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ABSTRACT

Mice with altered «,-adrenergic receptor genes have become
important tools in elucidating the subtype-specific functions of
the three a,-adrenergic receptor subtypes because of the lack
of sufficiently subtype-selective pharmacological agents. Mice
with a deletion (knockout) of the a,a-, asg-, Or axc-gene as well
as a point mutation of the a,5-gene (a,4-D79N) and a 3-fold
overexpression of the a,c-gene have been generated. Studies
with these mice indicate that most of the classical functions
mediated by the a,-adrenergic receptor, such as hypotension,
sedation, analgesia, hypothermia, and anesthetic-sparing ef-
fect, are mediated primarily by the a,,-subtype. The a,g-sub-
type is the principal mediator of the hypertensive response to
ay-agonists, appears to play a role in salt-induced hyperten-

sion, and may be important in developmental processes. The
a,c-Subtype appears to be involved in many central nervous
system processes such as the startle reflex, stress response,
and locomotion. Both the a,4- and a,s-subtypes are important
in the presynaptic inhibition of norepinephrine release and ap-
pear to have distinct regulatory roles. The ability to study sub-
type-specific functions in different mouse strains by altering the
same a,-adrenergic receptor in different ways strengthens the
conclusions drawn from these studies. Although these genetic
approaches have limitations, they have significantly increased
our understanding of the functions of «,-adrenergic receptor
subtypes.

Adrenergic receptors mediate the physiological responses
to the catecholamines, norepinephrine and epinephrine.
They belong to the superfamily of G protein-coupled recep-
tors containing seven putative transmembrane domains and
are divided pharmacologically into a;-, ay-, and B-adrenergic
receptor types (Bylund, 1988). a,-Adrenergic receptors are
implicated in diverse physiological functions particularly of
the cardiovascular system and the central nervous system.
ay-Adrenergic receptor agonists are used clinically in the
treatment of hypertension, glaucoma, and attention-deficit
disorder, in the suppression of opiate withdrawal, and as
adjuncts to general anesthesia. a,-Adrenergic receptors have
been divided into three subtypes (agy, asp, and ayc) on the
basis of pharmacological and molecular cloning evidence (Lo-
masney et al., 1991; Bylund et al., 1994; Hein and Kobilka,
1995).

Understanding the role of a,-adrenergic receptor subtypes in
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these diverse functions is clearly important particularly from a
pharmacological point of view. One line of evidence supporting
differential functions of the subtypes is differences in their
characteristics, such as their tissue distributions throughout
development (Winzer-Serhan et al., 1997), and in the adult,
their coupling to G proteins and regulation in response to ago-
nist stimulation. Although in situ hybridization studies of a,-
adrenergic receptor subtype expression in mice during develop-
ment and in adults (Wang et al., 1996) and rats (Nicholas et al.,
1993; Rosin et al., 1993; Scheinin et al., 1994) can reveal where
ay-adrenergic receptor subtypes are expressed, these findings
cannot definitively link particular subtypes to physiological
functions. Furthermore, assigning the physiological functions of
ay-adrenergic receptors to specific subtypes in vivo has been
difficult because of the lack of sufficiently subtype-selective
agonists and antagonists. The ability to genetically manipulate
ay-subtypes provides an alternative approach to elucidating
subtype-specific functions as demonstrated in recent experi-
ments using mice with deletions, mutations, or overexpression
of specific ay-adrenergic receptor subtypes (MacDonald et al.,
1997).

ABBREVIATIONS: KO, knockout; OE, overexpression; PPI, prepulse inhibition.
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Mice with Genetically Engineered
a,-Adrenergic Receptor Subtypes

Several recent reviews have discussed the methods, advan-
tages, and limitations of genetic engineering techniques (Wei,
1997; Rohrer and Kobilka, 1998; Yanez and Porter, 1998).
There are now published reports on five mouse strains with
genetic alterations of a,-adrenergic receptor expression. Mice
with a deletion of the ays- (ags-knockout [KO)), ayp- (aep-KO),
or aye-gene (ay-KO) have been generated (Link et al., 1995,
1996; Altman et al., 1999). More recently, the double knockout
mice (ap5c-KO), in which both the a,,- and the a,-genes have
been deleted, have been produced (Hein et al., 1999). Mice have
also been developed with a point mutation of the a,,-gene
(a2-D79N) (Macmillan et al., 1996). This mutation of the as-
partate to an asparagine residue at position 79 in the second
transmembrane domain of the a,,-adrenergic receptor selec-
tively uncouples the receptor from the activation of K™ channels
in vitro, although coupling to Ca®* channels and adenylyl cy-
clase activity is maintained (Surprenant et al., 1992). It was
expected that the expression of this mutation in the intact
animal would provide insight into the signal transduction
mechanisms mediating the effects of a,,-adrenergic receptor
stimulation. However, a,,-D79N mice showed an approxi-
mately 80% reduction in a,,-adrenergic receptor binding de-
spite normal mRNA levels. The receptors that were expressed
showed the expected pharmacological characteristics but were
unable to couple to K™ or Ca®* channels (Lakhlani et al., 1997).
Thus, the a,,-D79N receptor expressed in vivo exhibits distinct
characteristics compared with its expression in vitro, and this
has served as a functional knockout. All four of the mouse
strains described above are viable and fertile and appear
grossly normal. Apparently, none of the a,-adrenergic receptor
subtypes are absolutely required for embryonic development or
adult survival, although one or more of the subtypes may play
a role in normal development. In addition to knockout strate-
gies, transgenic techniques have also been applied to a,-adren-
ergic receptors, and a strain of mice has been generated in
Kobilka’s laboratory with approximately 3-fold overexpression

TABLE 1
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(OE) of the ay-gene (ay-OE) under the control of its homolo-
gous promoter (Sallinen et al., 1997).

Results from experiments using mice with genetic alter-
ations of a,-adrenergic receptor expression are summarized
in Tables 1 and 2. Several complicating factors should be kept
in mind when interpreting the results from these experi-
ments. Compensatory changes, such as the up- or down-
regulation of another component of a signaling pathway,
could offset the loss of a functional receptor in a genetically
engineered mouse. These compensatory changes could also
be the cause of a phenotype. A phenotype could result from
developmental changes rather than from altered expression
of a receptor in the adult, or the altered receptor expression
could be a distant cause in a complex chain of physiological
events. Some of the data obtained with particular animals,
however, argue against compensatory changes occurring at
least after manipulation of the a,,-adrenergic receptor sub-
type (Janumpalli et al., 1998). There can also be remarkable
differences in inbred mouse strains, necessitating the use of
appropriate wild-type strains in experiments with KO and
transgenic mice. Altered expression of a receptor could cause
different phenotypes in young and old mice, males and fe-
males, different genetic backgrounds, or different environ-
ments. Crabbe and coworkers (1999) recently reported that
different behavioral phenotypes were found by different lab-
oratories using the same mouse strains, even different phe-
notypes in the same laboratory at different times, indicating
that behavioral experiments in genetically altered mice are
particularly vulnerable to variability. Thus, reproducibility is
crucial for one to have confidence in the results from modifi-
cations of gene expression.

The a,,-Subtype Mediates the Classical
Effects of a,-Adrenergic Receptor Agonists

Through experiments with the a,,-KO and a,,-D79N
mice, most of the classical effects of a,-adrenergic receptor
agonists can be attributed to the a,,-subtype. Mice with a
mutated or deleted a,,-subtype do not exhibit the hypoten-

Physiological effects of altering a,-adrenergic receptor gene expression in mice
The agp-subtype mediates most of the classical effects of ay-adrenergic receptor agonists.

Physiological Effect

Genetic Alterations

ap5-D79N

ags-KO agp-KO

Hypotensive effects of a,-adrenergic receptor agonist
Bradycardic effects of a,-adrenergic receptor agonist
Hypertensive effects of a,-adrenergic receptor agonist
Cardiovascular effects of imidazoline agonist

Resting heart rate

Resting blood pressure

Salt-induced hypertension

Sedative effects of dexmedetomidine

Antinociceptive effects of a,-adrenergic receptor agonist
Antinociceptive effects of moxonidine
Adrenergic-opioid synergy in spinal antinociception
Anesthetic-sparing effects of dexmedetomidine
Hypothermic effects of dexmedetomidine
Antiepileptogenic effects of endogenous norepinephrine
Presynaptic inhibition of norepinephrine release
Autoinhibition of locus coeruleus
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X, abolished; —, no effect; 1, accentuated; |, attenuated; and blank, not studied.

“ Dependent on site of agonist administration.

® Mice were heterozygous (+/—) for ayg-null mutation.
¢ Extent of attenuation depended on test used.

@ In agpq-double KO mice.



2000

TABLE 2
Effects of altered a,-adrenergic receptor gene expression on behavior
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Behavior

Genetic Alteration

ayc-KO ayc-OE

Startle reflex

Prepulse inhibition of startle reflex

Latency to attack after isolation

General aggression

Locomotor stimulation of b-amphetamine
L-5-hydroxytryptophan-induced serotonin syndrome
L-5-hydroxytryptophan-induced head twitches
Performance in T-maze

Working memory enhancement of a,-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)

| «— | e« | «—«——
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P
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—, no effect; 1, accentuated; |, attenuated; and blank, not studied.

sive, sedative, antinociceptive, anesthetic-sparing, or hypo-
thermic effects in response to a,-adrenergic agonists.
Hypotensive Effects. a,-Adrenergic agonists activate a,-
receptors in the rostral ventrolateral medulla, decreasing
sympathetic outflow, which causes a reduction in arterial
blood pressure and heart rate (Guyenet, 1997). In addition to
these centrally mediated responses, there is a transient hy-
pertensive response caused by ay-adrenergic receptor-medi-
ated vasoconstriction of vascular smooth muscle. The hypoth-
esis of ays-adrenergic receptor involvement in the centrally
mediated cardiovascular responses was based on a,,-adren-
ergic receptor expression in the rostral ventrolateral medulla
(Nicholas et al., 1996), and a,,-adrenergic receptor involve-
ment was confirmed in ay,-D79N mice. The hypotensive
response to administration of a,-adrenergic receptor agonists
was abolished, demonstrating that the a,,-subtype plays a
principal role in this response (Macmillan et al., 1996). The
bradycardic response to agonist also was blunted in agu-
D79N mice (Macmillan et al., 1996). These results have been
confirmed in both ay,-D79N and a,,-KO mice (Altman et al.,
1999; Zhu et al., 1999). Furthermore, the hypertensive re-
sponse was abolished in ay5-KO mice, and the hypotensive
effect was immediate and accentuated. The bradycardic re-
sponse in a,5-KO mice was normal, and a,--KO mice showed
no differences from wild-type strains in their hypertensive,
hypotensive, and bradycardic effects (Link et al., 1996). The
asa-subtype appears to play a role in vasoconstriction at least
in some vascular compartments because the hypertensive
response in a,,-D79N mice was absent when the agonist was
administered through the femoral artery (Macmillan et al.,
1996). These results demonstrate that the «,,-adrenergic
receptor mediates the hypotensive and bradycardic effects of
ay-adrenergic agonists. In contrast, the a,gz-adrenergic recep-
tor appears to be the main mediator of the pressor response
that results from a,-adrenergic agonist administration.
Considering the role of this receptor in cardiovascular
function, it was surprising that a,,-D79N mice do not show
any cardiovascular abnormalities. Recent evidence has indi-
cated that ay,-D79N mice do retain some a,,-adrenergic
receptor function. In contrast to a,,-D79N mice, ay,-KO
mice have tachycardia, higher systolic blood pressure, and
higher plasma norepinephrine levels (Altman et al., 1999;
Makaritsis et al., 1999b). Propranolol, a B-adrenergic recep-

tor antagonist, eliminated the difference in heart rate be-
tween ay,-KO and wild-type mice, demonstrating that the
tachycardia in ay,-KO mice was due to increased sympa-
thetic tone, presumably resulting from increased norepi-
nephrine release because of the absence of a,,-adrenergic
presynaptic inhibition (Altman et al., 1999).

Sedative Effects. The sedative effects of dexmedetomi-
dine were examined in a,,-D79N mice by Rotarod, loss of
righting reflex (Lakhlani et al., 1997), and spontaneous loco-
motor activity tests (Hunter et al., 1997). In all cases, asx-
D79N mice showed no sedation in response to dexmedetomi-
dine, indicating that the ay,-adrenergic receptor mediates
the sedative effects of ay-agonist administration. In contrast,
both the ay,5-KO and ay,--KO mice showed dose-dependent
reductions in locomotor activity in response to dexmedetomi-
dine that were indistinguishable from wild-type mice (Hunt-
er et al., 1997). a,-Adrenergic agonists appear to induce
sedation by activating autoreceptors in the locus coeruleus,
reducing its spontaneous rate of firing (Nacif-Coelho et al.,
1994). Several lines of evidence have implicated the ag,-
subtype in this action, including the prominent expression of
aya-receptor mRNA and protein in the locus coeruleus seen
with in situ hybridization and immunohistochemical studies
(Nicholas et al., 1993; Rosin et al., 1993; Wang et al., 1993,
Scheinin et al., 1994). In a,,-D79N mice, a,-adrenergic re-
ceptor agonists were unable to alter the spontaneous firing
rate of locus coeruleus neurons, confirming the role of the
aya-subtype (Lakhlani et al., 1997).

Antinociceptive Effects. Another therapeutic use of a,-
adrenergic receptor agonists is analgesia (Eisenach et al.,
1996). The antinociceptive effect of dexmedetomidine has
been studied in the ramped hot-plate test as well as in hot-
water immersion and intense light tail-flick latency tests. In
all of these tests, ay,-D79N mice showed no antinociceptive
response to dexmedetomidine (Hunter et al., 1997; Lakhlani
et al., 1997). In contrast, dexmedetomidine induced normal
dose-dependent antinociception in a,p-KO and ay--KO mice
in the tail immersion test (Hunter et al., 1997). Spinal anal-
gesia was examined in a,,-D79N mice using tail-flick latency
tests and the Substance P behavioral test, which uses inhi-
bition of Substance P-induced behaviors as an indirect mea-
sure of antinociception. In the tail-flick latency test, both
intrathecal brimonidine and clonidine induced dose-depen-
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dent antinociception in wild-type but not a,,-D79N mice
(Stone et al., 1997; Fairbanks and Wilcox, 1999). In the
Substance P behavioral test, the antinociceptive effect of
intrathecal a,-adrenergic agonists was blunted in a,,-D79N
compared with wild-type mice. Presumably, the remaining
antinociceptive effect in a,,-D79N mice is due to residual
aga-adrenergic receptor activity, although a small effect due
to another subtype cannot be ruled out. Thus, the a,,-sub-
type is the predominant subtype involved in the analgesic
effects of a,-adrenergic receptor agonists.

ay-Adrenergic receptors also interact with opioid receptors
in mediating the antinociception produced by nitrous oxide.
In the tail-flick latency test, nitrous oxide produced dose-
dependent antinociception in both wild-type and a,,-D79N
mice. The ay-adrenergic antagonist yohimbine, the agp/asc-
selective antagonist prazosin, and the opiate antagonist nal-
oxone all inhibited the antinociceptive effect of nitrous oxide
in both types of mice (Guo et al., 1999). Thus, the ay,p- and/or
ayc-subtypes seem to mediate the antinociceptive effects of
nitrous oxide in conjunction with opioid receptors, although
the ay,-subtype may play a small role. Studies are needed in
the ay5-KO and a,-KO mice to determine the role of the ayp-
and ayc-subtypes in this response.

A possible role for the ayp- and/or a,--adrenergic receptor
also has been suggested in moxonidine-induced spinal an-
tinociception. Intrathecal moxonidine (an agonist at both the
asa- and I; receptors) induced dose-dependent antinocicep-
tion in ay,-D79N and wild-type mice in both the tail-flick and
Substance P tests. However, moxonidine was 2-fold less po-
tent in a,,-D79N mice. Both the a,-adrenergic receptor-se-
lective antagonist SK&F 86466 and the I,/a,-adrenergic re-
ceptor antagonist efaroxan dose dependently inhibited the
antinociceptive effects of moxonidine in ay,-D79N mice
(Fairbanks and Wilcox, 1999). These data suggest that mox-
onidine antinociception requires a,-adrenergic receptors pre-
sumably of the ayp- and/or ay-subtypes. However, a possible
role for putative I, receptors cannot be ruled out. In addition,
a possible role for a,,-adrenergic receptors cannot be ruled
out completely especially because ay;,-D79N mice retain
some a,,-adrenergic receptor-mediated functions (Altman et
al., 1999).

Other Effects. Presynaptic inhibition of norepinephrine
release is a classic ay-adrenergic function. Dexmedetomine
potently inhibited neurotransmitter release in the vasa def-
erentia of ay,-DTIN, ay5-KO, and ay,--KO mice. This inhib-
itory effect, however, was greatly attenuated in a,,-KO mice,
and the stimulatory effect of the a,-adrenergic antagonist
yohimbine was attenuated as well (Altman et al., 1999).
Similar results have been found in the brain (hippocampus
and occipito-parietal cortex) and the heart (atrium) of
as2-KO mice (Trendelenburg et al., 1999). These data indi-
cated that the a,,-subtype is the most important in mediat-
ing presynaptic ay,-adrenergic receptor inhibition of neuro-
transmitter release, although a role for at least one other
subtype seemed probable. Recent studies on the sympathetic
nerves in the heart of a,,-KO and a,--KO mice as well as in
mice lacking both the ay,- and the a,o-subtypes (double
knockout; a,,c-KO) have confirmed and extended these con-
clusions. In the a,,-KO but not the a,c-KO mouse, the max-
imal inhibitory effect of brimonidine on norepinephrine re-
lease was significantly reduced but not eliminated as
compared with the wild type. In the ay,--KO mouse, how-
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ever, the inhibitory effect of brimonidine was completely
abolished (Hein et al., 1999). Further experiments in these
mice indicate that the a,,-receptor inhibits transmitter re-
lease at high stimulation frequencies, whereas the a,--sub-
type regulates release at lower levels. The regulation at both
high and low frequencies appears to be physiologically im-
portant (Hein et al., 1999).

In humans, ay,-adrenergic agonists are used as adjuncts to
anesthesia because they permit the reduction of the dose of
other anesthetic agents (Maze and Tranquilli, 1991). In a,,-
D79N mice, dexmedetomidine did not reduce the amount of
halothane required to produce anesthesia (loss of righting
reflexes), whereas in wild-type mice the amount of halothane
was significantly reduced. These data indicate that the ag,-
subtype mediates the anesthetic-sparing effects of a,-adren-
ergic agonists (Lakhlani et al., 1997). The role, if any, of the
ayp- and ay-subtypes has not been carefully examined.

Reduced body temperature is another consequence of a,-
adrenergic receptor activation. ay,-D79N mice showed no
hypothermic effect in response to varying doses of dexme-
detomidine, whereas both ayp- and ay--KO mice showed
dose-dependent reductions in body temperature indistin-
guishable from those in wild-type animals (Hunter et al.,
1997). In contrast, Sallinen et al. (1997) reported a slight
attenuation of the hypothermic response in ay,-KO mice.
Thus, the ay,-receptor also seems to be the primary mediator
of the hypothermic effects of a,-adrenergic agonists, al-
though the a,--subtype may play a small role.

The a,,-adrenergic receptor also mediates the antiepilep-
togenic actions of norepinephrine in the kindling model of
epileptogenesis. Compared with wild-type mice, ay,-D79N
mice achieved kindling more rapidly and exhibited a 2-fold
increase in the duration of their electrographic seizures. This
accelerated pattern of kindling development in a,,-D79N
mice was indistinguishable from that seen in wild-type mice
treated acutely with the a,-adrenergic receptor antagonist
idazoxan, whereas idazoxan treatment did not alter the pat-
tern of kindling development in ay,-D79N mice (Janumpalli
et al., 1998). These data suggest that compensatory changes
do not accompany mutation of the mouse genome with the
as4-D79N mice, because the epileptogenic phenomena in
these mice are indistinguishable from those in wild-type mice
treated acutely with the a,-adrenergic antagonist idazoxan.
These data also suggest that the a,,-adrenergic receptor
subtype is the principal mediator of the antiepileptogenic
effect because idazoxan treatment of the mutant a,,-D79N
mice produced no further enhancement of epileptogenesis.

The a,5- and a,c-Subtypes: Fewer Defined
Functions

ay,p-Subtype. In comparison with the a,,-subtype, rela-
tively less has been discovered about the functions of the a,p-
and a,-subtypes through knockout experiments. As noted
above, the ayg-subtype appears to have a dominant role in
eliciting the vasoconstrictor response to ay-adrenergic ago-
nists because this response is lacking in ay5-KO mice (Link
et al., 1996). The a,z-adrenergic receptor has also been im-
plicated in salt-induced hypertension. When subjected to
subtotal nephrectomy followed by dietary salt loading, the
increase in blood pressure was much greater in a,--KO and
wild-type mice as compared to a,5-KO mice (Makaritsis et
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al., 1999a). The significance of this effect is enhanced by the
fact that it was obtained with heterozygous a,z-KO mice (due
to the difficulty in breeding homozygous mice because their
survival is limited), and thus the authors conclude that a full
complement of a,5-receptor genes is necessary to raise blood
pressure in response to dietary salt loading. Although the
role, if any, of the ay,-subtype cannot be determined from
these studies, the data imply that the a,p- but not the aye-
subtype is prominently involved in the development of salt-
induced hypertension.

The a,p-adrenergic receptor may be important in develop-
mental processes, although the role it plays is currently
unknown. Because all ay-adrenergic receptor KO mice sur-
vive and are viable, no single subtype of ay-adrenergic recep-
tor is absolutely necessary for development. However, ho-
mozygous a,p-KO mice are recovered from heterozygous
crosses at less than the predicted Mendelian ratios, and
homozygous a,5-KO mice do not breed well (Link et al., 1996;
Makaritsis et al., 1999a), which indicates some developmen-
tal or reproductive role for the a,z-adrenergic receptor gene.
In support of this is the reported inability to produce either
apap- OF agspc-double knockout mice, whereas the a,,-dou-
ble knockout mice are viable (Hein et al., 1999). Studies to
detect possible changes in the developing brain and other
tissues of KO mice will likely provide further insight into the
function of the ay-adrenergic receptor subtypes during devel-
opment.

aysc-Subtype. Unlike its counterparts, the a,c-subtype
does not appear to play a major role in cardiovascular regu-
lation or the other classical effects of ay-adrenergic receptors.
The cardiovascular and sedative effects of dexmedetomidine
were normal in a,--KO mice. Sallinen and coworkers (1997)
reported small, but opposite, changes in the hypothermic
effect of dexmedetomidine in ay-KO and a,--OE mice, indi-
cating that the a,c-subtype may play a role in this effect
secondary to the prominent role of the a,,-subtype. In both
a,-KO and a,--OE mice, dexmedetomidine induced dose-
dependent reductions in monoamine turnover indistinguish-
able from those in wild-type animals. However, ay--OE mice
showed slightly increased basal levels of dopamine and its
metabolite homovanillic acid, whereas a,--KO mice showed
slightly decreased levels of metabolites of dopamine (ho-
movanillic acid), norepinephrine (3-methoxy-4-hydroxyphe-
nylglycol), and serotonin (5-hydroxyindoleacetic acid) (Salli-
nen et al., 1997). The opposite findings for homovanillic acid
in ay-KO and a,--OE mice point to a possible role for ay-
adrenergic receptors in the regulation of dopamine systems
in the brain.

In mice, expression of the a,--subtype seems to be re-
stricted to the central nervous system, and the effect of
altered a,--adrenergic receptor expression has been evalu-
ated in several different behavioral paradigms (see Table 2).
Relative to wild-type mice, ay--KO mice showed increased
locomotor activity in response to amphetamine, whereas
ayc-OE mice showed decreased activity in response to the
drug (Sallinen et al., 1998a). 5-Hydroxytryptophan, a seroto-
nin precursor, elicits a range of behaviors in rodents due to
serotonin receptor activation, including head twitches and
five behaviors that constitute the “serotonin syndrome” that
is mediated mainly by the 5-HT, 5 receptor. Neither a,--KO
nor a,c-OE mice showed significant differences from wild-
type strains in head twitches in response to dexmedetomi-
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dine. However, dexmedetomidine failed to attenuate symp-
toms of the 5-hydroxytryptophan-induced serotonin
syndrome in a,--KO mice, suggesting an interaction with the
5-HT,, receptor (Sallinen et al., 1998a). In the isolation-
induced aggression paradigm, a,c-KO mice showed de-
creased attack latency, whereas a,--OE mice showed in-
creased latency. There was, however, no significant
difference in the overall number of attacks, and altered ay-
adrenergic receptor expression did not affect preisolation
aggressive behavior (Sallinen et al., 1998b). In a forced swim-
ming test used to induce stress and assess behavioral de-
spair, opposite effects in ay,--KO and a,--OE mice indicate a
possible association between the a,--subtype and stress-de-
pendent depression. Thus, a,c-adrenergic antagonists may
have therapeutic value in the treatment of stress-related
psychiatric disorders (Sallinen et al., 1999).

Many psychiatric disorders, including schizophrenia, man-
ifest symptoms of exaggerated startle reactivity and/or re-
duced inhibition of startle by prepulses. Disrupted prepulse
inhibition (PPI) of the startle reflex can be restored by anti-
psychotics, and the PPI model is used as an animal model in
drug development. Compared with wild-type mice, ayo-KO
mice showed increased startle reactivity and reduced PPI of
the startle response, whereas a,-OE mice showed an increase
in PPI that could be reversed by the ay,-adrenergic antagonist
atipamezole (Sallinen et al., 1998b). In each of the behavioral
paradigms, it is unclear whether the a,c-subtype plays some
direct role in mediating behavior or whether altered a,c-
receptor expression produces effects because of altered me-
tabolism or downstream modulation of other neurotransmit-
ter systems.

It has been demonstrated that a,-adrenergic agonists im-
prove memory processes in several models. In the T-maze
delayed alternation task, dexmedetomidine dose depen-
dently reduced nonperseverative errors and increased perfor-
mance in both a,--KO and wild-type mice, indicating that
the ayc-subtype does not mediate the beneficial effects of
ay-adrenergic agonists on spatial working memory (Tanila et
al., 1999). In the Morris water maze, ay,--OE mice developed
an ineffective search pattern, which was reversible by atipa-
mezole, suggesting that a,-receptors may modulate the ex-
ecution of complex navigation patterns (Bjorklund et al.,
1999, 2000). In this same test, ay-OE mice showed a defec-
tive escape performance that could be improved by the a,-
adrenergic antagonist atipamezole. a,-OE mice, however,
showed learning curves similar to wild-type mice, and atipa-
mezole failed to affect the slope of the learning curve in either
strain. Thus, a,c-overexpression did not hinder performance
by affecting memory. ay--OE mice showed no defects in open
field or passive avoidance behaviors or in cortical electroen-
cephalogram measurements, indicating that their defect in
performance does not arise from defects in anxiety, stimulus-
response learning, or general arousal (Bjorklund et al., 1998).
These results suggest that the a,--subtype may play a role in
modulating motor behavior and perhaps in memory pro-
cesses.

Conclusions and Future Directions

The subtype involved in many a,-adrenergic receptor-me-
diated physiological functions is now known (at least in the
mouse), but there are still many unanswered questions con-
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cerning their functional significance. For example, what is
the role of each of the subtypes in development? Because the
asa-subtype mediates most of the classical effects of a,-ad-
renergic agonists, it is doubtful that an a,,-selective agonist
would have a substantially better clinical profile than the
currently available agents. On the other hand, because the
aga-subtype has not yet been shown to be important in cog-
nitive functions, whereas the a,c-subtype does appear to
play a role in these functions, it may turn out that selective
asa-agents may have fewer central nervous system side ef-
fects than nonselective agents. Drugs acting at a,p- or aye-
adrenergic receptors are likely to have fewer of the classical
ay-adrenergic side effects than a,,-specific agents. However,
because the functions of these subtypes are not as clear as
those of the ay,-subtype, the therapeutic value of ay5- and
ayc-selective drugs is also unclear. It would appear likely,
however, that a,--selective agents may be useful in at least
some central nervous system disorders.

A comparison of the studies published to date using mice
with altered expression of a,-adrenergic receptors reveals
some inconsistencies such as the role, if any, of the ayg- or
asc-subtypes in ay-adrenergic-mediated spinal analgesia.
The recent development of ay,-KO “double-knockout” mice
may help answer these questions (Hein et al., 1999). ag,-KO
mice (as well as ay,5-KO mice if they can be produced), when
tested against a,,-KO mice, may show the involvement of the
ayc- (and ayp-) subtype(s) in various functions that hereto-
fore have been masked by the dominance of the a,,-subtype.

Generation of mice with inducible gene knockouts would
more closely resemble acute blockade of specific a,-adrener-
gic receptor subtypes and avoid any compensatory adapta-
tions that might occur during development. Thus, inducible
KO mice might reveal physiological roles of ay-adrenergic
receptors that have been masked by compensatory changes
in current ay-adrenergic receptor KO mice. In addition, in-
ducible knockout mice might allow such compensatory mod-
ifications to be studied as they develop. However, for some
responses, such as suppression of epileptogenesis, this time-
intensive and expensive experimental strategy may not be
warranted. This is because the responses in a,,-D79N mice
are indistinguishable from wild-type mice treated with ida-
zoxan, and idazoxan administration has no further effect in
as2-D79N mice evaluated in the kindling paradigm (Janum-
palli et al., 1998). Furthermore, transgenic studies using a
limited promoter region of the a,,-adrenergic receptor sub-
type indicate that we do not yet know how to achieve faithful
reproduction of the expression profile of this subtype (Wang
et al., 1996).

KO and transgenic mice are likely to be important tools in
drug development for determining the physiological site of
action for newly developed pharmacological agents. Such an
approach has already been used to determine that the hypo-
tensive effects of two putative imidazoline-1 receptor ago-
nists, moxonidine and rilmenidine, are mediated predomi-
nantly by a,,-adrenergic receptors in the mouse (Fairbanks
and Wilcox, 1999; Zhu et al., 1999).

The ability to probe subtype-specific functions in mice by
altering the same a,-adrenergic receptor (a,,-KO and ag,-
D79N mice; ayo-KO and a,-OE) and the general consistency
of the results strengthens the conclusions drawn from these
studies. Despite their acknowledged limitations, these ge-
netic approaches have provided, and are expected to continue

Vol. 293

to provide, considerable insight into the functions of ay-ad-
renergic receptor subtypes.

Acknowledgments

We thank Dr. Mika Scheinin for helpful discussions and Dr. Brian
Kobilka for sharing a manuscript before publication.

References

Altman JD, Trendelenburg AU, Macmillan L, Bernstein D, Limbird L, Starke K,
Kobilka BK and Hein L (1999) Abnormal regulation of the sympathetic nervous
system in agp-adrenergic receptor knockout mice. Mol Pharmacol 56:154—161.

Bjorklund M, Sirvié J, Puolivili J, Sallinen J, Jiakila P, Scheinin M, Kobilka BK and
Riekkinen P Jr (1998) ayc-adrenoceptor-overexpressing mice are impaired in
executing nonspatial and spatial escape strategies. Mol Pharmacol 54:569-576.

Bjorklund M, Sirvio J, Riekkinen PJ, Sallinen J, Scheinin M and Riekkinen P Jr
(2000) Overexpression of alpha2C-adrenoceptors impairs water maze navigation.
Neuroscience 95:481—-487.

Bjorklund M, Sirvié J, Sallinen J, Scheinin M, Kobilka BK and Riekkinen P Jr (1999)
Alpha2C-adrenoceptor overexpression disrupts execution of spatial and non-
spatial search patterns. Neuroscience 88:1187-1198.

Bylund DB (1988) Subtypes of as-adrenoceptors: Pharmacological and molecular
biological evidence converge. Trends Pharmacol Sci 9:356-361.

Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz RJ, Minneman KP,
Molinoff PB, Ruffolo RR and Trendelenburg AU (1994) IV. International Union of
Pharmacology nomenclature of adrenoceptors. Pharmacol Rev 46:121-136.

Crabbe JC, Wahlsten D and Dudek BC (1999) Genetics of mouse behavior: Interac-
tions with laboratory environment. Science (Wash DC) 284:1670-1672.

Eisenach JC, De Kock M and Klimscha W (1996) «y-adrenergic agonists for regional
anesthesia—A clinical review of clonidine (1984-1995). Anesthesiology 85:655—
674.

Fairbanks CA and Wilcox GL (1999) Moxonidine, a selective a,-adrenergic and
imidazoline receptor agonist, produces spinal antinociception in mice. J Pharma-
col Exp Ther 290:403-412.

Guo TZ, Davies MF, Kingery WS, Patterson AJ, Limbird LE and Maze M (1999)
Nitrous oxide produces antinociceptive response via ayp and/or ayc adrenoceptor
subtypes in mice. Anesthesiology 90:470—-476.

Guyenet PG (1997) Is the hypotensive effect of clonidine and related drugs due to
imidazoline binding sites? Am J Physiol Regul Integr Comp Physiol 273:R1580—
R1584.

Hein L, Altman JD and Kobilka BK (1999) Two functionally distinct ay-adrenergic
receptors regulate sympathetic neurotransmission. Nature (Lond) 402:181-184.
Hein L and Kobilka BK (1995) Adrenergic receptor signal transduction and regula-

tion. Neuropharmacology 34:357-366.

Hunter JC, Fontana DJ, Hedley LR, Jasper JR, Lewis R, Link RE, Secchi R, Sutton
J and Eglen RM (1997) Assessment of the role of ay,-adrenoceptor subtypes in the
antinociceptive, sedative and hypothermic action of dexmedetomidine in trans-
genic mice. Br J Pharmacol 122:1339-1344.

Janumpalli S, Butler LS, Macmillan LB, Limbird LE and McNamara JO (1998) A
point mutation (D79N) of the a2A adrenergic receptor abolishes the antiepilepto-
genic action of endogenous norepinephrine. J Neurosci 18:2004—-2008.

Lakhlani PP, Macmillan LB, Guo TZ, McCool BA, Lovinger DM, Maze M and
Limbird LE (1997) Substitution of a mutant ay,-adrenergic 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 94:9950-9955.

Link RE, Desai K, Hein L, Stevens ME, Chruscinski A, Bernstein D, Barsh GS and
Kobilka BK (1996) Cardiovascular regulation in mice lacking «a,-adrenergic recep-
tor subtypes b and c. Science (Wash DC) 273:803—805.

Link RE, Stevens MS, Kulatunga M, Scheinin M, Barsh GS and Kobilka BK (1995)
Targeted inactivation of the gene encoding the mouse ayc- adrenoceptor homolog.
Mol Pharmacol 48:48-55.

Lomasney JW, Cotecchia S, Lefkowitz RJ and Caron MG (1991) Molecular biology of
alpha-adrenergic receptors: Implications for receptor classification and for struc-
ture-function relationships. Biochim Biophys Acta 1095:127-139.

MacDonald E, Kobilka BK and Scheinin M (1997) Gene targeting—Homing in on
ag-adrenoceptor-subtype function. Trends Pharmacol Sci 18:211-219.

Macmillan LB, Hein L, Smith MS, Piascik MT and Limbird LE (1996) Central
hypotensive effects of the ay,-adrenergic receptor subtype. Science (Wash DC)
273:801-803.

Makaritsis KP, Handy DE, Johns C, Kobilka B, Gavras I and Gavras H (1999a) Role
of the ayp-adrenergic receptor in the development of salt-induced hypertension.
Hypertension 33:14-17.

Makaritsis KP, Johns C, Gavras I, Altman JD, Handy DE, Bresnahan MR and
Gavras H (1999b) Sympathoinhibitory function of the alpha(2A)-adrenergic recep-
tor subtype. Hypertension 34:403-407.

Maze M and Tranquilli W (1991) Alpha-2 adrenoceptor agonists: Defining the role in
clinical anesthesia. Anesthesiology 74:581-605.

Nacif-Coelho C, Correa-Sales C, Chang LL and Maze M (1994) Perturbation of ion
channel conductance alters the hypnotic response to the ay-adrenergic agonist
dexmedetomidine in the locus coeruleus of the rat. Anesthesiology 81:1527—-1534.

Nicholas AP, Hokfelt T and Pieribone VA (1996) The distribution and significance of
CNS adrenoceptors examined with in situ hybridization. Trends Pharmacol Sci
17:245-255.

Nicholas AP, Pieribone V and Hokfelt T (1993) Distributions of mRNAs for alpha-2
adrenergic receptor subtypes in rat brain: An in situ hybridization study. J Comp
Neurol 328:575-594.

Rohrer DK and Kobilka BK (1998) Insights from in vivo modification of adrenergic
receptor gene expression. Annu Rev Pharmacol Toxicol 38:351-373.



2000

Rosin DL, Zeng D, Stornetta RL, Norton FR, Riley T, Okusa MD, Guyenet PG and
Lynch KR (1993) Immunohistochemical localization of alpha 2A-adrenergic recep-
tors in catecholaminergic and other brainstem neurons in the rat. Neuroscience
56:139-155.

Sallinen J, Haapalinna A, MacDonald E, Viitamaa T, Lihdesméki J, Rybnikova E,
Pelto-Huikko M, Kobilka BK and Scheinin M (1999) Genetic alteration of the
alpha-2 adrenoceptor subtype C in mice affects the development of behavioral
despair and stress-induced increases in plasma corticosterone levels. Mol Psychi-
atry 4:443—452.

Sallinen J, Haapalinna A, Viitamaa T, Kobilka BK and Scheinin M (1998a) D-
amphetamine and L-5-hydroxytryptophan-induced behaviours in mice with genet-
ically-altered expression of the asc-adrenergic receptor subtype. Neuroscience
86:959-965.

Sallinen J, Haapalinna A, Viitamaa T, Kobilka BK and Scheinin M (1998b) Adren-
ergic ayc-receptors modulate the acoustic startle reflex, prepulse inhibition, and
aggression in mice. J Neurosci 18:3035-3042.

Sallinen J, Link RE, Haapalinna A, Viitamaa T, Kulatunga M, Sjoholm B, Mac-
Donald E, Pelto-Huikko M, Leino T, Barsh GS, Kobilka BK and Scheinin M (1997)
Genetic alteration of apc-adrenoceptor expression in mice: Influence on locomotor,
hypothermic, and neurochemical effects of dexmedetomidine, a subtype-
nonselective ay-adrenoceptor agonist. Mol Pharmacol 51:36—46.

Scheinin M, Lomasney JW, Hayden-Hixson DM, Schambra UB, Caron MG, Lefkow-
itz RJ and Fremeau RT Jr (1994) Distribution of alpha 2-adrenergic receptor
subtype gene expression in rat brain. Brain Res Mol Brain Res 21:133-149.

Stone LS, Macmillan LB, Kitto KF, Limbird LE and Wilcox GL (1997) The as,
adrenergic receptor subtype mediates spinal analgesia evoked by «, agonists and
is necessary for spinal adrenergic-opioid synergy. J Neurosci 17:7157-7165.

Surprenant A, Horstman DA, Akbarali H and Limbird LE (1992) A point mutation
of the alpha 2-adrenoceptor that blocks coupling to potassium but not calcium
currents. Science (Wash DC) 257:977-980.

Functions of a,-Adrenergic Receptor Subtypes 7

Tanila H, Mustonen K, Sallinen J, Scheinin M and Riekkinen P Jr (1999) Role of
agc-adrenoceptor subtype in spatial working memory as revealed by mice with
targeted disruption of the ayg-adrenoceptor gene. Eur J Neurosci 11:599-603.

Trendelenburg AU, Hein L, Gaiser EG and Starke K (1999) Occurrence, pharmacol-
ogy and function of presynaptic a,-autoreceptors in at ay5/p-adrenoceptor-deficient
mice. Naunyn-Schmiedeberg’s Arch Pharmacol 360:540-551.

Wang R, Macmillan LB, Fremeau RT Jr, Magnuson MA, Lindner J and Limbird LE
(1996) Expression of ay-adrenergic receptor subtypes in the mouse brain: Evalu-
ation of spatial and temporal information imparted by 3 kb of 5' regulatory
sequence for the alphaysAR-receptor gene in transgenic animals. Neuroscience
74:199-218.

Wang R-F, Lee P-Y, Taniguchi T, Becker B, Podos SM, Serle JB and Mittag TW
(1993) Effect of oxymetazoline on aqueous humor dynamics and ocular blood flow
in monkeys and rabbits. Arch Ophthalmol 111:535-538.

Wei LN (1997) Transgenic animals as new approaches in pharmacological studies.
Annu Rev Pharmacol Toxicol 37:119-141.

Winzer-Serhan UH, Raymon HK, Broide RS, Chen Y and Leslie FM (1997) Expres-
sion of @y, adrenoceptors during rat brain development. 1. ay, messenger RNA
expression. Neuroscience 76:241-260.

Yanez RJ and Porter AC (1998) Therapeutic gene targeting. Gene Ther 5:149-159.

Zhu QM, Lesnick JD, Jasper JR, MacLennan SJ, Dillon MP, Eglen RM and Blue DR
Jr (1999) Cardiovascular effects of rilmenidine, moxonidine and clonidine in con-
scious wild-type and D79N ay,-adrenoceptor transgenic mice. Br J Pharmacol
126:1522-1530.

Send reprint requests to: David B. Bylund, Ph.D., Department of Pharma-
cology, 986260 Nebraska Medical Center, Omaha, NE 68198-6260. E-mail:
dbylund@unmec.edu




