-ARs, 220
disease, 187, 221, 235, 252

adenylyl cyclase gene transfer,
330–331

β1-ARs, 135, 326–327
failure,

in African Americans, 357
chronic, 135
congestive, 130, 135
G proteins in, 327
V-HeFT, 220

gene expression profile, 372–381
hypertension, 252
in situ hybridization, 187

Helical movements/interactions,
46–49

Heterodimerization, 99–100
Heterologous desensitization, 109
Heterozygous, mice, 250–251
Homodimerization, 98
Homologous desensitization, 109
Hybridization, 188
Hypertrophy, 221–229, 300–302,

327–328, 374–376, 378

I

Imaging, 167–169
In situ hybridization,

adipocytes, 188
brain, 174–181, 182–185, 185–186
heart, 187
kidney, urethra, bladder, prostate,

181–182, 186, 188–189
lung, 187–188
lymph, spleen, 186–187
lymphocytes, 182
pancreas, kidney, 185, 188–189
skeletal muscle, 188
vasculature, 182, 185, 187

Internalization, 109, 111, 113–119,
153–155, 296



Index 401

Intracellular receptor complexes, 118
Inverse agonists, 15, 40–41
Ion channels, 294
IUPHAR Committee on Receptor

Nomenclature and Drug
Classification, 13

Adrenergic Receptor Subcommittee
of, 12

K

Kidney, 181–182, 186
Kinases,

cyclin-dependent, 372
protein, 15, 109

anchoring, 92, 283–284
GRKs, 109, 321
MAPK, 59, 90, 92, 94, 97, 100,

108, 322
second messenger-dependent, 64

tyrosine, 56, 58, 62, 64, 90, 94,
100, 217, 376

Knockouts,
α1-ARs, 208–210

cardiac phenotypes, 220–230
construction and validation,

208–211
genetic models, discrepancies in,

234–235
phenotypes, other, 230–232
radioligand binding, 211–213
sex, as phenotype variable, 232
subtype roles, summary and

future of, 232–234
vascular phenotypes, 213–220

stress experiments, 227–229
subtypes, construction and

validation, 208–211

L

Ligand-binding, 14, 26–37, 98, 99,
152, 153, 158, 159

Liver, 196
Localization, see also In situ

hybridization

α1-ARs, 118–119
α2-ARs, 121–122
receptor, 218–219
transgenic based, central nervous

system, 191–196
transgenic-based, peripheral tissues,

196–198
in vivo, 189–190

Lungs, 137, 187–188, 274, 322
Lymph, 186–187
Lymphocytes, 182

M

Mammalian PLC isozymes, 56
Mechanism, 11, 14, 46, 49, 62
Membrane-associated guanylate kinase

inverted-2 (MAGI-2), 93
MembStruk, 30
Messenger ribonucleic acid (mRNA),

63, 187–190, 194–195, 198,
250, 256, 300, 366, 367, 374

Meta- and para-hydroxyls,
26, 28–29, 52

Metabolic function,
β-AR subtype roles, 272–273
glucose abnormalities, 230
hypermetabolic response, 386–387
regulation, 275

Microarray analysis, 365–367, 387
α1-ARs, 367

cell cycle, differential regulation
of, 371–372

gene expression, of hearts and
brains, 372–381

genetic profiling, 368–371
transcriptional regulation,

367–368
α-ARs, 381

norepinephrine-induced neuronal
differentiation,
382–385

β-ARs,
parotid gland, regulation of gene

expression, 385–386



402 Index

skeletal muscle of burn patients
treated with propranolol,
gene expression changes in,
386–387

Mitogen-activated protein kinase
(MAPK), 59, 90, 92, 94, 97,
100, 108, 267, 322

Molecular cloning, 11, 25, 49, 304
Molecular determination,

E/DRY motif involvement, 50–52
extracellular disulfide bond

disruption, 49–50
helical movements and disrupted

interactions, 46–49
TM V serines, role of, 52

Molecular era, 11–15
Mutagenesis,

site directed, 13–14
studies, 26, 29, 32, 46, 51

Mutants, 44
Myocytes, 276–277, 279–284

N

Na+/H+ exchange regulatory factor,
91–92

Neurological function, 303, 304–306
Neuronal differentiation, 382–384
Neuronal nitric oxide synthase, 96
Norepinephrine, 4, 7–8, 29–30, 32

P

Pancreas, 188–189
Parotid gland, 385–386
Partial agonists, 43, 44, 45–46
PDZ domain, 91, 93, 97, 112–114,

282–283
Peripheral tissues, 196–198
Pharmacogenetic loci, 358–361
Pharmacological era, 9–11
Phenotypes,

cardiac, 220–230
other, 230–232
sex variables, 232
vascular, 213–220

Phospholipases, 53–58, 294, 322
Phosphorylation, 109–114, 118–119,

121–122, 122
Physiological era, 7–9
Polymorphisms, 14–15, 339–340

associations, 353–354, 355
clinical relevance of, 353–355

disease, modifiers, 356–358
disease, risk factors, 355
pharmacogenetic loci, 358–361

localization and population
genomics, 340–341

signaling consequences
α1-AR, 352–353
α2A-AR, 350
α2B-AR, 350–351
α2C-AR, 351–352
β1-AR, 341–347
β3-AR, 349–350
β2-AR, 347–349

Postsynaptic density, 93
Pressor responses, 216–217
Promoter, 189–190
Propranolol, 386–387
Prostate,

benign prostatic hyperplasia (BPH),
138–139

contraction of, 139, 198
hyperplastic growth, 138
in situ hybridization, 181–182,

188–189
localization, 196–198

Protein kinase C (PKC), 55–58

R

Radioligand binding, 4, 9–10, 11,
211–213

Receptor autoradiography, see
in situ hybridization

Regulator of G protein signaling
protein (RGS), 97, 321, 330

Residue identification, 65
Rhodopseudomonas viridis, 41
Rhodopsin, 12, 15, 46–47, 50–51



Index 403

Ribonucleic acid (RNA), 174–175,
180, 185, 196, 302, 330, 366–
367, 385

S

Scaffolding, 88, 91, 93, 100, 101, 111,
113, 282, 396

Serine residue, 14, 29, 112
Signaling, 38

α1-AR G protein and effector
activation, 53–59

α1-AR interacting proteins,
AP2, 96
gC1qR, 95–96
neuronal nitric oxide synthase,

96
transglutaminase II, 95

AR, 87–88, 321–322, 331
arrestin scaffolds, 111–112
α2-AR G protein and effector

activation, 59–63
α2-AR interacting proteins,

β-arrestins, 97
eIF2Bα, 97
14-3-3 ζ, 97
spinophilin, 97

β-AR interacting proteins,
AKAPs, 92
β-ARs, 90–91
β-arrestins, 91
CNrasGEF, 93–94
c-Src, 94
endophilins, 94–95
eukaryotic initiation factor 2B,

95
MAGI-2, 93
Na+/H+ exchange regulatory

factor, 91–92
postsynaptic density, 93

dimerization, 98
hetero/homodimerization,

98–100
G protein, 44, 45, 279, 283–284,

327–328

and effector coupling, 63–65
and receptor coupling, 52–53

GRKs and, 53, 321–323, 328
internalization, 100
ligand-specific, 45–46
RGS and, 329
subtype activation, 89–90
transduction paradigms, 100–102

Single nucleotide polymorphisms
(SNPs), 339, 341, 355, 358

Skeletal muscle, 188
Spinophilin, 97
Spleen, 186–187
Stereoselectivity, 29–30, 32
Stress experiments, 218, 227–229
Structure-function, 36, 49
Subtypes,

cardiac function, regulation of,
270–273

D79N α2A-ARs, 242–245
genetic profiling, 368–371
knockouts, construction and

validation, 208–211
roles and future directions, 232–234
selectivity and antagonist binding,

32–37
signal activation, 89–90
in tissues, 213
transcriptional regulation,

367–368

T

Testis, 188
Thyrotropin receptor, 281
Tissue processing, 191
Trafficking,

α1-ARs,
cellular localization, 116–118
desensitization, internalization,

phosphorylation, 118–120
α2-ARs,

cellular localization, 120–121
desensitization, internalization,

phosphorylation, 121–122



404 Index

perspective, 122–123
β-AR regulatory activities, novel

protein interactions,
β-AR-caveolae, 114
β-AR-PDZ, 112–114

β-ARs,
phosphorylation, 109, 111

Transcription, 366, 367–369, 377, 378,
381, 385–386

Transfection, of native tissues,
156–158

Transgenic mice, 302, 303, 312, 324–
330, 343, 345, 347, 356

Transgenics (TGs), 234–235
Transglutaminase II, 95

U

Urethra, 181–182
Urogenital tract, 138–141
Uterus, 188

V

Vasodilator-Heart Failure Trials
(V-HeFT), 220

Visualization techniques,
164–166




