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Abstract
Background—Regulator of G protein signaling 4 (RGS4) is one of the smaller members of the
RGS family of proteins, which are known to control signaling amplitude and duration via
interactions with G protein α subunits or other signaling molecules. Earlier evidence suggests
dynamic regulation of RGS4 levels in neuronal networks mediating actions of opiates and other
drugs of abuse, but the consequences of RGS4 actions in vivo are largely unknown.

Methods—In this study, we use constitutive and nucleus accumbens-inducible RGS4 knockout
mice, as well as mice overexpressing RGS4 in the nucleus accumbens via viral mediated gene
transfer, to examine the influence of RGS4 on behavioral responses to opiates. We also use
electrophysiology and immunoprecipitation assays to further understand the mechanisms
underlying the tissue-specific actions of RGS4.

Results—Inducible knockout or selective overexpression of RGS4 in the nucleus accumbens
reveals that, in this brain region, RGS4 acts as a negative regulator of morphine reward, while in
the locus coeruleus RGS4 opposes morphine physical dependence. In contrast, we show that
RGS4 does not affect morphine analgesia or tolerance, but is a positive modulator of certain opiate
analgesics, such as methadone and fentanyl.

Conclusions—These findings provide fundamentally novel information concerning the role of
RGS4 in the cellular mechanisms underlying the diverse actions of opiate drugs in the nervous
system.
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INTRODUCTION
Regulators of G protein signaling (RGS) are critical modulators of G protein-coupled
receptor-mediated signal transduction via multiple interactions with G protein α subunits,
scaffolds, and effector molecules (1–4). At least ten of the 25 mammalian RGS proteins are
expressed in the CNS (5) and modulate essential physiological functions such as vision
(6,7), locomotion (8) and working memory (9). In addition, several neuropsychiatric
disorders including Parkinson’s disease (10) addiction (11,12), and schizophrenia (13) are
linked to dysfunctions of particular RGS proteins.

RGS4, is a 28 kDa member of the R2 subfamily of RGS proteins, which is expressed widely
in brain, including prefrontal cortex, striatum, locus coeruleus (LC), and hippocampus (5).
RGS4 consists of a 120 aa domain responsible for the GTPase-activating protein (GAP)
activity that regulates G protein function and defines the RGS superfamily, and an N
terminal element containing a cystein rich domain (N-end rule) which triggers arginylation
and promotes ubiquitination and proteasomal degradation (14–16). A gene array analysis
linked decreased levels of RGS4 in prefrontal cortex with schizophrenia and triggered a
large number of clinical and preclinical studies on this subject (17). Most of these studies
point to RGS4 as a vulnerability factor for schizophrenia (4,13,17–21), whereas evidence
also supports a role of RGS4 in antipsychotic drug action (18,21,22). In striatum, RGS4 has
a wide range of modulatory actions on muscarinic M2 autoreceptors (23) as well as on
dopamine D1 and D2 receptors (4,24,25). Stress, corticosteroids and drugs of abuse
modulate RGS4 levels in several brain sites (11,26–28).

Previous work established the striatal enriched RGS9-2 as a key regulator of opioidergic and
dopaminergic responses (8,12,29–32). The presence of RGS4 in striatal and areas mediating
opiate actions, and the evidence for the involvement of this RGS member in opiate physical
dependence (4,11), led us to hypothesize that, in addition to RGS9-2, RGS4 may also be
involved in opiate addiction. Opiates produce reward, physical dependence, and analgesia
via activation of the G-protein coupled μ opioid receptor (MOR) (33,34). Although it is
generally accepted that opiate addiction is associated with adaptations in MOR signal
transduction, the cell specific events remain incompletely understood (35–37). Here, we use
constitutive and inducible knockout mouse models to examine the role of RGS4 in acute and
chronic opiate actions. Our behavioral, electrophysiological, and biochemical findings
establish that RGS4 exerts differential effects on distinct actions of opiates in the nervous
system.

METHODS
Animals

Constitutive and inducible RGS4 mutant mice were generated as described in Supplemental
Methods (See Suppl. Fig. 1). All constitutive mutant mice used in this study were generated
from breedings of heterozygous RGS4 mice. For all behavioral assays, we used 2–3 month
old male knockout mice and their wildtype littermates. For electrophysiological assays, we
used 3–4 week old male mice. For overexpression studies, 2–3 month old C57/Bl6 mice
were infected with Herpes simplex virus (HSV)-LacZ or HSV-RGS4 as described (12). For
local knockout of RGS4, 2–4 month old floxed RGS4 male mice were bilaterally infected

Zachariou et al. Page 2

Biol Psychiatry. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with adeno-associated virus (AAV)-Cre or AAV-GFP. Animals were housed in a 12 hr dark/
light cycle room according to the animal care and use committees of UT Southwestern
Medical Center and the University of Crete. For place preference, analgesia, and opiate
withdrawal paradigms, we used two way ANOVAs and Bonferroni post hoc tests for within
group comparisons whenever analysis revealed a genotype affect. For co-IP assays, we used
one way analysis of variance and Dunnett’s post hoc test. For western blotting and cAMP
inhibition assays, we used t-tests.

Behavioral Tests
A published unbiased conditioned place preference (CPP) procedure was used (8). For
morphine locomotor activity assays, mice were placed in chambers as described (8) and
ambulatory activity was monitored for 30 min after s.c. saline (days 1–3) or morphine (days
4–9) injections. Analgesia was measured using a 52° C hot plate apparatus (IITC Life
Sciences, CA), as described (12). For opiate withdrawal, mice were implanted with 25 mg
morphine pellets, withdrawal was precipitated 3 days later with naloxone (1 mg/kg, s.c.,
Sigma, MO) and withdrawal signs (jumps, wet dog shakes, tremor, ptosis, diarrhea, weight
loss) were monitored for 25 min. Fear conditioning was carried out according to published
procedures (see Supplemental Methods).

Laser Capturing and PCR
Laser capture was performed as described (38). Floxed RGS4 mice were injected with either
AAV-GFP or AAV-CreGFP into the NAc (41,42). Several weeks later, brains were
coronally cryosectioned at 8 μm and mounted onto membrane slides (Leica). Infected
regions were laser-dissected and processed with PicoPure RNA extraction kit (Arcturus).
RNA was amplified with the RiboAmp kit (Arcturus) and reverse transcribed using
superscript III (Invitrogen). Quantitative PCR (qPCR) was performed as described
previously (39) using SYBR Green (Applied Biosystems) and primers for RGS4 (Fwd:
GGCTGAATCGTTGGAAAACCT, Rvs: TGTTGCTTGCACTGAGATGAA) and
glyceraldehyde-6-phosphate dehydrogenase (GAPDH) as a control.

Co-Immunoprecipitation and Western Blotting
Striatum from control or treated mice were rapidly dissected (40). The following antibodies
were used for immunoprecipitation (IP) and western blotting: rabbit anti-MOR (Immunostar,
CA.), rabbit anti-Gαq (P. Sternweiss, UT Southwestern), a rabbit anti-RGS2 (provided by D.
Siderovski, UNC, Chapel Hill) and rabbit anti-RGS4 (S. Mumby, UT Southwestern). For
RGS4, in addition to a protease inhibitor cocktail (Sigma, MO), samples contained a
proteasome inhibitor (MG132, Sigma, MO), to prevent degradation of the protein.

Electrophysiology
Recordings were obtained from LC neurons in brain slices obtained from drug-naïve and
morphine-dependent mice (treated as stated earlier). Please see Supplemental Methods for a
description of the protocols used, all of which are published (43). Recordings were made 2
hrs after maintaining slices in a recording chamber to allow morphine to wash out fully from
the slices (43).

RESULTS
RGS4 and Morphine Reward: Actions in the Nucleus Accumbens

To assess the role of RGS4 in morphine reward, we induced a local knockout of RGS4 in
the nucleus accumbens (NAc, part of the ventral striatum), a key brain reward region, of
adult animals. This inducible, localized deletion of RGS4 was achieved by stereotaxic
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injection of an AAV vector expressing GFP-tagged Cre recombinase into the NAc of mice
homozygous for a floxed RGS4 gene. Control animals were injected with AAV-GFP. Fig.
1a,b shows low and high power magnifications of AAV-CreGFP infected areas. To confirm
recombination, we isolated the GFP labeled region of the NAc by laser capture
microdissection and measured RGS4 mRNA levels using qPCR. RGS4 expression is
reduced by >90% in the NAc of mice injected with AAV-CreGFP as compared to mice
injected with AAV-GFP (Fig. 1c).

We next used CPP to determine how loss of RGS4 in the NAc affects morphine reward. As
shown in Fig. 1d, the selective knockout of RGS4 from this brain region increases
sensitivity to the rewarding effects of morphine, as the AAV-CreGFP injected mice exhibit a
CPP at a 3 mg/kg dose of morphine, whereas AAV-GFP-injected controls require a higher
morphine dose (5 mg/kg) to show a significant preference. A lower (1 mg/kg) morphine
dose fails to establish a CPP in both groups. Sensitivity to morphine reward was also
assessed using an overexpression model, where we injected an HSV vector expressing
RGS4 (or LacZ as a control) into the NAc of wildtype C57Bl/6 mice. In contrast to the
RGS4 local knockouts, mice overexpressing RGS4 selectively in this brain region are
significantly less sensitive to morphine (5 mg/kg s.c.) reward compared to LacZ expressing
controls (Fig. 1e). At higher morphine doses, both genotypes show the same CPP score (not
shown). Together, these data support a role of RGS4 in the NAc in morphine reward.

In striking contrast to these local manipulations of RGS4 levels within the NAc, mice with
constitutive and ubiquitous knockout of RGS4 do not exhibit morphine CPP even at high
drug doses (CPP score in sec for wildtype animals: 1 mg/kg morphine = 29 ± 45, 5 mg/kg
morphine = 143 ± 32; for RGS4 knockout mice: 1 mg/kg morphine = 46 ± 105, 5 mg/kg
morphine = 4.0 ± 52). This finding likely reflects loss of RGS4 from other brain regions
where it is highly expressed or at early times during development, and emphasizes the
importance of using inducible and brain region-specific knockout strategies.

To further assess the role of RGS4 in the NAc in regulating behavioral responses to
morphine, we tested mice with local RGS4 knockouts from this brain region, and AAV-
GFP-injected control mice, in a locomotor sensitization paradigm. Consistent with the CPP
data, deletion of RGS4 from NAc accelerates the development of locomotor sensitization to
repeated morphine exposure (Fig. 1f).

RGS4 and Morphine Dependence: Actions in the Locus Coeruleus
We next examined the role of RGS4 in morphine physical dependence. Constitutive RGS4
knockout mice were implanted with morphine pellets and, three days later, an acute
withdrawal syndrome was induced by injection of the MOR antagonist naloxone (1 mg/kg
s.c.). As shown in Fig. 2a, RGS4 knockout mice undergo a much more severe withdrawal
syndrome, as several signs (jumping, tremor, diarrhea, ptosis, weight loss) are significantly
increased compared to their wildtype littermate controls. This phenotype is not related to the
function of RGS4 in NAc, because local deletion of the RGS4 gene from this brain region
has no overall effect on withdrawal behavior, apart from a decrease in ptosis and a trend for
an increase in jumps (Fig. 2b).

RGS4 appears to be the most abundant RGS protein expressed in noradrenergic neurons of
the LC, and its levels are dynamically regulated during chronic opiate administration and
withdrawal (11). Since morphine dependence and withdrawal are associated with changes in
LC firing activity (46–48), we hypothesized that RGS4 modulates opiate withdrawal in part
via actions on the LC. To examine this hypothesis, we obtained whole cell recordings from
LC neurons in brain slices from RGS4 knockout mice and their wildtype littermates. Acute
administration of the MOR agonist DAMGO had similar effects on inhibition of LC firing in
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slices from both genotypes (Fig. 3a). Forskolin, an activator of adenylyl cyclase, is known to
increase LC firing in slices from naïve animals, and to further induce neuronal firing in
slices from morphine dependent animals (47,48). This increased activity of the cAMP
pathway has been implicated in withdrawal activation of LC neurons and in morphine
withdrawal behaviors (49,50,51). Since RGS4 knockout mice undergo a more severe
withdrawal syndrome than their controls, we hypothesized that their LC neurons may show
greater than normal excitation by forskolin. Indeed, while forskolin produces the same effect
in morphine naïve animals (Fig. 3b), it increases LC firing to a greater extent in neurons
from RGS4 knockout mice than in wildtype controls over a wide dose range of the drug in
morphine dependent animals (Fig. 3c). Note that recordings were obtained after morphine
washes out of the slices, see Methods). Together, these data suggest that RGS4 is part of a
mechanism that opposes the excitability of LC neurons during morphine dependence, such
that loss of RGS4 leads to exaggerated dependence and withdrawal.

RGS4 and Opiate Analgesia
We next examined the role of RGS4 in morphine analgesia and tolerance. RGS4 knockout
mice show normal analgesic responses to morphine in the 52°C hot plate test, and they
develop tolerance at the same rate as their wildtype littermate controls (Fig. 4a, b).
Moreover, the onset and duration of morphine analgesia was not different between wildtype
and mutant mice. RGS4 knockout mice and their wildtype controls were also tested in the
fear conditioning paradigm to evaluate possible learning differences between genotypes, as
well as differential sensitivity to foot shocks. RGS4 mutants show normal performance in
both cue and contextual fear conditioning tests (Suppl. Fig. 2).

Since no analgesia phenotype was revealed in the hot plate assay after morphine
administration, we examined hot plate responses to two other MOR agonists, fentanyl and
methadone. As shown in Fig. 4c, RGS4 knockout mice show dramatically reduced responses
to fentanyl and methadone. This effect is not related to a change in the onset of analgesic
response, since no analgesia to a high fentanyl dose (0,125mg/kg) is observed for 1.5 hrs
post drug administration (Fig. 4d), and is observed over a wide dose range of fentanyl (Fig.
4e). Although the NAc is best studied for its role in morphine reward, we have shown that
manipulation of several signaling molecules in NAc influences opiate analgesia and
tolerance (13,42). We therefore examined if loss of RGS4 in the NAc affects opiate actions
in the 52°C hot plate assay. Consistent with the result from the constitutive RGS4 knockout
line, inducible deletion of RGS4 in the NAc reduces sensitivity to the analgesic actions of
fentanyl, but does not affect responses to morphine in this assay (Fig. 4f,g). This phenotype
is milder compared to constitutive knockouts (Fig 4e), suggesting the involvement of
additional brain regions in RGS4-mediated control of fentanyl’s effects in the hot plate test.

Regulation of RGS4 by MOR agonists
Given the influence of RGS4 on opiate actions, and the differential effects of RGS4
knockout on morphine versus fentanyl analgesia, we used western blot analysis to examine
the pattern of RGS4 regulation in the NAc by MOR agonists. As shown in Fig. 5a, RGS4
protein levels are decreased 2 hrs after morphine or fentanyl administration. A well
established difference between morphine and other MOR agonists is the relative delay in
MOR internalization following activation of the receptor by morphine (33). This delay in
MOR endocytosis following morphine application is thought to contribute to the more rapid
development of tolerance to morphine compared to other opiate analgesics. We recently
showed that RGS9-2 is a negative modulator of MOR endocytosis (31), which raised the
question of whether RGS4 also regulates this process. We used mouse embryonic fibroblasts
from RGS4 wildtype and knockout mice and examined MOR cellular localization under
basal conditions and following morphine exposure. Our data indicate that RGS4 does not
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affect the rate of MOR endocytosis in MEF cells (See Suppl. Figure 3). Similar negative
data were obtained with transfected HEK cells (data not shown).

In an effort to better understand the agonist-selective analgesia phenotype of RGS4
knockout mice, we used co-IP assays to examine the composition of RGS4 signal
transduction complexes formed in striatum 30 min after morphine or fentanyl
administration. First, we examined the complexes formed between MOR and Gα subunits.
Although both morphine and fentanyl are reported to promote the association of MOR with
several Gαi subunits in various tissues, we found that only fentanyl promotes the formation
of complexes between MOR and Gαq in striatum (Fig 6a). We also found no interactions
between RGS4 and Gαi1, Gαi2, or Gαi3 subunits in striatum, while RGS9-2 interacts with
all three proteins under basal conditions and following MOR activation (V. Zachariou,
unpublished observations). Since RGS4 is known to interact with Gαq subunits in other
systems, we sought to determine how activation of MOR affects associations between RGS4
and Gαq. Interestingly, both fentanyl and morphine promote the formation of RGS4/Gαq
complexes in striatum (Fig 6b). The next set of IPs investigated the effect of morphine or
fentanyl on MOR-RGS4 complexes. We found that, although RGS4 is part of MOR
containing complexes under basal conditions, this association is decreased following
fentanyl, but not following morphine, administration. Together, these findings suggest that
RGS4 and Gαq may compete for association with MOR in the presence of fentanyl, an
effect not observed with morphine.

DISCUSSION
Our studies reveal an important brain region-specific role for RGS4 in opiate responses.
Since several RGS proteins are expressed in neurons that influence drug reward,
dependence, and analgesia, it is important to understand the function of each of these
proteins in particular networks and cell types. A large body of clinical and preclinical work
links RGS4 to neuropsychiatric disorders such as schizophrenia, a syndrome linked by some
to striatal dysfunction. Although RGS4 is moderately expressed in striatum, compared to
other regions such as prefrontal cortex, it appears to exert important modulatory effects in
this brain region on several GPCRs including muscarinic M2 autoreceptors and D1 and D2
dopamine receptors (4,23,24,25). While evidence from in vitro studies suggests that RGS4
may associate with MOR (52), and electrophysiological studies implicate RGS4 in opiate
actions in LC slices (11), there is to date no information about the way RGS4 modulates
opiate actions in vivo. In the present study, we use inducible and constitutive gene knockout
models to elucidate the role of RGS4 in opiate actions. Given the lack of pharmacological
tools for the study of RGS4 in vivo, and the wide distribution of this protein in the CNS,
inducible knockout models permit local alterations in RGS activity in particular brain
regions of the adult mouse. Indeed, we show that AAV-CreGFP injection into the NAc of
floxed RGS4 mice mediates a near complete, but selective, loss of RGS4 from this brain
region. Conversely, we selectively overexpressed RGS4 in NAc by use of viral vectors.
These data are further supported by biochemical assays in striatal tissue, showing that RGS4
participates in MOR-dependent signal transduction complexes.

Our findings demonstrate that RGS4 action in the NAc controls behavioral and biochemical
responses to morphine. In particular, we show that local knockout of RGS4 from the NAc of
adult mice increases sensitivity to the rewarding and locomotor activating effects of
morphine. Therefore, like RGS9-2 (12), RGS4 is a negative regulator of morphine action in
the NAc. However, RGS9-2 has a more potent effect on reward sensitivity, as deletion of the
RGS9 gene results in a tenfold increase in sensitivity to morphine in the CPP paradigm,
whereas knockout of RGS4 causes a less dramatic shift. Interestingly, RGS4 overexpression
in the NAc of RGS9 knockout mice cannot compensate for the loss of RGS9, which

Zachariou et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



supports the involvement of independent pathways (12). It remains to be elucidated whether
RGS9-2 and RGS4 act in the same cell types, and if they participate in the same biochemical
signaling complexes. The use of constitutive RGS4 knockout mice in the CPP test revealed
the opposite phenotype. The decreased sensitivity to morphine CPP in RGS4 knockout mice
presumably reflects RGS4 actions in brain regions outside the NAc (e.g., prefrontal cortex,
amygdala, hippocampus) that also regulate morphine reward or influence associations with
cues required for CPP. Although the global loss of RGS4 had no effect on fear conditioning,
different aspects of cognitive function could be affected. On the other hand, both
constitutive and NAc-specific RGS4 knockout mice are less sensitive to the analgesic
actions of fentanyl in the hot plate test, but the global knockout shows a more dramatic
impairment likely due to RGS4 actions in other CNS regions.

Another important finding from our study concerns the actions of RGS4 in the LC. A large
literature implicates changes in LC firing activity in contributing to aspects of opiate
physical dependence and withdrawal (46,47,48). We have shown that alterations in gene
expression in LC following chronic morphine are distinct from those observed in reward
related networks like the NAc (53,54). Morphine-induced changes in LC firing activity
occur in part from adaptive responses in signal transduction pathways downstream of the
MOR. One of the most robust adaptations is upregulation of adenylyl cyclase (AC) activity,
particularly the AC1 and AC8 isoforms (55,56), molecules highly regulated by G protein βγ
subunits (57). It is, therefore, expected that proteins like RGS4, which regulate α and βγ
subunit availability to effectors, play a prominent role in modulation of LC activity. Here,
we report that, although inhibition of LC firing upon acute exposure to MOR agonists is
unaffected by the loss of RGS4, firing provoked by activation of the cAMP pathway is
greatly enhanced by the absence of this protein. These findings support earlier studies on the
role of RGS4 in the cellular adaptations of LC neurons to chronic morphine (11), and
provide a better understanding of the neuron-specific signaling events that contribute to
opiate dependence. In accord with the electrophysiology findings, RGS4 knockout mice
exhibit more severe withdrawal compared to their wildtype littermates. These experiments
were only performed using constitutive RGS4 knockouts, as it was not feasible to reliably
target the LC with our AAV vectors. Analysis of NAc-specific RGS4 knockout mice
suggested that the morphine withdrawal phenotype is not related to RGS4 actions in the
NAc.

Although RGS4 negatively modulates morphine reward and physical dependence, it does
not affect morphine analgesia or the development of morphine analgesic tolerance. These
findings are in agreement with earlier studies of a different line of RGS4 mutant mice (58).
However, the study by Grillet and colleagues found no effect of RGS4 deletion on morphine
withdrawal. This discrepancy might be a result of genetic background or related to the use of
a morphine treatment protocol in the earlier study that leads to maximal withdrawal intensity
in wildtype animals. In striking contrast to RGS4, RGS9-2 negatively modulates morphine
analgesia and analgesic tolerance. This difference between RGS9-2 and RGS4 could be
explained by the distinct localization of these proteins in the CNS, but may also reflect their
distinct functions. Specifically, the difference between RGS9-2 and RGS4 with respect to
morphine analgesia may lie in distinct selectivity for Gα subunits (59,60,61). In vitro data
indicate that RGS4 functions as part of a G protein receptor kinase 2 (GRK2)/Gαq complex
without preventing GRK2 action (61). Our data indicate that RGS4 is a necessary
component of signaling complexes mediating the analgesic actions of those opiates that, in
addition to activating Gαi subunits, also activate Gαq subunits (62,63), since RGS4
knockout mice show decreased sensitivity to the analgesic actions of fentanyl and
methadone in the hot plate assay. Earlier in vitro studies have indicated an interaction
between RGS4 and opioid receptors (52) but there is no information about RGS4 containing
complexes in the brain, as this type of assay is not easy to perform due to the modest density
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of MOR and RGS4 in striatum. Here, we used IP’s to better understand the mechanisms
underlying the agonist selective interactions between MOR and RGS4 in striatum. These
interactions appear to have a great impact on hot plate analgesia, as behavioral responses to
fentanyl are diminished in RGS4 knockout mice. We hypothesize that loss of RGS4 permits
greater association between MOR and Gαq. These data further support the notion that
although many opiate analgesics activate MOR, and then recruit several Gα subunits
including Gαi and Gαq, morphine does not recruit Gαq and, therefore, its actions are not
affected by the absence of RGS4. Future studies are needed, however, to conclusively
determine the role of Gαq signaling in morphine analgesia. It should also be mentioned that
as morphine acts at both MOR and DOR, while fentanyl is MOR selective, and RGS4 does
not affect DOR actions (64), the lack of a morphine analgesia phenotype may be related to
the fact that DOR responses were unaltered in RGS4 knockout mice.

This study thereby provides a better understanding of the signal transduction mechanisms
underlying the different actions of opiate agonists. Earlier studies revealed that deletion of
the β-arrestin-2 gene affects opiate analgesia and tolerance (65) but not physical
dependence, while deletion of the spinophilin gene increases reward sensitivity (40),
promotes the development of morphine tolerance, and decreases responsiveness to all MOR
agonists in the hot plate assay. On the other hand, RGS9-2 has a very potent role in
morphine reward and dependence, and may also delay the development of tolerance in the
hot plate assay (12). All of these findings point to a very precise role of signal transduction
molecules downstream of MOR in different opiate actions. The fact that RGS9-2 is a
negative modulator of morphine’s rewarding and analgesic actions makes it a difficult
pharmacological target, as improving analgesia by decreasing RGS9-2 activity might also
increase abuse potential. In contrast, RGS4 represents a better target for analgesia, since
increasing RGS4 function would promote opiate analgesic responses while reducing reward
and dependence liability.

In conclusion, RGS4 is a negative regulator of opiate reward and physical dependence via
actions in the NAc and LC, respectively, and likely other brain regions as well. Moreover, as
a Gαq-associated protein, RGS4 promotes responses to opiate analgesics such as fentanyl
and methadone that recruit Gαq. These findings provide a better understanding of the
molecular mechanisms of the diverse actions of opiates on the nervous system and reveal
specific actions of RGS4 in opiate reward, dependence, and analgesia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selective deletion of RGS4 in the NAc increases sensitivity to morphine reward
Low (a, Zeiss 10x) and high (b, Leica confocal 40x) power magnifications of
immunofluorescence for GFP in the NAc in AAV-CreGFP-injected floxed RGS4 mice. To
verify recombination, the infected area was isolated using laser capture microdissection, and
the extracted RNA was analyzed by qPCR to measure RGS4 and GFP expression. (c) shows
RGS4 levels (normalized to GAPDH) in AAV-CreGFP and AAV-GFP infected brains
(p<0.01, t-test). Mice lacking RGS4 in the NAc CPP at 3 mg/kg morphine, whereas their
wildtype controls CPP at 5 mg/kg (d, n=5–6 per group). Conversely, overexpression of
RGS4 in the NAc of C57Bl/6 mice, via infection with an HSV-RGS4 vector, prevents CPP
to morphine (5 mg/kg s.c.) compared to control animals which were injected with an HSV-
LacZ vector (e, n=7–8 per group). Selective deletion of RGS4 from the NAc increases
sensitivity to the locomotor activating effects of repeated morphine exposure (10 mg/kg) (f,
n=6 per group). For all behavioral studies, data are expressed as means ± S.E.M., p<0,01,
two way ANOVA followed by Bonferroni test.
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Figure 2. RGS4 knockout mice exhibit more severe opiate withdrawal
(a) RGS4 knockout (KO) mice show a greater degree of morphine physical dependence as
compared to wildtype (WT) littermates; several signs of naloxone precipitated opiate
withdrawal are more intense in mutant mice compared to WT littermates. Data are expressed
as mean ± S.E.M. (n=8 per group). (b) In contrast, selective deletion of the RGS4 gene in
the NAc (as described in Fig. 1) has little effect on opiate withdrawal; it leads to a decrease
in ptosis only and a trend for increase in jumping behaviour which was not statistically
significant. Data are expressed as mean ± S.E.M. (n=8 per group) *p<0.01 for genotype
versus treatment, two way ANOVA followed by Bonferroni post hoc test.
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Figure 3. RGS4 modulates LC firing via a cAMP-dependent mechanism
(a) No significant difference was observed in the sensitivity of DAMGO between LC
neurons obtained from RGS4 wildtype (WT) and knockout (KO) mice (n=11–12 per data
point; 4–5 mice each group). The sensitivity of LC neurons to forskolin (an activator of
adenylyl cyclase) was determined in RGS4 KO mice and their wildtype littermates. (b)
Effect of forskolin on LC firing in brain slices from drug-naïve RGS4 KO and WT mice.
There is no difference in the effect of forskolin on LC firing rate between genotypes (n=13–
16 per data point; 4–5 mice each group). (c) In contrast, after chronic morphine treatment,
there was a significant difference in the sensitivity of LC neurons to forskolin: LC neurons
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became significantly more sensitive to forskolin in the KO group as compared to WT mice
(n=12–13 per data point, 4–5 mice each group * p<0.05, two way ANOVA).
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Figure 4. Agonist selective regulation of hot plate analgesia by RGS4
RGS4 knockout (KO) mice show normal responses to morphine in the 52°C hot plate assay
(a). In addition, there is no genotype effect on the rate of analgesic tolerance to morphine (b,
n=9–10 per group). Data are expressed as % of maximal possible effect (MPE=[Latency-
baseline]/[cutoff-latency]). (c) In contrast to morphine, RGS4 KO mice are less sensitive to
the analgesic actions of fentanyl and methadone (n=8–10 per group). (d) shows analgesic
responses to fentanyl at different time points within 1.5 hr after morphine administration
(n=7 per group) and (e) shows a dose response to fentanyl in the hot plate assay for RGS4
KO and wildtype (WT) mice (n=5–8 per group). Deletion of RGS4 from the NAc leads to a
rightward shift in fentanyl dose response in the hot plate assay (f, 9–10 per group) but does
not affect responses to morphine in this test (g, n=9–10 per group). For all behavioral
experiments, data are expressed as mean ± S.E.M. *p<0.01 for genotype versus treatment,
two way ANOVA followed by Bonferroni post hoc test.
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Figure 5. RGS4 and MOR signal transduction in striatum
Quantitation of RGS4 and RGS2 levels in NAc 2 hrs after acute morphine or fentanyl
administration by western blotting. Data are expressed as means ± S.E.M, n=3–4 per group,
*, p<0.05 t-test.
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Figure 6. Morphine and fentanyl promote the formation of distinct RGS4 complexes in striatum
(a) Mice received s.c. injections of saline, fentanyl (0.125 mg/kg), or morphine (15 mg/kg)
and striata were extracted 30 min later. Striatal extracts were IP’d with an anti-MOR
antibody and the immunoprecipitate was analyzed by western blot (WB) for Gαq. Fentanyl
promotes the formation of complexes between MOR and Gαq. p<0.01 for fentanyl versus
saline and morphine, one way ANOVA followed by Dunnett’s post hoc test. (b) Mice
received acute injections of saline, fentanyl, or morphine as in (a) and striata were dissected
30 min later. Striatal extracts were IP’d with an anti-Gαq antibody and the
immunoprecipitate was immunoblotted for RGS4. Fentanyl and morphine promote the
formation of complexes between Gαq and RGS4. p<0.01 between treatment, one way
ANOVA followed by Dunnett post hoc test. (c) Mice were treated as in (a) and striatal
extracts were immunoprecipitated with an anti-MOR antibody and the immunoprecipitate
was immunoblotted for RGS4. Fentanyl treatment decreases MOR-RGS4 complex levels in
striatum. p<0.01 for fentanyl versus saline and morphine, one way ANOVA followed by
Dunnett’s post hoc test.
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