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Abstract

G protein-coupled receptor-targeted drug discovery as well as “compound reassessment” requires
the utilization of diverse screens to determine agonist efficacies and potencies beyond the scope of
ligand binding and G protein coupling. Such efforts have arisen from extensive studies, both in
cellular and animal models, demonstrating that these seven transmembrane domain-spanning, G
protein-coupled receptors may engage in more diverse functions than their name suggests and
particular focus is drawn to their interactions with beta-arrestins (Barrestins). As regulators, Barrestins
are involved in dampening G protein-coupling pathways. BArrestins can also play pro-signaling roles
in receptor mediated events and the coupling of receptors to Barrestins may be as important as their
potential to couple to G proteins in the physiological setting. In the last decade, the development of
Barrestin deficient mouse models has allowed for the assessment of the contribution of individual
Barrestins to receptor function in vivo. This review will discuss the current literature that implicates
Barrestins in receptor function in respect to physiological and behavioral responses observed in the
live animal model.
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1. Introduction

BArrestins (non-visual arrestins) are ubiquitously expressed proteins that were first described
for their role in desensitizing G protein-coupled receptors (GPCRS). There are two Barrestins,
namely, Barrestinl and Barrestin2, which are also referred to as arrestin-2 and arrestin-3,
respectively. As their names imply, Barrestins were first identified for their ability to “arrest”
agonist-stimulated B2 adrenergic receptor (B2AR) signaling (Lohse, et al., 1990) in a manner
similar to arrestin regulation of rhodopsin. The canonical model of GPCR regulation by
Barrestins also involves GPCR kinases (GRKs) which phosphorylate receptors and thereby
serve to facilitate receptor-parrestin interactions (Benovic et al., 1987; Sibley et al., 1987;
Lohse, et al., 1992; Pitcher et al., 1992). Upon complexing with receptors, Barrestins can serve
as inhibitors of signal transduction by preventing further receptor coupling to G protein
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signaling cascades (for reviews see: Premont et al., 1995; Freedman and Lefkowitz 1996;
Lefkowitz, 1998).

Specific examples of Barrestins serving as negative regulators of GPCR signaling are plentiful
in cellular as well as animal model systems (Table 1) (for reviews see: Gainetdinov et al.,
2004;Bohn et al., 2004a;Premont and Gainetdinov, 2007;Gurevich and Gurevich 2006). In
addition to mediating receptor desensitization, Barrestins can facilitate recruitment and
interactions between GPCRs and signaling partners. In this capacity, parrestins can serve as
positive mediators of receptor signaling to downstream targets. Evidence for GPCRs coupling
to Parrestins to transduce receptor signaling has also been widely demonstrated in cellular
models (for reviews see: Luttrell et al., 1999;Luttrell, 2002;Lefkowitz and Shenoy,
2005;DeWire et al., 2007). Studies in mouse models also support a pro-signaling role for
Barrestins (particularly parrestin2) and these reports are summarized in Table 2.

Arguably, the most studied GPCR is the B2AR. In vitro studies with this receptor have been
instrumental in demonstrating the diverse and pleiotropic roles that Barrestins can play in
determining agonist-induced receptor responses. The B2AR has been shown to interact with
both Barrestinl and Barrestin2 upon agonist stimulation (Attramadal et al., 1992) and such
interactions result in decreased responsiveness to agonist over time. The removal of Barrestins
by early anti-sense studies (Mundell et al., 1999), later siRNA studies (Ahn et al., 2003), as
well as studies utilizing mouse embryonic fibroblasts devoid of both Barrestinl and parrestin2
(Kohoutetal., 2001), confirm that Barrestins play a critical role in promoting this waning effect
on G protein-coupling and adenylyl cyclase stimulation following agonist activation of the
B2AR. Similar studies have been performed for multiple GPCRs of diverse classes and
together, these findings support the canonical model wherein the agonist-activated GPCR
becomes phosphorylated by GRKs which subsequently increases the binding affinity of the
receptor for Barrestins.

BArrestin interactions with activated GPCRs can be detected by co-immunoprecipitation
(Groer et al., 2007), confocal microscopy (Barak et al., 1997), bioluminescence resonance
energy transfer (BRET) (Hamdan et al., 2005), and fluorescence resonance energy transfer
(FRET) (Drake et al., 2008) assays. Such developments, including enzyme complementation
assays (von Degenfeld etal., 2007), have facilitated high throughput screens for assessing drug-
induced Barrestin-receptor interactions. Looking forward, the interactions between Barrestins
and GPCRs may be realized for ultimately determining relative drug efficacies in vivo (Claing
and Laporte, 2005; Violin and Lefkowitz, 2007; DeWire et al., 2007).

2. BArrestin Regulation of GPCRs in vivo

While cellular model systems have been particularly useful for determining which receptors
can possibly interact with Barrestins, in many cases, the question remains as to whether such
interactions are pharmacologically and physiologically relevant. Assessing Barrestin function
in vivo is challenging as there are no selective inhibitors of arrestins. Some attempts have
been made to develop selective inhibitors to GRKs as a means to prevent subsequent parrestin
recruitment, yet the degree of selectivity for these kinase inhibitors may not exclude inhibition
of other serine/threonine kinases involved in alternate signaling cascades.

To overcome these limitations, Drs. Robert J. Lefkowitz and Marc G. Caron of Duke
University, undertook the challenge of generating gene knockout mice deficient in Parrestin2.
At that same time, the Barrestinl knockout (Barrl-KO) mouse was generated in the Harvard
laboratories of Drs. Jonathan Seidman and Christine Seidman. Five tables included within this
review summarize the baseline (Table 4) and drug-induced behavioral and physiological
alterations induced by ablating either Barrestinl or Barrestin2 in the mouse (Table 1-Table 5).
Of note, attempts to generate a mouse lacking both Barrestins by crossing heterozygotes of
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each genotype were not successful as the double deletion proved to be embryonically lethal
(Kohout et al., 2001).

3. BArrestinl Knockout Mice

3.1 B2 Adrenergic Receptor Regulation

Given the considerable evidence demonstrating Barrestin-mediated regulation of the B2AR, it
is not surprising that the initial studies were focused on unveiling a cardiac phenotype in these
animals. While the Barr1-KO mice present no overt gross phenotypes, they do display an altered
response to B2AR agonist challenge (Conner et al., 1997). In this study, heart rates and ejection
fractions between anesthetized wildtype (WT) and Barrl-KO mice were not different, as
assessed by echocardiography; however treatment with isoproterenol produced significantly
greater increases in cardiac ejection fraction in those mice lacking Barrestinl, while heart rates
increased to a similar extent in both genotypes. These results are consistent with a role of
Barrestinl in B2AR desensitization, since receptor signaling was enhanced in its absence.

3.1.1. Neointimal Hyperplasia—Mice lacking Barrestin1 (which were originally generated
on a Black Swiss X 129 SvJ background (Conner et al., 1997) and are currently maintained on
acongenic C57BI/6 mouse background), have also been shown to display enhanced neointimal
hyperplasia (Kim et al., 2008). Neointimal hyperplasia refers to smooth muscle cell
proliferation and migration in the innermost layer of the carotid artery. It is a component of
atherosclerosis and in this paradigm, it is initiated by endothelial denudation (scraping the
endothelium of the artery with a guidewire). In ex vivo preparations of the carotid artery, there
is enhanced neointimal hyperplasia and smooth muscle cell proliferation in the absence of
Barrestinl compared to WT mice. These studies suggest that farrestinl expression attenuates
reendothelialization of the carotid artery. While a single receptor is not directly implicated as
the target of Parrestinl regulation in this response, the authors propose a model involving
Parrestinl-mediated attenuation of mitogenic signaling evoked through activation of
lysophosphatidic acid, protease-activated and sphingosine-1-phosphate receptors.

3.1.2. Normal Responses in BArrl-KO Mice—In these published reports involving
Barrl-KO mice, parrestinl is implicated as a negative regulator of receptor signaling. As such,
removal of the negative regulator enhances the physiological response mediated by the
receptor. It is somewhat surprising that there are not more studies demonstrating parrestinl
regulation of behavioral responses. However, Barrestinl is not alone in regulating receptors as
Barrestin2 may serve to compensate somewhat for its absence. Unfortunately, a lack of
phenotypic variation in a knockout mouse model rarely earns publication; a list of publications
wherein no changes in physiological responses were observed has been included in Table 3.
While it may be tempting to conclude that the limited phenotypes produced by the deletion of
Barrestinl might reflect a lesser role for Barrestinl in GPCR regulation, it may simply indicate
that these animals require further evaluation and more widespread physiological, behavioral
and therapeutic challenges to more fully reveal the function of this regulator. Of note, since
this is an early knockout mouse line, the full genomic sequence was not known at the time of
the construct development and therefore, genotyping of this particular line is difficult as PCR
primers are not available. The difficulty in genotyping may also contribute to the limited profile
of phenotypes.

4. BArrestin2 Knockout Mice

The original colony of parrestin2 knockout (Barr2-KO) mice was generated in a C57BI1/6 X
129 SvJ mixed mouse strain (Bohn et al., 1999) and has subsequently been backcrossed onto
a congenic C57BI/6 strain. Both the original mixed strain and the backcrossed strain are used
in current studies. There are no overt gross phenotypes that distinguish parr2-KO mice from
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their WT counterparts. However, there are subtle differences between the two genotypes that
have been found upon closer evaluation of physical properties in the absence of
pharmacological challenge and these include altered bone absorption, body mass, nociceptive
response latencies in a warm-water tail immersion assay, and locomotor activity (Ferrari etal.,
2005; Bohn et al., 2002; 2003; Table 4).

4.1 Barrestin2 as a Negative Regulator of GPCR Signaling

4.1.1. Mu Opioid Receptors

4.1.1.1. Morphine-Induced Antinociception: CNS: The first reported behavioral responses
in the parr2-KO mice were revealed when mice were challenged with the potent opioid
analgesic, morphine. Upon challenge with morphine, Barr2-KO mice display enhanced and
prolonged response latencies in the hot plate test (Bohn et al., 1999), a classical measure of a
nociceptive response to thermal stimuli (Heinricher and Morgan, 1999). Morphine mediates
most of its physiological effects by activation of the mu opioid receptor (MOR) as demonstrated
by a number of studies using MOR-KO mice (for reviews see:Kieffer, 1999; Kieffer and
Gavériaux-Ruff, 2002).

4.1.1.1.1. Biochemical Correlations: As negative regulators, Barrestins contribute to the
desensitization of GPCRs in respect to G protein-coupling (Premont et al., 1995). Biochemical
analysis reveals that MOR coupling to G proteins in brain regions associated with morphine
effects on MOR-mediated pain processing, such as periaqueductal grey area and brainstem,
are significantly elevated in the Barrestin2-KO mice as compared to the WT littermates (Bohn
etal. 1999; 2000). Collectively these findings indicate a negative regulatory role for farrestin2
at the MOR as removal of Barrestin2 enhances MOR function.

4.1.1.2. Morphine-Induced Antinociceptive Tolerance: CNS: Following repeated
administration, morphine loses therapeutic efficacy in a condition referred to as opiate
tolerance. Morphine tolerance can be seen in WT mice following a single high dose of
morphine, chronic daily doses of morphine or continuous infusions of the drug via time release
pellets. However, none of these routes of morphine administration produce morphine tolerance
in mice lacking Barrestin2 (Bohn et al., 2000). Therefore, in addition to revealing enhanced
MOR function in response to morphine, farr2-KO mice do not “desensitize” to the
antinociceptive benefits of morphine over time.

4.1.1.2.1. Biochemical Correlations: Removal of Barrestins in cellular cultures delays the
onset of receptor desensitization and amplifies maximal coupling efficacies (Kohout et al.,
2001). This phenomenon is also observed in vivo for the MOR. Upon chronic activation via
repeated or continuous administration of morphine, the MOR expressed in brain regions
associated with pain perception, becomes desensitized in WT animals and this has been
correlated with the onset of antinociceptive tolerance in response to subsequent morphine
challenges. Mice lacking Barrestin2 do not display morphine-induced antinociceptive tolerance
in the hot plate nociceptive test and the MOR retains its ability to couple to G proteins in
periaqueductal grey area and brainstem (Bohn et al., 2000). Collectively these studies support
a negative regulatory role for Barrestin2 in desensitizing the morphine-bound MOR as an
important step in morphine-induced antinociceptive tolerance.

4.1.1.3. Morphine-Induced Antinociception: Spinal Cord: While the hot plate analgesia test
is used to assess CNS processing of pain perception, the tail flick test is used to model spinal
reflexes to painful stimuli (LeBars et al., 1976; Yaksh, 1997). In Barr2-KO mice, morphine-
induced antinociception assessed by the tail flick test is enhanced and prolonged (Bohn et al.,
2002), results which are similar to the observations made in the hot plate studies. Similarly,
selective knockdown of Barrestin2 in rats via treatment with intrathecal injections of Barrestin2
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antisense MRNA produces enhanced responses to morphine in tail-flick nociceptive assays
(Przewlocka et al., 2002). These results further demonstrate the role of arrestin2 in
“negatively” regulating the MOR.

4.1.1.3. Morphine-Induced Antinociceptive Tolerance: Spinal Cord: By the seventh day
of chronic morphine treatment, the Barr2-KO mice develop some tolerance to the analgesic
properties of morphine as assessed by the tail flick test, though their sensitivity to morphine
remains 2-fold greater than that observed in the WT mice receiving the same treatment regimen
(Bohn et al., 2002). Therefore in the tail-flick nociceptive assay, in contrast to the hot-plate
studies, the Barr2-KO mice experience an attenuated tolerance to morphine which is delayed
in its onset compared to WT mice. These studies suggest that farrestin2 contributes
significantly to the adaptations underlying morphine tolerance in the tail flick antinociceptive
response, yet it is not the sole regulator determining this response potential. Interestingly, the
remaining antinociceptive tolerance in the Barr2-KO mice displayed in the tail flick test could
be reversed by a systemic injection of chelerythrine, a commonly used protein kinase C (PKC)
inhibitor. Therefore, in the absence of Barrestin2-mediated desensitization mechanisms, the
contribution of PKC is emphasized. Taken together, these findings demonstrate a significant
role for Barrestin2 in mediating morphine tolerance in the tail flick test and highlight the
importance of PKC regulation of MOR in the spinal cord.

4.1.1.5. Other Morphine-Induced Physiological Effects: The differential regulation of the
MOR in the CNS versus the spinal cord following morphine treatment, as assessed by the hot-
plate and tail flick analgesic tests, suggests that farrestin2 may differentially impact MOR
signaling depending on the site of action of the drug in vivo. The cellular environment in which
the receptor is expressed may therefore ultimately determine the role that Barrestins play in
regulating a particular receptor (i.e. the deletion of Barrestin2 has a different impact on MOR
regulation in the brain vs. the spinal cord). The importance of the receptor’s cellular
environment was further echoed when other morphine-induced behaviors and physiologies
were monitored in the Barrestin2-KO mice. While some behaviors are enhanced in the parr2-
KO mice following morphine treatment, such as striatal dopamine release, drug reinforcement
and hypothermia, other behaviors, such as physical dependence, are seemingly not affected by
the loss of Barrestin2 (Bohn et al., 1999, 2000, 2003). Intriguingly, some responses induced
by morphine are actually diminished, such as constipation, respiratory suppression and
hyperlocomotor activity (Bohn et al., 2003; Raehal et al., 2005). A decrease in morphine-
induced behaviors might suggest that parrestin2 could be playing a pro-signaling role for the
MOR; however a direct demonstration of this relationship has yet to be shown in vivo. More
direct evidence of Barrestin2 function as a signaling facilitator has been reported and will be
discussed.

4.1.1.5.1. Morphine-Induced Constipation: Morphine delays gastrointestinal transit in mice;
however, Barr2-KO mice display greatly attenuated constipation following an acute dose of
the drug. Further, morphine injected directly into the intracerebroventricular space delays
gastrointestinal transit to a similar extent in both WT and Barr2-KO mice (Bohn and Raehal,
2006), while a systemic injection of loperamide, the peripherally restricted MOR agonist,
delays transit times only in the WT mice (Raehal et al., 2005). Though the cellular signaling
has not yet been elucidated to directly demonstrate Barrestin2 function in the enteric nervous
system neurons of the gastrointestinal tract, the current behavioral evidence suggests that
Barrestin2 may be playing a different role in regulating MOR in this population than in the
neurons of the CNS. Most interestingly, it appears that Barrestin2 may play a pro-signaling
role in peripheral MOR regulation while it does not seem to effect the CNS contribution of the
MOR to regulation of gastrointestinal function.
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4.1.1.5.2. Morphine Impacts on Dopaminergic Responses: The reinforcing properties of
morphine are enhanced in the absence of Barrestin2 (Bohn et al., 2003) as demonstrated by
conditioned place preference assays. The reinforcing properties of morphine have been shown
are correlated with the drug’s ability to increase striatal dopamine release which then activates
of mesolimbic dopamine receptors. Accordingly, morphine induces more striatal dopamine
release in Barr2-KO mice compared to WT mice which may account for the enhanced
preference for the drug (Bohn et al., 2003). In contrast, although striatal dopamine levels are
increased by morphine, hyperlocomotor activity is not enhanced in the Barr2-KO mice (Bohn
etal., 2003). This effect may be due to dysfunctional striatal D2 dopamine receptor as discussed
later in this review (Bealieau et al., 2005). How the function of the D2 dopamine receptor in
locomotor activity differs from the dopaminergic responsiveness involved in developing
conditioned place preference remains to be determined.

4.1.1.6. Functional Selectivity at the Mu Opioid Receptor: The concept of functional
selectivity (also referred to as “ligand-directed signaling”, “biased agonism”, or “collateral
efficacy”) has been a topic of considerable interest among pharmacologists in the last several
years (Urban et al., 2007; Violin and Lefkowitz, 2007; Mailman, 2007; Kenakin, 2007). The
concept is based on the idea that the chemical characteristics of the ligand may alter the
conformation of the receptor such that it will interact preferentially with certain cellular
proteins to mediate distinct biological responses. Therefore, the nature of the receptor-protein
interactions will dictate the signal transduction pathway based on the properties of the ligand
bound (Table 5).

Certain agonists at the MOR produce behaviors that are sensitive to Barrestin2 expression while
other agonists do not. For example, morphine, methadone, etorphine, and fentanyl can, at
different potencies, produce equi-efficacious MOR-G protein coupling and a similar extent of
analgesia in mice. However, these ligands differ in their propensity to regulate the receptor.
While etorphine, methadone and fentanyl robustly promote receptor phosphorylation, Barrestin
recruitment and receptor internalization, morphine weakly promotes these events (Zhang et
al., 1998; Whistler and von Zastrow, 1998; Bohn et al., 2004b). Moreover, while parr2-KO
mice display enhanced antinociceptive responses to morphine, their responses to methadone,
fentanyl and etorphine do not differ from WT mice. Since etorphine, methadone and fentanyl
robustly induce receptor phosphorylation, it is likely that Barrestin1 compensates for regulating
the receptor while the morphine bound, weakly phosphorylated receptor may be a weaker
substrate for Barrestinl binding (Bohn et al., 2004b). Taken together, these studies suggest that
distinct agonists at the MOR differentially depend upon Barr2 to mediate the same
physiological response. Moreover, MOR expression in different tissue and neuronal
populations could be differentially sensitive to the regulation of Barrestin2.

4.1.2. B2 Adrenergic Receptors—As work has progressed with the Barr2-KO mice,
multiple phenotypes, beyond those associated with opiates, have been realized. For example,
treatment with the bronchodilator albuterol results in airway smooth muscle relaxation and this
behavioral response is mediated in part by by Barrestin2 regulation of the f2AR (Deshpande
et al., 2008). In the Barr2-KO mice, albuterol-mediated relaxation of the methacholine-
constricted airway is enhanced in Barr2-KO mice as compared to WT littermates.
Methacholine, which nonselectively activates muscarinic GPCRs, equally induces smooth
muscle constriction in both genotypes suggesting that while Barrestin2 appears to be negatively
regulating B2AR in airway smooth muscle it does not appear to be critical for maintaining
function of muscarinic receptors in this system. Furthermore, assessment of tracheal ring
contraction in an ex vivo model system does not reveal differences in tension generation
following methacholine treatment between genotypes (Deshpande et al., 2008). However,
isoproterenol-mediated relaxation of methacholine-induced contraction is greater in the Barr2-
KO tracheal rings compared to the WTSs. These findings may have implications regarding
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B2AR receptor function in response to adrenergic agonist therapies for asthma and suggest that
Barrestin2 may desensitize the responsiveness of these receptors in albuterol therapies.

4.1.3. Parathyroid Hormone Receptor—pArrestin2-dependent phenotypes have also
been observed in bone homeostasis in response to parathyroid hormone challenges (Ferrari et
al., 2005). Administration of intermittent parathyroid hormone increases bone mass by directly
stimulating osteoblast-mediated bone formation, however it can also stimulate bone resorption
through the coupling of osteoblasts to osteoclasts. Daily injections of parathyroid hormone
increases total body bone mineral content and vertebral trabecular bone volume and thickness
in WT mice. In contrast, parathyroid hormone treatment does not increase bone formation in
Barr2-KO mice (Ferrari et al., 2005). Further, histomorphic analysis of the femurs of treated
animals revealed that while both WT and parr2-KO mice have marked increases in osteoblast
number and activity, parathyroid hormone also increases osteoclast numbers on trabecular
surfaces in Barr2-KO mice. These studies suggest that Barrestin2 may be involved in limiting
skeletal osteoclastogenesis following chronic treatment with parathyroid hormone.

4.1.4. Immunocyte Receptors

4.1.4.1. Toll-like Receptor 4: Inthe immune system, several Barrestin2-dependent phenotypes
have been described. Activation of toll-like receptor 4 induces activation of transcription
factors which control the expression of immunoregulatory genes. Activation of this receptor
by lipopolysaccharide (LPS) and D-galactosamine can induce endotoxin shock in WT mice.
Mice deficient in Barrestin2, however, are more susceptible to endotoxin shock than their WT
littermates. Furthermore, assessment of MRNA transcript populations from the livers of WT
and parr2-KO mice demonstrate that Ccl2, 111b, Tnf, 116 and Nfkbiz cytokine expression is
enhanced in the absence of Barrestin2 and Barr2-KO mice have higher TNF and IL-6 protein
levels in their plasma than their WT littermates (Wang et al., 2006). Therefore, these studies
suggest that parrestin2 may be an essential negative regulator of toll-like receptor 4-mediated
pro-inflammatory cytokine production and immune response.

4.1.4.2. CXCR-2 Receptors: Barrestins may also play a role in immune-cell migration and
proliferation stimulated by chemokine activation of GPCRs. To determine the role that
Barrestin2 plays in CXCR2-mediated neutrophil migration, dorsal air pouches were raised in
mice by subcutaneous injection of air and inflammation was induced by local injection of
CXCL1 (Su et al., 2005). CXCL1 injection induced neutrophil accumulation into the air
pouches to a greater extent in the farr2-KO mice, compared to their WT littermates. The role
Barrestin2 plays in neutrophil chemotaxis and wound healing was further assessed with the
excisional wound healing model. The recruitment of neutrophils into the wound beds of Barr2-
KO mice was also increased compared to WT controls. Further, the re-epithelialization of the
wound was significantly faster in the absence of Barrestin2. These studies indicate that
Barrestin2 is a negative regulator for CXCR2 signaling in vivo. Moreover, Fong et al. (2002)
demonstrated that Barrestin2 is involved in negatively regulating chemokine receptors in
lymphocytes isolated from the spleens of WT and Barr2-KO mice, as CXCL12-stimulated
GTPase activity was higher in the absence of parrestin2 and CXCL12-stimulated chemotaxis
of Barrestin2-deficient T and B lymphocytes was decreased compared to WTSs.

4.1.5. Cannabinoid CB1 Receptors—Finally, Barrestin2 has also been shown to

negatively regulate cannabinoid-mediated mouse behaviors (Breivogel et al., 2008). Agonists
to the cannabinoid CB4 receptors, such as A%-tetrahydrocannabinol (A%-THC) and CP 55,940,
induce antinociception, as assessed by the tail flick test and decreases in body temperature in
mice. In the absence of parrestin2, A°-THC produces enhanced antinociception and a greater
decrease in body temperature. However, CP 55,940 induces both antinociception and

hypothermia to the same extent in both genotypes. These studies suggest that parrestin2 may
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regulate cannabinoid-stimulated behaviors in an agonist-dependent manner; however, these
studies were performed in mice generated from homozygous breeding pairs so that differences
may be somewhat attributed to inbred strains differences. Further studies of the Barrestin2-KO
mice for differences in CB1 receptor functions will be of interest.

4.2. BArrestin2 as a Positive Mediator of GPCR Signaling

BArrestins can also mediate GPCR signaling and this has been demonstrated in cell culture
models for vasopressin, angiotensin, and Badrenergic receptors; this list continues to grow
(Ren et al., 2005; Charest et al., 2007; Ahn et al., 2003; Tohgo et al., 2002; Shenoy et al.,
2006; Luttrell et al., 2001). Selective coupling to Barrestin-mediated signaling may ultimately
prove to be as essential as (or even more important than) G protein mediated signal transduction
for some receptors. To date, there have been no reports indicating Barrestinl as a positive
mediator of receptor signaling in vivo; however, this phenomenon has been repeatedly
demonstrated in the Barr2-KO mice.

4.2.1. a2 Adrenergic Receptors—Alpha2 adrenergic receptor (a2AR) agonists induce
sedation in mice and this behavior can be assessed by determining performance in a roto-rod
test in which the mouse must coordinate reflex and balance. Upon challenge with the 6c2AR
agonist, UK-14,304 (5-Bromo-6-(2-imidazolin-2-ylamino)quinoxaline), parr2-KO mice were
more resistant to sedation than WT mice. To test whether farr2-KO mice were simply resistant
to sedation, an agonist to the adenosine 1 receptor (R-PIA; R(-)N6-(2-phenylisopropyl)
adenosine) was also tested and it produced sedation in both genotypes further strengthening
the claim that a2 AR responsiveness is selectively altered in these animals (Wang et al.,
2004). These studies indicate that Barrestin2 may be acting as a signal-transducer at the a2AR
for this particular behavioral response.

4.2.2. Dopamine Receptors—pArr2-KO mice have been shown to have altered responses
to dopamine-induced locomotor activity when dopamine levels are elevated by morphine or
amphetamine (Bohn et al., 2003; Beaulieu et al., 2005). Beaulieu et al. (2005) have shown both
behavioral and biochemical evidence that support a positive signaling role for parrestin2 in
mediating D2 dopamine receptor (D2 DAR) signaling in mice. More recent biochemical studies
from this group demonstrate that a common property of atypical antipsychotic action is to
disrupt the D2 DAR-Barrestin2 interaction; therefore implicating the receptor coupling to
Barrestin2 as an important signaling complex for therapeutic targeting (Masri et al., 2008).

4.2.2.1. Locomotor activity: Dopamine activation of the D2 DAR promotes motor activity in
rodents (Crespi et al., 1997; Chausmer and Katz, 2001). Behavioral evidence for Barrestin2
and D2 DAR signaling is best demonstrated by the lack of both amphetamine-induced
hyperlocomotor activity and apomorphine-induced stereotypy in Barr2-KO mice (Beaulieu et
al., 2005; Gainetdinov et al., 2004). Interestingly, cocaine, which blocks the dopamine
transporter, dose-dependently induces equivalent hyperlocomotor activity in both genotypes
suggesting that the mechanisms of action of cocaine and amphetamine may differ in their
respect to Barrestin2-dependent regulation (Bohn et al., 2003; Gainetdinov et al., 2004).

4.2.2.1.1. Biochemical Correlations: In an elegant series of studies, Beaulieu et al. (2005)
have correlated the decreased locomotor activity following amphetamine treatment in the
Barr2-KO mice to adisruption in an AKT-mediated signaling cascade in vivo using brain region
preparations from WT and Barr2-KO mice. Stimulation of the D2 DAR by dopamine or
dopaminergic drugs leads to the formation of an AKT, Barrestin2 and protein phosphatase 2A
(PP2A) signaling complex in the mouse striatum. Further, in the absence of parrestin2, the
formation of this signaling complex is disrupted. These studies suggest that decreased
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behavioral responses in Barr2-KO mice may be attributed to a disruption in Barrestin2 mediated
signaling.

4.2.2.1.2. Lithium Disruption of gArrestin2 Signaling Complex: Beaulieu et al. (2008) have
described a signaling complex involving Barrestin2 and AKT as integral in mediating the
function of D2 DAR in regulation of ambulatory behaviors. In a recent series of studies, they
demonstrate that lithium, a commonly used treatment for bipolar disorder, may exert its
mechanism of action by disrupting the Barrestin2-AKT complex thereby disrupting signal
transduction downstream of the D2 DAR. Behavioral studies designed to assess D2 DAR
function in the Barr2-KO mice revealed a lack of lithium effects on novelty-induced locomotor
activity, tail suspension immobility and light-dark compartment emergence latencies. While
their work has focused on the role of the Barrestin2 complex in the D2 DAR signaling cascade
it will be interesting to determine what other receptors may utilize this particular cascade. Such
studies may not only improve our understanding of lithium’s therapeutic benefits, but may also
lend insight as to the cause of unwanted side-effects associated with this treatment.

4.2.3. Serotonin 2A Receptors—The activation of the serotonin 2A receptors (5-HT2AR)
in humans is associated with hallucinations as all serotonergic hallucinogens have affinity for
the 5-HT2AR. In rodents, 5-HT2AR activation induces a head twitch response and mice
lacking this receptor fail to produce this response when challenged with a panel of
hallucinogenic 5-HT2AR agonists (Gonzalez-Maseo et al., 2007). Serotonin-induced
behaviors in mice can be observed after increasing brain serotonin levels by administering
serotonin precursors such as tryptophan (or the more metabolically stable 5-HTP (5-
hydroxytryptophan)); selective serotonin reuptake inhibitors (SSRI) such as fluoxetine;
amphetamines such as MDMA,; or inhibitors of serotonin degradation such as monoamine
oxidase A inhibitors (Corne and Pickering, 1967). Elevations of serotonin by systemic 5-HTP
injections or direct intracerebroventricular injections of serotonin will also induce a head twitch
response in mice.

4.2.3.1. Head Twitch Responses: 5-HT2AR function is substantially altered in Barr2-KO
mice. While treatment with the serotonin precursor, 5-HTP, produces the expected display of
the head twitch response in WT mice (Corne et al., 1963; Corne and Pickering, 1967), the
response is greatly attenuated in Barr2-KO mice (Schmid et al., 2008). A gene dosage effect
is also seen in the Barrestin2 heterozygous mice as they display significantly fewer head
twitches compared to WT mice. A surge in endogenous serotonin produced by the systemic 5-
HTP injection would be expected to produce multiple physiological responses in mice and may
reveal phenotypes associated with multiple serotonin receptor types. However, hypothermia
(~3.5°C decrease in body temperature in 30 min) and the onset and severity of diarrhea, did
not differ between the two genotypes following 5-HTP treatment (Schmid et al., 2008).
Hypothermia and gastrointestinal secretion are generally attributed to actions of other serotonin
receptor subtypes and not the 5-HT2AR (Fiorica-Howells et al., 2002; Hedlund et al., 2003),
indicating some degree of selectivity in determining the regulation of one serotonin receptor
subtype over others.

4.2.3.2. Functional Selectivity of 5-HT2AR Signaling via BArrestins: Although 5-HTP
injections fail to promote the robust head twitch response in farr2-KO mice, the hallucinogenic
5-HT2AR selective agonist, 2,5-dimethoxy-4-iodoamphetamine (DOI; Glennon, 1986),
produces head twitch responses of equal magnitude in both genotypes (Schmid et al., 2008).
Importantly, the actions of both DOI and 5-HTP are blocked by administration of the highly
selective 5-HT2AR antagonist, M100907 (R(+)-alpha-(2,3-dimethoxyphenyl)-1-[2(4-
fluorophenylethyl)]-4-piperidinemethanol; Schmidt et al. 1992; Sorenson et al., 1993; Schmid
etal., 2008). Taken together, these findings suggest that Barrestin2 mediates serotonin-induced
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head twitches while DOI produces the head twitch response in a Barrestin2-independent
manner. In this scenario, 5-HT2AR mediates signal transduction via farrestin2 when serotonin
is the agonist, but is not a critical component of DOI-induced head twitch responses.

4.2.3.3. Biochemical Correlations: Further evidence for the divergence of the serotonin and
DOI mediated signal transduction via the 5-HT2AR was gained utilizing primary cortical
cultures from WT and Barrestin2-KO mice, mouse embryonic fibroblasts (MEFs) derived from
Barrestinl and Barrestin2 double KO mice and tissue procured from frontal cortex of drug
treated animals (Schmid etal., 2008). In WT cortical neurons, the 5-HT2AR can predominantly
be found intracellularly while the receptor in the Barr2-KO neurons localizes to the soma
membrane, suggesting an integral role for Barrestin2 in trafficking of the 5-HT2AR. The same
distribution was observed in WT and double KO MEFs. When WT cells are deprived of serum,
the 5-HT2AR returns to the cell surface and can be internalized upon addition of serotonin or
DOlI. In the absence of Barrestins, the receptor resides on the surface of the cells, even when
treated with serotonin. DOI, however, is capable of inducing receptor internalization in the
Barrestin null cells demonstrating a critical role for parrestins in determining 5-HT2AR
internalization in response to serotonin but not DOI. Moreover, in mice, treatment with either
DOl or 5-HTP induces ERK activation in the frontal cortex, yet only DOI induces ERK
activation in Barr2-KO mice. These studies further implicate parrestin2 interaction with the 5-
HT2AR as a point of divergence in signaling transduction for different agonists activating the
5-HT2AR: either Barrestin2-dependent (serotonin) or independent (DOI).

4.2.4. Ethanol Preference—pArrestin2 may also serve as a positive regulator for ethanol-
mediated behaviors as deletion of Barrestin2 results in decreased behavioral responses to
ethanol. Microarray experiments have linked Barrestin2 to ethanol preference in rodents, as
genetic variations in the ARRB2 gene can affect alcohol preference in rats (Arlinde et al.,
2004; Sommer et al., 2006). To further confirm these findings, Bjork et al. (2008) utilized
Barr2-KO mice to determine how the genetic knockdown of this protein affects the
consumption and psychostimulant actions of ethanol in mice. They determined that parr2-KO
and heterozygous mice have decreased voluntary ethanol intake and lowered ethanol
preference compared to their WT littermates. Importantly, there were no differences in the taste
preferences for either sucrose or quinine across genotypes. Further, parr2-KO and
heterozygous mice exhibit decreased ethanol-induced locomotion compared to WT controls.
However, given that Barr2-KO mice do not display the characteristic increase in locomotor
activity following treatment with psychostimulants (Beaulieu et al., 2005), it is unsurprising
that Barr2-KO mice are also insensitive to the stimulating effects of ethanol. These data suggest
that Barrestin2 may modulate these acute responses to ethanol.

4.2.5. Lysophosphatidic Acid, Protease Activated and Sphingosine-1-
Phosphate Receptors—While parrl-KO displayed less more severe neointimal
hyperplasia in ex vivo preparations of carotid artery (Kim et al., 2008); parr2-KO mice
displayed less severe neointimal hyperplasia in similar preparations. Studies in the parr2-KO
were also carried out in vivo by feeding a high fat diet and monitoring atherosclerosis formation
over time. In these studies, a deletion of Barrestin2 appeared to decrease arterial plaque
formation. The authors propose the involvement of lysophosphatidic acid, protease activated
and sphingosine-1-phosphate receptors in smooth muscle cells. Interestingly, their data support
a bidirectional role for Barrestinl versus Barrestin2 in injury-provoked neointimal hyperplasia
suggesting that inhibition of Barrestin2 while stimulation of Barrestinl mediated pathways
might be therapeutically beneficial (Kim et al., 2008).

4.2.6. Chemokine Receptors—Finally, studies using Barr2-KO mice also demonstrate that
in addition to the negative regulatory roles parrestins play in mediating cell migration,
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Barrestins may also play positive regulatory roles for those chemokine receptors involved in
the development of allergic asthma. When treated with ovalbumin, normal mice develop
symptoms of allergic asthma. In the absence of Barrestin2, however, mice do not exhibit
symptoms of increased airway responsiveness. OVA treatment leads to the accumulation of T
lymphocytes and the release of inflammatory cytokines in the lungs of WT, but not Barr2-KO
mice (Walker et al., 2003). BArrestin2 does not appear to play a role in mediating endotoxin-
mediated asthma, since LPS induced neutrophilic inflammation and increased airway
responsiveness in WT and Barr2-KO mice to a similar extent.

5. Summary

Cell model characterizations have been critical for determining which proteins can interact to
influence cellular function, and studies of this nature have opened new avenues for considering
drug function in respect to receptor-pathway engagement. Although receptor-parrestin
interactions may be observed in cells, the role that Barrestins play in vivo, wherein receptor
levels may be quite low and GRK levels may vary between tissues, may be difficult to predict.
The use of genetically modified animals, lacking Barrestins, has allowed a gross assessment
of which receptor signaling pathways are most sensitive to individual Barrestins and such
sensitivities have been most apparent upon drug challenges. When using animal models to
predict receptor function, it is important to study a robust phenotype that is most directly linked
to the control of a certain receptor as well as pharmacological and genetic evidence to
definitively implicate the receptor. Finally, it is essential to consider that behavioral
modifications may be due to indirect drug actions (i.e. the induction of neurotransmitter release)
on other receptors that are dysregulated in the absence of parrestins.

In this review, we have grouped examples of Barrestins serving as negative or positive
influencers on certain drug functions. While the literature we have reviewed here support the
notion that Barrestins may play such inhibititory or facillitory roles in the regulation of the
indicated receptors, the interpretations of in vivo studies must be approached with some
caution. We must consider the complexity and system-affected biology that ensues following
drug treatment and expect that some of the observed behaviors may not be due to drugs acting
differently at the predicted target but rather at another point in the system.

Using the current global knockout models, it is critical to directly assess receptor dysregulation
in tissues and in ex vivo preparations to restrict potential systemic effects or unanticipated
contributions of the deletion of Barrestins to other aspects of the behavioral response (for
example, a lack of a pain response may not be due to a disruption in pain processing, but could
simply result from a disruption in reflex response when the drug is on board). As gene delivery
and gene silencing techniques improve, the selective deletion of Barrestins in particular tissues
or cellular populations may prove useful in order to somewhat limit the impact of protein
deletion to a particular system under study.
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Table 1
Enhanced Drug Responsiveness in Barrestin1-KO and Barrestin2-KO mice
Proposed Target Drug/Challenge Model System Phenotype Reference
B, Adrenergic receptor Isoproterenol Barrl-KO mice Stimulated increase in cardiac Conner et
ejection fraction al., 1997
Albuterol Barr2-KO mice Increased bronchodilation Deshpande
etal., 2008
CB1 cannabinoid Receptor A9-THC Barr2-KO mice Enhanced antinociception and Brievogel
hypothermia etal., 2008
CXCR2 CXCL1 Barr2-KO mice Increased neutrophil migration Suetal.,
into air pouches 2005
Excisional punch wounds Barr2-KO mice Increased neutrophil migration
into wound bed
Increased rate of wound re-
epithelialization
Mu opioid receptor Morphine Barr2-KO mice Enhanced and prolonged Bohn et al.,
antonocieption and hypothermia 1999;
2000;
2004b
Enhanced drug reinforcement Bohnetal.,
2003
Reduced antinociceptive tolerance Bohn et al.,
2000; 2002
Barr2-anti-sense (rat) Reduced antinociceptive tolerance Przewlocka
etal., 2002
Heroin Barr2-KO mice Enhanced and prolonged Bohn et al.,
antinociception 2004b
Parathyroid receptor 1 Parathyroid hormone Barr2-KO mice Disrupted increase in bone mineral Ferrari et
content and trabecular bone al., 2005
parameters and increased
osteoclast number
Toll-like receptor 4 LPS and D-galactosamine Barr2-KO mice Increased susceptibility to Wangetal.,
endotoxin shock and enhanced 2006

expression of proinflammatory
cytokines

THC: tetrahydrocannabinol; LPS: Lipopolysaccharides
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Table 2
Decreased Drug Responseiveness in Barrestin 1-KO and Barrestin2-KO mice
Proposed Target Drug/Challenge Model System Phenotype Reference
a, Adrenergic receptor UK 14,304 Barr2-KO mice Disrupted increase in sedation Wang et al.,
2004
Chemokine receptors Airway challenge Barr2-KO mice Reduced T lymphocyte Walker et
accumulation and asthmatic al., 2003
response
Dopamine receptors (direct) Apomorphine Barr1l-KO mice Reduced climbing behavior Gainetdinov
etal., 2004
Barr2-KO mice Reduced climbing behavior Gainetdinov
etal., 2004
Reduced hyperlocomotor activity Beaulieu et
al., 2005
Dopamine receptors (indirect) Amphetamine Barr2-KO mice Reduced hyperlocomotor activity Beaulieu et
al., 2005
Lithium Barr2-KO mice Disrupted reduction in locomotor Beaulieu et
activity and anti-depressant-like al., 2008
behaviors
GABA receptors Ethanol Barr2-KO mice Reduced ethanol intake and Bjork et al.,
preference and decreased ethanol- 2008
induced locomotion
LPA, Protease-activated & High fat diet Barr2-KO mice Reduced aortic atherosclerosis Kimetal.,
S1P receptors and decreased prevalence of 2008
atheroma smooth muscle cells
Mu opioid receptor Morphine Barr2-KO mice Reduced hyperlocomotor activity Bohn et al.,
2003
Reduced constipation and Raehal et
respiratory suppression al., 2005
Loperamide Barr2-KO mice Reduced constipation Raehal et
al., 2005
Serotonin 2A receptor 5-hydroxy-L-tryptophan Barr2-KO mice Reduced head twitch response Schmid et
al., 2008

LPA: Lysophosphotidic Acid; S1P: sphingosine-1-phosphate; UK14,304: 5-Bromo-6-(2-imidazolin-2-ylamino)quinoxaline.
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Table 3

No Difference in Drug Response in Barrl-KO and parr2-KO mice
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Proposed Target Drug/Challenge Model System Normal Phenotype Reference
Adenosine 1 receptor R-PIA Barr2-KO mice Sedation Wang et al.,
2004
CBL1 cannabinoid receptor CP 55940 Methanandamide Barr2-KO mice Antinociception and hypothermia Brievogel et
al., 2008
Chemokine receptor LPS Barr2-KO mice Airway inflammatory response Walker et
al., 2003
Dopamine receptors (indirect) Cocaine Barrl-KO mice Locomotor activity Gainetdinov
etal., 2004
Barr2-KO mice Locomotor activity Bohnetal.,
2003;
Locomotor sensitization Gainetdinov
etal., 2004
Drug Reinforcement Bohn et al.,
2003
Mu opioid receptor Morphine Barrl-KO mice Antinociception Bohn et al.,
2004b
Barr2-KO mice Antagonist-precipitated withdrawal Bohn et al.,
2000
Etorphine, Fentanyl, Methadone Barr2-KO mice Antinociception Bohn et al.,
2004b
Muscarinic acetylcholine receptors Methacholine Barr2-KO mice Airway constriction Walker et
al., 2003
Bronchoconstriction Deshpande
etal., 2008
Parathyroid receptor 1 Parathyroid hormone Barr2-KO mice Osteoblast number and activity; Ferrari et
serum calcium and phosphate levels al., 2005
Prostaglandin E, receptors Prostaglandin E, Barr2-KO mice Bronchodilation Deshpande
etal., 2008
Serotonin 2A receptors DOI Barr2-KO mice Head twitch response Schmid et
al., 2008

R-PIA: R-phenylisopropyladenosine; CP 55940: 5-(1,1-Dimethylheptyl)-2-[5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]phenol; LPS:

Lipopolysaccharides: DOI: (+)-2,5-Dimethoxy-4-iodoamphetamine hydrochloride.
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Table 4
Baseline Phenotypes Compared to WT Littermates
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Phenotype

Reference

Genotype Biological Measure
p3arrl-KO Blood chemistry
Spleen
Heart

Locomotor activity

parr2-KO Body composition
(homozygous breeding )

Body temperature

Food consumption
Antinociception (hot-plate)
Antinociception (tail-flick)
Locomotor activity

Spleen

Respiration

No differences in hemoglobin, hemocrit, white
blood cell counts and red blood cell counts

No differences in numbers of T or B lymphocytes
or macrophages

No differences in resting mean blood pressure, heart
rate or ejection fraction

No difference in activity in a novel environment

Lower body weight, total body percent fat and
total body bone mineral content

No differences in rectal temperature

No differences in grams consumed

No differences in response latency
Increased response latencies

Decreased activity in a novel environment

No differences in numbers of T or B lymphocytes
in spleen

No differences in resting breathing frequency

Conner et al., 1997

Conner et al., 1997

Conner et al., 1997

Gainetdinov et al., 2004
Ferrari et al., 2005

Bohn et al., 1999
Raehal et al., 2005
Bohn et al., 2002
Bohn et al., 2002
Bohn et al., 2003
Fong et al., 2002

Raehal et al., 2005

*
Homozygous breeding refers to studies where WT were compared to KO mice derived from homozygous breeding (WTxWT compared to KOxKO
mice); these are not comparisons between littermates and differences could reflect an impact of inbreeding rather than a result of the genetic deletion.
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Table 5
Functional Selectivity Demonstrated in Barrestin2-KO Mice
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Proposed Target Drug/Challenge Behavior Phenotype Reference
Mu opioid receptor Morphine Heroin Enhanced and prolonged Bohn et al., 1999;
antinociception 2000; 2004b
Etorphine, Fentanyl, Methadone No differences in antinociception Bohn et al., 2004b
Serotonin 2A receptor 5-hydroxy-L-tryptophan Reduced head twitch response Schmid et al., 2008
DOI No difference in head twitch Schmid et al., 2008
response

DOI: (z)-2,5-Dimethoxy-4-iodoamphetamine hydrochloride
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