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Regulator of G protein signaling z1 (RGSz1), a member of the RGS
family of proteins, is present in several networks expressing mu
opioid receptors (MOPRs). By using genetic mouse models for global
or brain region-targeted manipulations of RGSz1 expression, we
demonstrated that the suppression of RGSz1 function increases the
analgesic efficacy of MOPR agonists in male and female mice and
delays the development of morphine tolerance while decreasing the
sensitivity to rewarding and locomotor activating effects. Using
biochemical assays and next-generation RNA sequencing, we
identified a key role of RGSz1 in the periaqueductal gray (PAG) in
morphine tolerance. Chronic morphine administration promotes
RGSz1 activity in the PAG, which in turn modulates transcription
mediated by the Wnt/p-catenin signaling pathway to promote an-
algesic tolerance to morphine. Conversely, the suppression of
RGSz1 function stabilizes Axin2-Gaz complexes near the mem-
brane and promotes $-catenin activation, thereby delaying the devel-
opment of analgesic tolerance. These data show that the regulation
of RGS complexes, particularly those involving RGSz1-Gaz, represents
a promising target for optimizing the analgesic actions of opioids
without increasing the risk of dependence or addiction.
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M u opioid receptor (MOPR) agonists, such as morphine, are
prescribed for the treatment of severe acute or chronic pain
conditions, but their long-term use is hindered by numerous side
effects and by the development of dependence and addiction
(1-4). Recent evidence highlights the rise of physical dependence
and addiction in patients treated with opioid analgesics (5, 6). As
research efforts aim to develop more efficient and safer morphine-
like compounds (6, 7) and opioid alternatives, a more detailed
understanding of the mechanisms mediating the analgesic effects
of MOPR agonists is needed. Although information on the cel-
lular and molecular adaptations associated with repeated exposure
to opioids is emerging (8-13), the detailed brain region- and cell
type-specific signal transduction events triggered by MOPR acti-
vation are not fully understood.

RGSz1, one product of the RGS20 gene (14), is a member of
the Rz subfamily [composed of GAIP (RGS19), RGSz1l, RGSz2
(RGS17)] of regulator of G protein signaling (RGS) proteins
(15-17) and is expressed in several brain regions (18-20).
RGSz1 accelerates the hydrolysis of GTP-bound Gaz more than
600-fold and may modulate the GTP hydrolysis of other Gai
subunits (18, 19). As with other RGS proteins, RGSz1 may serve
as an effector antagonist for Ga subunits (21, 22). RGSz1 has
been shown to modulate signal transduction from MOPRs and
serotonin receptor 1A both in vitro (23, 24) and in vivo (25, 26)
whereas knockout of the Goz subunit accelerates the develop-
ment of morphine tolerance (27, 28). Although a number of
studies have documented brain region-specific effects of other
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RGS proteins (RGS9-2, RGS7, and RGS4) (29-33) on the
functional responses of MOPRs, the role of RGSzl1 in opioid
actions is not known. We hypothesized that the expression and
activity of RGSz1 are altered by chronic opioid use and that the
manipulation of RGSz1 expression will impact the development
of tolerance to the drug and its analgesic and rewarding effects.

Here, we show that chronic morphine administration increases
RGSz1 expression in the periaqueductal gray (PAG), a brain re-
gion that plays a key role in modulating endogenous analgesia and
responses to MOPR agonists (34). Knockout of RgszI (RGSz1KO)
increased the analgesic efficacy of opioids and decreased the sen-
sitivity to the rewarding and locomotor activating effects of mor-
phine without impacting physical dependence. Global deletion or
conditional knockdown of Rgsz! in the ventrolateral (vl) PAG delayed
the development of morphine tolerance in pain-free and chronic pain
states. Coimmunoprecipitation (co-IP) assays indicated that, under
states of morphine tolerance, there is an increased formation of com-
plexes between Goz and MOPR in the PAG. Next-generation RNA
sequencing (RNA-Seq) revealed a robust down-regulation of Wnt/
f-catenin signaling in the PAG of morphine-tolerant mice. Our Co-IP
and Western blot analyses also suggested that RGSz1 competes with
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Axin2 (a member of the RGS protein family and a key component
of the Wnt/B-catenin pathway that controls the nuclear trans-
location of p-catenin) for binding to Goz. Using a morphine tol-
erance regimen, we showed that knockout of RGSzl1 stabilizes
Axin2/Gaz complexes, permitting the nuclear translocation of
B-catenin and the transcription of target genes. Therefore, in-
terfering with RGSz1 actions may be useful for promoting the
analgesic effects of MOPR agonists while attenuating their
addiction-related effects.

Results

Regulation of RGSz1 by Chronic Morphine. We initially performed
Western blot analyses to test the hypothesis that repeated mor-
phine administration regulates RGSz1 levels in brain regions as-
sociated with analgesic responses. We applied a 4-d hot plate
morphine tolerance paradigm and monitored analgesic responses
for 4 consecutive days in groups of mice treated with morphine
(15 mg/kg). RGSz1 protein levels in the PAG were up-regulated
2 h after the last morphine injection compared with that in saline-
treated controls (Fig. 14). No RGSzl1 protein was detected in
PAG samples from RGSz1KO mice. This morphine treatment
regimen had no effect on RGSzl expression in the nucleus
accumbens (NAc), dorsal striatum (DS), or thalamus (THAL)
(Fig. S1). Notably, morphine treatment up-regulated Goz levels in
the PAG of both RGSzIWT and RGSz1KO mice (Fig. 1B), but
levels of other Ga subunits expressed in the PAG (Gai3, Goo, and
Gaq) were not altered (Fig. 1 C-E). To further evaluate the as-
sociation between RGSz1 and Gaz complexes in the PAG, we
performed co-IP assays and found that morphine acutely (within
30 min) promoted the dissociation of Goz from MOPRs (Fig. 1F).
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However, chronic morphine treatment induced the converse,
promoting MOPR-Goaz complex formation (Fig. 1G).

RGSz1 Knockout Enhances the Analgesic Efficacy of MOPR Agonists
and Delays Morphine Tolerance. We next examined the role of
RGSz1 in the analgesic actions of morphine and other MOPR
agonists. In the hot plate test, male RGSz1KO mice show en-
hanced analgesia at lower doses of morphine compared with the
responses of RGSz1WT controls (Fig. 24). This phenotype was
also observed in female RGSz1KO mice (Fig. 24, Inset). The
sensitivity to the analgesic effects of fentanyl and methadone was
also increased in RGSz1KO mice compared with that of their
RGSzIWT counterparts (Fig. 2B). We repeated the hot plate
assay for 8 consecutive days to assess the impact of RGSz1 on the
development of morphine analgesic tolerance. By day 3, RGSzIWT
mice showed reduced responses to morphine due to the develop-
ment of tolerance. Analgesic responses were significantly different
between genotypes, indicating that the development of tolerance to
morphine treatment (15 mg/kg, s.c.) is delayed in male (Fig. 2C)
and female (Fig. 2C, Inset) RGSz1KO mice. We similarly assessed
morphine tolerance under inflammatory pain conditions. Thermal
hind paw hyperalgesia after intraplantar injection of complete
Freund’s adjuvant (CFA) was assessed by the Hargreaves test (35).
Similar to our observations of animals in pain-free states, mor-
phine analgesia was reduced in RGSzIWT mice after 3 d of
treatment whereas it was maintained in RGSz1KO mice throughout
the testing period (Fig. 2D).

Interestingly, whereas RGSzI knockout enhanced the analgesic
responses to morphine, it decreased the rewarding effects. Spe-
cifically, knockout of RGSzI decreased the sensitivity to low
morphine doses in the place preference paradigm (Fig. 3 A-C).
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Fig. 1. Morphine regulates RGSz1 and Goz in the
PAG. (A) RGSz1 protein levels were elevated in the
PAG of RGSz1WT mice treated for 4 consecutive
days with morphine [15 mg/kg; n = 16 per group; t
test, t(30) = 2.144; *P < 0.05]. Chronic morphine also
increased the levels of Gaz in the PAG (B), which oc-
curred in both RGSz1WT and RGSz1KO mice [15 mg/kg;
n = 11-12 per group; two-way ANOVA followed by
Bonferroni's post hoc test; F(1,42) = 11.94; *P < 0.05],
but not the levels of Gai3 [F(1,42) = 0.247] (C), Gao
[F(1,42) = 0.124] (D), or Gaq [F(1,43) = 0.366] (E) (dose:
15 mg/kg; n = 11-12 per group; two-way ANOVA
followed by Bonferroni's post hoc test; P > 0.05 for
all three subunits). (F) Co-IP analysis revealed that
Gaz dissociated from MOPRs 30 min after an acute
morphine injection [15 mg/kg; n = 3-4 per group; two-
way ANOVA followed by Bonferroni’s post hoc test,
F(1,11) = 17.84; *P < 0.05]. (G) However, chronic treat-
ment with morphine for 4 consecutive days promoted
MOPR-Gaz complexes measured 30 min after the last
injection [15 mg/kg; n = 4 per group; two-way ANOVA
followed by Bonferroni’s post hoc test, F(1,12) = 32.94;
*P < 0.05, ***P < 0.001]. M, morphine; S, saline; TL,
total lysate.
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Fig. 2. Role of RGSz1 in morphine-induced analgesia. (A) Analgesic responses to morphine are enhanced in RGSz1KO mice compared with those in RGSz1WT
controls [each dose was tested in a separate group of mice; n = 8-10 per group; two-way ANOVA followed by Bonferroni’s post hoc test, F(1,64) = 9.28; *P <
0.05, **P < 0.01]. A similar phenotype was observed in female mice [Inset: dose, 7.5 mg/kg; n = 10-13 per group; t test, t(21) = 2.885; **P < 0.001].
(B) RGSz1KO mice show increased analgesic responses compared with those in the RGSz1WT mice to fentanyl [0.125 mg/kg; n = 9-11 per genotype; t test;
t(18) = 4.677; ***P < 0.001] and methadone [5 mg/kg; n = 11-12 per group; t test, t(21) = 2.519; *P < 0.05]. (C) The development of tolerance to 15 mg/kg morphine
was delayed in male [n = 7 per group; two-way ANOVA repeated measures followed by Bonferroni’s post hoc test, F(1,12) = 20.99; ***P < 0.001] and female [Inset:
n = 6-7 per group; two-way ANOVA repeated measures followed by Bonferroni’s post hoc test, F(1,11) = 22.89; ***P < 0.001] RGSz1KO mice. (D) Delayed de-
velopment of morphine tolerance was also observed under inflammatory pain states. Withdrawal latencies of hind paws with CFA-induced inflammation were
significantly higher in RGSz1KO mice after 3 and 4 d, demonstrating that morphine (3 mg/kg) analgesia was maintained [n = 4-5 per group; two-way ANOVA
repeated measures followed by Bonferroni’s post hoc test, F(1,7) = 18.59; **P < 0.01, ***P < 0.001]. MPE, maximum possible effect.

When a higher dose of morphine was applied, both genotypes
showed conditioned place preference (Fig. 3D). We also assessed
locomotor activation, which is increased in rodents by repeated
opioid administration (36). Knockout of RGSz!I lowered the lo-
comotor activation in response to repeated morphine adminis-
tration (Fig. 3E). Importantly, RGSz1KO mice showed normal
responses to other reward-related behaviors, such as sucrose
preference [sucrose consumption (percentage of total amount
consumed): RGSzIWT, 60.4 + 6.2; RGSz1KO, 69.7 + 6.2].

RGSz1 in PAG Neurons Modulates Analgesic Tolerance. We hypoth-
esized that RGSz1 modulates the analgesic and rewarding effects
of MOPR agonists via actions in distinct brain regions. To test
this, we used viral approaches to conditionally knock down
RGSz1 in specific brain regions of adult mice. On the basis of
our initial Western blot analysis, we targeted the PAG. AAV2-
CMV-CRE-GFP or an AAV2-CMV-GFP control virus was in-
jected into the VIPAG of RGSz1™™ mice. Two weeks later, when
maximal viral expression was achieved, mice were tested in the
morphine tolerance paradigm. The development of morphine
tolerance was significantly delayed by knockdown of RGSz1 in
the VIPAG (Fig. 44), corresponding to a 50% reduction of
RGSz1 protein levels (Fig. 4B). As shown in Fig. 4 B and D and
consistent with previous reports (37), the virus infects only
neuronal cells and not astrocytes. Interestingly, the knockdown
of RGSz1 in the NAc did not affect the development of analgesic
tolerance (Fig. 4C). Notably, the knockdown of RGSz1 in the
VIPAG of male mice did not affect analgesic responses to mor-
phine in the hot plate assay {hot plate latencies [percentage of
maximal possible effect (%MPE)] for 12 mg/kg morphine: AAV2-
CMV-GFP, 503 + 6.7, AAV2-CMV-CRE-GFP, 442 + 8.4}.
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Furthermore, the actions of RGSz1 in the vVIPAG did not affect
the development of physical dependence. After treating mice for
5 d with escalating doses of morphine, withdrawal was precipitated
with naloxone hydrochloride (1 mg/kg, s.c.). We immediately be-
gan monitoring several somatic withdrawal symptoms in AAV2-
CMV-CRE-injected RGSz1" mice and their AAV2-CMV-GFP-
injected controls, including jumps, wet-dog shakes (WDSs), tremor,
ptosis, diarrhea, and weight loss for a period of 30 min (31). As
shown in Fig. 4E, withdrawal symptoms were similar between the
two groups of mice. Thus, RGSz1 actions in the vIPAG promote
the development of analgesic tolerance without impacting the
development of physical dependence.

Morphine Distinctly Alters Gene Expression Patterns in the PAG of
RGSz1KO and RGSz1WT Mice. Repeated exposure to opioids pro-
motes long-term adaptations in gene expression and neuronal
plasticity (38, 39). We applied next-generation RNA-Seq to un-
derstand the impact of morphine tolerance and the influence of
RGSz1 on gene expression in the PAG. PAG tissue samples were
collected from mice on day 4 of the morphine hot plate assay,
when analgesic tolerance emerges in RGSz1WT mice (Fig. 54).
After pooling tissue from two animals per sample, RNA from
naive and morphine-treated RGSzIWT and RGSz1KO mice was
analyzed. A heat map analysis comparing treated versus naive
mice for each genotype showed that morphine tolerance altered
gene expression patterns in RGSzIWT mice, but that a much
larger number of genes were affected in the RGSz1KO group
(Fig. 5B). The number of genes regulated by morphine in each
genotype is shown in a Venn diagram in Fig. 5C. Our findings
revealed that only one-quarter of the genes regulated by mor-
phine were common between genotypes whereas three-quarters
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of the genes with altered expression were unique to RGSz1WT
or RGSz1KO mice (Fig. 5C). A gene ontology analysis indicated
that the majority of genes regulated by chronic morphine in the
PAG of RGSzIWT and RGSz1KO mice are associated with
transcription and cell proliferation/differentiation whereas genes
associated with ion/transmembrane transport, cell adhesion, and
behavior are also altered in RGSz1KO mice. We further in-
vestigated this observation using ingenuity pathway analysis (IPA),
and, indeed, distinct pathways in the PAG were affected in each
genotype, with Wnt/p-catenin signaling as the top pathway af-
fected in RGSzIWT mice (P < 0.001) and serotonin receptor
signaling targeted in RGSz1KO mice (P < 0.001) (Fig. 64). Im-
portantly, the pathway analysis of the preexisting gene expression
adaptations in the PAG of RGSz1KO naive mice did not reveal
alterations in any of the above-stated pathways (Fig. S3). Fig. 6B
summarizes the changes in several components for each of these
pathways after morphine treatment. We further validated the re-
sults by qPCR in separate cohorts of animals. Twenty selected
genes per genotype were tested, and around 70% of the tested
genes were validated. Differential gene expression patterns for a
subset of the validated genes are presented in Fig. 6C.

Wnt/p-Catenin Signaling Is Essential for Analgesic Responses to
Morphine. Several key molecules in the Wnt/p-catenin signaling
pathway were down-regulated by chronic morphine treatment in
the PAG of RGSz1WT but not RGSz1KO mice (shown in blue
in Fig. 74). Furthermore, narrowing our lists of differentially
regulated genes to known p-catenin targets (40) revealed that
those genes in RGSz1WT mice were primarily down-regulated
(Fig. 7B). We hypothesized that analgesic responses to morphine
are maintained in RGSz1KO mice because p-catenin remains
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group; two-way ANOVA repeated measures fol-
lowed by Bonferroni’s post hoc test, F(1,17) = 11.16;
*P < 0.05, **P < 0.01, ***P < 0.001]. CPP, condi-
tioned place preference; ns, nonspecific.

active, whereas signaling in this pathway is suppressed in
RGSz1WT mice. Western blotting confirmed this hypothesis, as
higher levels of active phospho-p-catenin (ser675) and inactive
phospho-GSK3p (ser9) were observed in the PAG of RGSz1KO
mice after 4 d of morphine treatment (Fig. 7 C and D). Fur-
thermore, antagonism of f-catenin activity in the VIPAG of
RGSz1KO mice by expressing a dominant-negative form of the
protein (40) induced tolerance similar to that seen in RGSz1WT
controls whereas overexpressing p-catenin itself in the vVIPAG of
RGSz1WT mice during morphine treatment was not sufficient to
delay the development of tolerance (Fig. 7E; for viral validation,
see Fig. S4). We therefore hypothesized that, in addition to
B-catenin, other components of this pathway are necessary to
obtain the prolonged analgesic response phenotype observed in
RGSz1KO mice. It is also possible that the lack of an observed
phenotype when f-catenin was overexpressed in the vVIPAG may
be related to compensatory changes in the expression of de-
struction complex components resulting from the high levels of
transgene expression. In the absence of stimulation, f-catenin is
bound to Axin2 in the cytoplasm, which targets it for proteaso-
mal degradation (41). Wnt signaling releases p-catenin for
translocation to the nucleus. Because Axin2 contains an RGS
domain that has been shown to interact with Ga subunits (42—
44), we hypothesized that an interaction between Axin2 and Gaz
indirectly affects Wnt/pB-catenin signaling. This hypothesis was
confirmed by our next set of biochemical assays. Although the
total levels of Axin2 in the PAG were not affected by repeated
morphine administrations (Fig. 84), the interaction with Goz in
the synaptosomal fraction was significantly decreased in
RGSz1IWT mice, as indicated by coprecipitation of Goz with
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Axin2 (Fig. 8B). However, this interaction was maintained in
RGSz1KO mice that did not exhibit morphine tolerance (Fig.
8B). The dissociation of Axin2 from Gaz was accompanied by
higher levels of Axin2 in the nuclear fractions of the samples, as
shown in Fig. 8C. Furthermore, a correlation analysis revealed a
significant negative association between the amount of Axin2
bound to Gaz in the synaptosomal fraction and the amount of
Axin2 present in the nuclear fraction (Fig. 8D). The trans-
location of Axin2 to the nucleus was previously shown to block
p-catenin—mediated transcription (45).

Discussion
Our findings provide evidence for a brain region-specific mecha-
nism that modulates the functional responses of MOPRs. We
show that constitutive deletion of Rgszl increases analgesic re-
sponses to morphine, methadone, and fentanyl and delays the
development of analgesic tolerance in pain-free and chronic pain
states. Importantly, the deletion of RgszI decreases the rewarding
effect of morphine. These features indicate that RGSz1 is a
promising target for the development of adjunct medications to
enhance the efficacy of typical opioid analgesics and lower their
abuse potential. Our data also indicate that the modulatory roles
of RGSz1 in morphine analgesia and tolerance are the same in
both male and female mice, further supporting the value of this
molecule as a potential new target for pain management.

By controlling G protein-coupled receptor (GPCR) activity,
RGS proteins may dynamically affect the functions of ion
channels, signal transduction cascades, epigenetic modifiers, and
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Fig. 4. Rgszl knockdown in VvIPAG neurons sup-
presses morphine tolerance. (A) Conditional knock-
down of Rgsz1 in neurons in the vIPAG of RGSz1#
mice by stereotaxic infection of AAV2-CMV-CRE vec-
tors maintained the analgesic effects of morphine in
the hot plate assay over several days [15 mg/kg;

=== | Tubulin (50kD) n = 7 per group; two-way repeated-measures

ANOVA followed by Bonferroni’s post hoc test,
F(1,12) = 11.34; *P < 0.05, **P < 0.01, ***P < 0.001]. (B)
Western blot analysis verifying RGSz1 down-regulation
in the PAG of CRE virus-infected mice [n = 4-5 per
group; t test, t{(7) = 2.663; *P < 0.05] and verification
of AAV2 viral vector distribution in the VIPAG.
AAV2 vectors infect neurons (as indicated by NeuN
staining) and not astrocytes (as indicated by GFAP
staining). (C) The effect of Rgsz7 knockdown on the
development of morphine tolerance was region-
specific, and no effect was observed when neurons
of the NAc were targeted [15 mg/kg; n = 6-7 per
group; two-way repeated-measures ANOVA followed
by Bonferroni’s post hoc test, F(1,11) = 0.08]. (D)
Western blot analysis verifying RGSz1 down-regulation
in the NAc of CRE virus-infected mice [n = 9-10 per
group; t test, t(17) = 2.123; *P < 0.05] and verification
of AAV2 viral vector distribution in the NAc. (E)
Knockdown of RGSz1 in the vIPAG does not affect the
intensity of naloxone-precipitated morphine with-
drawal symptoms (n = 9-10 per group; t tests).

NAc

transcription factors (15-17, 46). Several members of the RGS
family have been shown to modulate the actions of MOPR ag-
onists in vitro and in vivo (29-33). In our previous studies, we
found that RGS9-2 negatively modulates both morphine anal-
gesia and reward-related behaviors (29, 31). Therefore, the in-
hibition of RGS9-2 not only improves the analgesic effects but
would also likely increase the rewarding and locomotor effects of
the drug and promote physical dependence. In addition, RGS9-
2 has a ligand-dependent role on MOPR function, as it positively
modulates the effects of fentanyl and oxycodone (30, 47). An-
other RGS protein, RGS7, similarly modulates both reward- and
analgesia-related behaviors (32). RGS4 in the NAc has a less
potent but significant effect on morphine reward, and, in the
locus coeruleus, it modulates physical dependence; however, this
molecule does not affect analgesia or tolerance to morphine
(33). Although RGS4 and RGS7 are also expressed at moderate-
to-high levels in the PAG (48), RGSz1 is unique in its differential
modulation of opioid reward and analgesia.

Our study focused on understanding the mechanism by which
RGSz1 modulates opioid analgesia and tolerance. Using condi-
tional knockdown approaches, we demonstrate that the devel-
opment of analgesic tolerance is fostered by RGSz1 in the
VIPAG, a key area involved in the descending control of pain and
morphine-induced analgesia (34). Importantly, the actions of
RGSz1 in the vIPAG do not affect the development of physical
dependence. A variety of studies document adaptations in this
brain area in models of analgesic tolerance (49-52). However,
the detailed mechanisms that contribute to MOPR signal
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picts results of a GO analysis of the 225 genes reg-

R———————
251
281

pos reg of biosynthetic process
cell adhesion

brane transport ulated by morphine in the PAG of both genotypes.

Bars graphs show GO of genes uniquely regulated by
morphine in the PAG of RGSz1WT (red) and RGSz1KO

390 j ion

transduction and desensitization in the PAG are not fully un-
derstood. Our results indicate that RGSz1 forms complexes with
Goz and MOPRs after chronic opioid use. These findings are in
accordance with previous work by Hendry et al. (27) suggesting
that compromised Goz actions are associated with morphine tol-
erance. As mentioned above, several components of the MOPR
desensitization machinery may affect the development of analgesic
tolerance. This study highlighted the role of RGSz1, Gaz, and
components of the p-catenin pathway in morphine tolerance.
Our group has used next-generation sequencing in knockout
mouse models and with pharmacological treatment to monitor
adaptations in gene expression under pain states and to identify
the pathways involved (53, 54). We applied this methodology to
determine the mechanism by which chronic morphine induces
analgesic tolerance and the impact of RGSz1 in such adapta-
tions. In agreement with previously reported data, our findings
indicate that analgesic tolerance to morphine is linked to robust
adaptations in genes associated with inflammatory cascades
(55-58), involving 8 of the 15 most significantly affected path-
ways identified by IPA. Notably, most of these adaptations were
observed only in RGSz1WT mice and therefore are likely to be
linked to morphine tolerance. Furthermore, there was a robust
up-regulation of genes associated with serotonin production and
release in the PAG of RGSz1KO mice, highlighting the impor-
tance of the supraspinal serotonergic system in maintaining an-
algesic responses (59). We observed that several components of
the Wnt/p-catenin signaling pathway were down-regulated in the
RGSzIWT group at the time the mice become tolerant to
morphine. Although there is no known direct link between Wnt/

E2090 | www.pnas.org/cgi/doi/10.1073/pnas.1707887115

(light gray) mice.

fB-catenin signaling and opioid actions, earlier studies have shown
that the inhibition of GSK3p, which promotes the degradation of
B-catenin (41), delays the development of morphine tolerance
(60, 61). Furthermore, there is evidence for Wnt/B-catenin sig-
naling in the morphological effects of long-term exposure to
MOPR agonists, such as reduced dendritic arborization, neurite
outgrowth, and neurogenesis in several brain regions (62-65).
Here, we confirm the involvement of this pathway by showing
that morphine tolerance can develop in RGSz1KO mice when
B-catenin actions in the VIPAG are directly antagonized. How-
ever, p-catenin overexpression is not sufficient to delay the de-
velopment of tolerance in RGSzIWT mice, suggesting that
additional factors control transcriptional activation as tolerance
develops or that the robust overexpression of p-catenin affected
the function of components of the destruction pathway. Our data
suggest that states of morphine tolerance are associated with
increased abundance of Axin2 in the nucleus, where it may re-
press p-catenin—mediated transcription (45).

Whnt/B-catenin signaling is among the most conserved in-
tracellular pathways, playing pivotal roles in cell proliferation,
migration, and homeostasis (41). Therefore, the pharmacological
inhibition of Wnt components would broadly affect many tissues
and cellular processes in the CNS and the periphery. The iden-
tification of molecules such as RGSz1 that modulate Wnt/
fB-catenin signal transduction in a brain region-specific manner
may provide a novel avenue for developing adjunct medications
to MOPR agonists for the management of chronic pain.

Additional research will be needed to continue to detail the
actions of RGSz1 in the brain reward network and determine the
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key protein interactions and intercellular pathways by which
RGSz1 promotes the rewarding effects of opioids. Finally, it will
be valuable to investigate if RGSz1 modulates the analgesic effects
of MOPR agonists in other brain regions and the intracellular
pathways involved. Overall, our findings provide information on
the signal transduction networks mediating the effects of MOPR
agonists in male and female mice and identify RGSz1 as a target
for optimizing the analgesic actions of MOPR agonists.

Materials and Methods

Animals. For these studies, we used 2- to 3-mo-old male and female
RGSz1 knockout (RGSz1KO) and WT (RGSz1WT) or RGSz1-floxed (RGSz1™™)
mice derived from homozygote breedings. The RGSz1KO and RGSz1% lines
are on a DBA background, backcrossed to C57BL/6 mice for three and two
generations, respectively. For the RGSz1 locus targeting strategy, see Fig. S2.
The primers used for genotyping are listed in Table S1. Mice were housed
with a 12-h dark/light cycle according to the Animal Care and Use Com-
mittee of the Icahn School of Medicine at Mount Sinai.

CFA Model. Chronic inflammation was induced by an intraplantar injection of
25 plL of complete Freund’s adjuvant (diluted 1:1 in saline; Sigma-Aldrich) in

Gaspari et al.

the left hind paw (66). Morphine treatment (3 mg/kg) was initiated 24 h
later and repeated for 4 consecutive days (day 1 to 4).

Hot Plate Analgesia Assays. Analgesia was measured using a 52 °C hot plate
apparatus (IITC Life Sciences) as previously described (29). Animals were
habituated in the room for 1 h, and the baseline latencies to jump or lick the
hind paw were measured. Morphine was administered s.c., and, 30 min later,
mice were placed on the hot plate and the latencies to jump or lick the hind
paw were monitored. A cutoff time of 40 s was used to avoid tissue damage
and inflammation (31). For tolerance studies, this procedure was repeated
for 4 to 8 consecutive days using a high dose of morphine (15 mg/kg, s.c.).
Data are expressed as percentages of maximal possible effect [MPE =
(latency — baseline)/(cutoff — baseline)].

Hargreaves Assay. Morphine tolerance under inflammatory pain conditions
was assessed by measuring thermal hyperalgesia in the Hargreaves test. For
this assay, mice were placed in a Plexiglas box with a glass bottom, and the
latency to withdraw the injured (CFA-injected) hind paw was measured after
a high-intensity heat beam (30%) was applied to the midplantar area (IITC
Life Sciences). Two measurements were obtained with a 10-min interval, and
the average was defined as the thermal nociceptive threshold. A cutoff time
of 20 s was used to avoid tissue damage (67).
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Fig. 7. RGSz1 modulates the activity of the Wnt/p-catenin signaling pathway.
(A) Schematic depiction of Wnt/p-catenin signaling pathway components (in
blue) that are affected by chronic morphine in the PAG of RGSz1WT mice only.
(B) Bar graph showing the subset of genes that are known p-catenin targets
and the direction of their regulation after chronic morphine administration.
Notably, the majority of genes in the RGSz1WT group were down-regulated.
(C) Western blot analysis revealed regulation of active phospho-p-catenin
(ser675) only in the PAG of RGSz1KO mice after 4 consecutive days of mor-
phine administration [15 mg/kg; n = 14-15 per group; two-way ANOVA fol-
lowed by Bonferroni's post hoc test, F(1,53) = 7.37; *P < 0.05], with total
p-catenin levels remaining unaffected [n = 11-12 per group; two-way ANOVA
followed by Bonferroni's post hoc test, F(1,40) = 0.18]. (D) Levels of inactive
phospho-GSK3 (ser9) were also increased in the PAG of morphine-treated
RGSz1KO mice [15 mg/kg; two-way ANOVA followed by Bonferroni's post
hoc test; for phospho-GSK3p: n = 14-15 per group; F(1,53) = 11.65, **P < 0.01;
for total GSK3p: n = 11-12 per group; F(1,40) = 1.004]. (E) Antagonizing the
activity of p-catenin in the vIPAG by overexpressing a dominant-negative form
in RGSz1KO mice led to the development of analgesic tolerance to morphine
[15 mg/kg; n = 7 for RGSz1KO-HSV-GFP and 12 for RGSz1KO-HSV-B-catDN;
two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test,
F(1,51) = 9.9; *P < 0.05, ***P < 0.001]. However, overexpressing f-catenin in
the vIPAG of RGSz1WT mice did not delay the development of analgesic tol-
erance [15 mg/kg; n = 9 for RGSz1WT-HSV-GFP and 10 for RGSz1WT-HSV-p-cat;
two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test,
F(1,51) = 0.14]. M, morphine; S, saline.

Stereotaxic Virus Injection Surgery. Conditional deletion of Rgsz! was
achieved by bilateral stereotaxic injections of the AAV2-CMV-CRE-EGFP
(University of South Carolina Viral Core Facility) into the NAc or vIPAG of

E2092 | www.pnas.org/cgi/doi/10.1073/pnas.1707887115

RGSz1"" mice. Control animals received injections of AAV2-CMV-EGFP vec-
tors. Stereotaxic coordinates for viral vector injections were as follows: NAc
(with respect to bregma): anteroposterior (AP), +1.6 mm; anterolateral (AL),
+1.5 mm; and dorsoventral (DV), —4.4 mm at 10° from the midline; vIPAG
(with respect to lambda): AP, +0.6 mm; mediolateral (ML), +0.8 mm; and
DV, —2.8 mm at 22° from the midline. HSV-p-catenin (HSV-p-cat), HSV-
B-catenin dominant negative (HSV-B-catDN), and HSV-GFP vectors were
generated by R.L.N. (40).

Conditioned Place Preference Test. An unbiased place-conditioning procedure
was performed using a two-chamber place-conditioning system (Med Asso-
ciates, Inc.) (29, 31). Briefly, after monitoring baseline preferences for 20 min
onday 1, animals were conditioned to the drug-paired or saline-paired side for
45 min on alternate days. After six conditioning sessions, animals were tested
for 20 min, and the results are presented as the time spent in the drug-paired
compartment at baseline compared with that on test day.

Locomotor Activation Paradigm. Mice received a saline injection (s.c.) and
were habituated to the locomotor apparatus (Med Associates, Inc.) for 30 min
each day for 3 consecutive days. Following that, mice received injections of
morphine (10 mg/kg, s.c.), and ambulatory activity was monitored for 30 min
on 5 consecutive days (47).

Opiate Withdrawal Paradigm. Mice were injected intraperitoneally (i.p.) with
escalating morphine doses every 12 h for 4 consecutive days (day 1, 20 mg/kg;
day 2, 40 mg/kg; day 3, 60 mg/kg; day 4, 80 mg/kg). On the 5th day, they were
injected with 80 mg/kg morphine in the morning, and withdrawal was
precipitated 3 h later using naloxone hydrochloride (1 mg/kg, s.c.; Sigma) (31).
Withdrawal signs (jumps, wet-dog shakes, tremor, diarrhea, and weight loss)
were monitored for 30 min after naloxone administration. Data are
expressed as the percentages of the AAV2-GFP-injected control. For tremor
and ptosis, we monitored the presence of signs at the beginning of each
5-min interval during the monitoring period (29).

Western Blotting, Subcellular Fractionations, and Co-IP Assays. Two 14-gauge
PAG punches (derived from a single animal) were used per sample for all
assays. Western blotting was performed as previously described (53). For
subcellular fractionation, samples were homogenized using a pestle in 50 pL
of hypotonic cell lysis buffer (HCLB) plus protease and proteasome inhibitors,
incubated on ice for 45 min, and centrifuged at 371 x g at 4 °C for 10 min,
and supernatants were collected as the crude cytoplasmic fractions. The
remaining nuclear pellets were washed twice with 100 uL of HCLB plus in-
hibitors, resuspended in 25 pL of nuclear lysis buffer with inhibitors, in-
cubated for 2 h on ice, and centrifuged at 16,363 x g at 4 °C for 5 min, and
the supernatants were collected as the crude nuclear fractions. To obtain the
synaptosomal fractions, the crude cytoplasmic fractions were centrifuged
twice to remove the remaining nuclei (371 x g at 4 °C for 10 min). The
supernatants were collected and centrifuged at 9,361 x g at 4 °C for 10 min.
Supernatants were collected as the cytoplasmic fractions, and the synapto-
somal pellets were resuspended in 20 pL of HCLB.

Co-IPs for MOPR-Gaz were performed using whole lysate samples as
previously reported (30). For co-IPs with Axin2, 1 pL of antibody was added
to each synaptosomal fraction (co-IP with anti-GFP was used as the negative
control), and samples were incubated overnight at 4 °C on a circular rotator.
Each sample was then incubated for an additional 3 h with 10 pL of anti-
rabbit Dynabeads (Thermo Fisher Scientific). Co-IP proteins were washed
three times with 700 pL of blocking solution using a magnetic stand and
then resuspended in 10 pL of radioimmunoprecipitation assay (RIPA) buffer.
The following rabbit antibodies were used: anti-RGSz1 (19), anti-Gaz (no.
3904; Cell Signaling), anti-Gai3 (Lilly Jiang, University of Texas Southwestern
Medical Center, Dallas, TX) (68), anti-Gao (no. 3975; Cell Signaling), anti-Gaq
(Paul Sternweis, University of Texas Southwestern Medical Center, Dallas,
TX) (69), anti-MOPR (no. 24216; Immunostar), anti-phospho-p-catenin
(ser675, no. 4176; Cell Signaling), anti—-p-catenin (no. 9562; Cell Signaling),
anti-phospho-GSK3p (ser9 no. 9336; Cell Signaling), anti-GSK3p (no. 9315;
Cell Signaling), anti-Axin2 (no. ab32197; Abcam), anti-GADPH (no. 5174; Cell
Signaling), anti—p-actin (no. 4967; Cell Signaling), and anti-GFP (no. ab290;
Abcam). Mouse anti-p-tubulin Ill (no. T8578; Sigma), GADPH, or f-actin an-
tibodies were used as the loading control. Data are calculated as the optical
density ratio of sample/loading control or IP/total lysate in the case of co-IPs
and are expressed as the percentages of the control group. Bands were
quantified using Image J software (53).

RNA-Seq and gPCR. Four biological replicates per group were used for the
RNA-Seq studies. PAG punches from two animals were pooled per biological
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Fig. 8. RGSz1 knockout prevents dissociation of Axin2-Gaz complexes after chronic morphine. (A) Protein levels of Axin2 in the PAG were not affected by
morphine treatment in RGSz1WT or RGSz1KO mice [15 mg/kg; n = 12 per group; two-way ANOVA followed by Bonferroni's post hoc test, F(1,44) = 0.19]. (B) Co-IP
assays on synaptosomal fractions revealed a reduced association of Axin2 with Gaz in RGSz1WT but not in RGSz1KO mice after repeated morphine administration
[15 mg/kg; n = 3 per group; two-way ANOVA followed by Bonferroni’s post hoc test; F(1,8) = 7.6; **P < 0.01]. (C) Morphine tolerance in RGSz1WT also led to higher
levels of Axin2 in the nucleus [15 mg/kg; n = 3 per group; two-way ANOVA followed by Bonferroni's post hoc test; F(1,8) = 7; *P < 0.05]. (D) Correlation analysis
revealed a negative association between the amount of Axin2 bound to Gaz in the synaptosomal fractions and the amount of Axin2 in the nuclear fractions of the
same samples from RGSz1WT but not RGSz1KO mice. (E) Schematic depicting working hypothesis. In the PAG of tolerant mice, higher levels of RGSz1 and stabilized
complexes between MOPR and Goz lead to a reduced Axin2-Gaz interaction, thereby enabling the function of Axin2-containing destruction complexes, as well as
the translocation of Axin2 to the nucleus and silencing -catenin-mediated transcription. In the absence of RGSz1, Axin2 is maintained in the cytoplasm and forms
complexes with Gaz whereas p-catenin may translocate to the nucleus to promote transcriptional activity. M, morphine; S, saline; TL, total lysate.

replicate (four 14-gauge punches per sample). Total RNA was isolated with
TRIzol, and the integrity was confirmed with an Agilent 2100 Bioanalyzer
(53). MRNA-Seq libraries were prepared using a TruSeq RNA sample prepa-
ration kit v2 (Illumina). Sequencing was performed using the lllumina HiSeq
2000 apparatus. Read alignment, read counting, and differential analysis
were performed using TopHat2 (70), HTSeq (71), and voom-limma R package
(72), respectively. For all four gene lists, a cutoff of P value of <0.05 and
log,(fold change) of <-0.5 or >0.5 were used to generate gene lists for
further bioinformatics analysis. qPCR was performed using SYBR green and
analyzed using the AACy method. Information on primers used for biological
validations is provided in Table S1.

Bioinformatics Analysis. Heat maps were generated using GENE-E, Venn di-
agrams were generated using VennPlex Version 1.0.0.2 (NIH), pathway
analysis was conducted using IPA, and Gene Ontology (GO) analysis was
conducted using the Database for Annotation, Visualization and Integrated
Discovery (DAVID). For pathway analysis, a cutoff of P value of <0.003 was
applied to the output pathways.
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Statistical Analysis. For the experiments monitoring behavior of the same
group of mice over time (Figs. 2 Cand D, 3, 4 A and C, and 7E and Fig. S2B), we
used two-way repeated-measures ANOVAs followed by Bonferroni’s post hoc
tests. For two-factor designs (Figs. 1 B-G, 2A, and 7 C and D and Fig. S2C), we
used two-way ANOVAs followed by Bonferroni's post hoc tests. For data con-
taining a single independent variable (Figs. 1A, Upper, 2A, and 4B and Fig. S2 D
and E), we used unpaired two-tailed t tests. For the data in graphs depicting
multiple individual single-factor comparisons (Figs. 2B, 4E, and 6C), we used
multiple t tests. Correlation analysis (Fig. 8D) was contacted using Spearman'’s
rho. Error bars are depicting +SEM. F and t values for each dataset are provided
in the figure legends.
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