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It has been established that mu opioid receptors activate the ERK1/2 signaling cascade both in vitro and in vivo. The Ser/Thr kinase RSK2 is

a direct downstream effector of ERK1/2 and has a role in cellular signaling, cell survival growth, and differentiation; however, its role in

biological processes in vivo is less well known. Here we determined whether RSK2 contributes to mu-mediated signaling in vivo. Knockout

mice for the rsk2 gene were tested for main morphine effects, including analgesia, tolerance to analgesia, locomotor activation, and

sensitization to this effect, as well as morphine withdrawal. The deletion of RSK2 reduced acute morphine analgesia in the tail immersion

test, indicating a role for this kinase in mu receptor-mediated nociceptive processing. All other morphine effects and adaptations to

chronic morphine were unchanged. Because the mu opioid receptor and RSK2 both show high density in the habenula, we specifically

downregulated RSK2 in this brain metastructure using an adeno-associated-virally mediated shRNA approach. Remarkably, morphine

analgesia was significantly reduced, as observed in the total knockout animals. Together, these data indicate that RSK2 has a role in

nociception, and strongly suggest that a mu opioid receptor–RSK2 signaling mechanism contributes to morphine analgesia at the level of

habenula. This study opens novel perspectives for both our understanding of opioid analgesia, and the identification of signaling pathways

operating in the habenular complex.
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INTRODUCTION

RSK2 belongs to the ribosomal S6 kinase 90 kDa family
(RSK or p90RSK) that includes four members (RSK1 to 4).
These serine/threonine kinases are substrates of extracel-
lular-regulated kinases 1 and 2 (ERK1/2) that in turn
activate both cytosolic and nuclear targets. Their roles in
cellular signaling, cell survival, growth, and differentiation
have been well established (Anjum and Blenis, 2008),
however their implication in biological processes in vivo
is less well known. RSK2 was identified as a disease gene
responsible for the Coffin–Lowry syndrome (Temtamy et al,
1975; Trivier et al, 1996; Pereira et al, 2010), an X-linked
disease with progressive skeletal abnormalities, facial
dimorphism, strong psychomotor impairment, and mental
retardation (Pereira et al, 2010). The severe consequences of

RSK2 deficiency in humans underscore the important role
for this member of the RSK family in both peripheral and
central physiology.

Mu opioid receptors are the primary molecular target of
both clinically useful and abused opiates in vivo, and have a
major role in pain control and drug reward (Kieffer and
Gaveriaux-Ruff, 2002; Contet et al, 2004; Le Merrer et al,
2009). These receptors, as for most Gi/o protein-coupled
receptors, activate the ERK1/2 signaling cascade. Morphine-
induced ERK1/2 phosphorylation was largely demonstrated
in cellular models, and also evidenced in vivo following both
acute and chronic treatments in rodent models (Eitan et al,
2003; Valjent et al, 2004). Further, ERK1/2 inhibitors
modulate responses to morphine, including acquisition
(Ozaki et al, 2004), reconsolidation, (Valjent et al, 2006) and
reinstatement (Li et al, 2008) of morphine-conditioned
place preference, as well as morphine withdrawal (Cao et al,
2005). RSKs are direct downstream effectors of ERK1/2
(Anjum and Blenis, 2008) and may therefore contribute to
morphine activity in vivo. This possibility, however, has not
been investigated thus far.

RSK2 is one of the most abundant RSK forms in the
brain and is expressed at the level of forebrain regions,
including cortex and hippocampus, where it is best
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described (Zeniou et al, 2002). We also recently found
prominent expression of RSK2 at the level of the habenular
complex (Darcq et al, 2011), a brain area that modulates
many neural processes and is the subject of increasing
attention (Lecourtier and Kelly, 2007; Hikosaka, 2010).
Importantly, the habenula is a main site for mu opioid
receptor expression, (Mansour et al, 1995; Kitchen et al,
1997) and therefore represents a possible brain substrate for
functional interaction between mu opioid receptor and
RKS2 signaling.

Here, we first tested the hypothesis that RSK2 mediates
some of the morphine activities in vivo. Using RSK2-
deficient mice, we investigated morphine analgesia, a main
effect of acute morphine, as well as locomotor sensitization
and physical dependence representing classical adaptive
responses to the drug. Because analgesia is reduced in
mutant mice, we further hypothesized that RSK2 is
implicated in morphine analgesia at the level of habenular
circuitry. Using virally mediated shRNA RSK2 knockdown,
we demonstrate for the first time that RSK2 signaling in
habenula contributes to morphine analgesia.

MATERIALS AND METHODS

Animals

Knockout mrsk2 (mrsk2 KO) mice were generated as
described (Yang et al, 2004). Heterozygous females carrying
the mutation were crossed with C57BL/6J males for at least
20 generations to obtain a 99.99% C57BL/6J genetic
background. Wild-type (WT) and knockout animals used
in this study were from the same littermates. Eight-week-old
male mice were housed 4 per cage, under standard
laboratory conditions (12 h dark/light cycle/light on at
0700 hours). Food and water were available ad libitum.
For stereotaxic experiments, wild-type C57BL/6J mice were
used (Charles River, St-Germain-sur-l’Arbresle, France).
All experimental procedures were conducted according to
standard ethical guidelines (European Communities Coun-
cil Directive of 24 November 1986 (86/609/EEC)).

Drugs

Morphine hydrochloride (Francopia, Sanofi Synthelabo
Laboratories, Paris, France) and Naloxone (Sigma-Aldrich,
Lyon, France) were prepared in saline (0.9% sodium
chloride). For surgery, mice were anaesthetized using
ketamine/xylazine (100/10 mg/kg). Drugs were administered
subcutaneously (naloxone) or intraperitoneally (morphine
and anesthetics) in a volume of 10 ml/kg.

Behavioral Testing

Morphine-induced analgesia. Mice were administered with
3, 5 or 10 mg/kg morphine or saline and analgesia tested
using the tail immersion test as previously described
(Scherrer et al, 2004; Contet et al, 2008). Briefly, 45 min
following injection, the tail was immersed in a water bath
set at 521C and tail withdrawal latencies were measured with
a cut-off time of 10 s. Baseline responding was measured for
3 days before testing and just before the first injection. To
test tolerance of morphine analgesia (twice daily, 10 mg/kg),

latencies were measured once daily for 9 days, 45 min
following the morning injection.

Morphine-induced locomotor sensitization. Locomotor
activity was measured in translucent activity boxes
(33� 15� 14 cm) set on an infrared-emitting floor (IR
lighted cages, Viewpoint) under a 40-lux indirect lighting,
with horizontal movements monitored using a video
tracking device (Videotrack, Viewpoint). Mice were placed
in the activity cages for 1 h (basal exploration), injected with
saline (1 ml/kg), and returned to the cages for 1 h. Mice were
then injected with morphine (40 mg/kg) or saline and
activity was recorded for 2 h. Distance traveled every 10-min
was recorded over the whole session (ViewPoint, France).
For locomotor sensitization, mice were injected twice a
week with 40 mg/kg morphine or saline (ip) and activity was
measured on day 1, 4, 8, 11, and 15 (adapted from (Contet
et al, 2008)).

Morphine-induced dependence. Mice were injected with
escalating doses of morphine (20, 40, 60, 80, 100 mg/kg) or
saline, twice daily for 5 days and received a single 100 mg/kg
injection on day 6. To measure physical dependence,
withdrawal was precipitated by naloxone (1 mg/kg) 2 h after
the last morphine injection (Contet et al, 2008). Somatic
withdrawal signs (jumps, paw and body tremors, activity,
shakes, sniffings, teeth chattering, ptosis, and piloerection)
were scored per 5-min period for 20 min under an indirect
50 lux lighting, and a global withdrawal score was calculated
as described (Le Merrer et al, 2011).

Construction of RSK2-ShRNA and AAV Purification

Viral production and shRNA design were carried out using
AAV2-helper-free system (Stratagene, France). Two shRNA
constructs were used in this study, AAV2-shRSK2 and
AAV2-shScramble control, both containing a fluorescent
eGFP reporter. In vitro as well as in vivo validation of RSK2
knockdown are described elsewhere (Darcq et al, 2011).

Surgery and Virus Delivery

With a stereotaxic apparatus (Unimecanique, France),
AAV2-shRSK2 and AAV2-shScramble were infused into
the medial habenula (Paxinos and Franklin, 2001) under
ketamine/xylazine anesthesia. Purified AAV2 were infused
bilaterally (1.5 ml per side/15 min) using a 5-ml microsyringe
(SGE Analytical Science, Australia) and the needle was held
in place for an additional 10 min before being removed.
Coordinates for the injections were (anteroposterior,
�1.34 mm from bregma; mediolateral, ±0.3 mm from
midline; dorsoventral, �3.0 mm from dura skull surface)
(see (Darcq et al, 2011)). Following surgery, mice were
single housed for 48 h and then placed back in their home
cage for 6 weeks prior to behavioral testing.

In total, we have prepared two large animal cohorts for
behavior (for each cohort n¼ 20 shRSK2 mice and n¼ 20
shScramble mice). In order to optimize the use of our
animals and meet ethical requirements, we used animals in
two distinct experimental sequences that involved lithium
place conditioning in a first sequence (previously published
study, Darcq et al, 2011) and morphine treatments for the
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second sequence (this study). To exclude behavioral
interference between the two experimental series, animals
were left at rest for 1 week before receiving morphine
injections. Most importantly also, a number of animals
either did not experience the lithium-conditioning para-
digm (entirely naı̈ve), or only received saline in the lithium
conditioning experiment (lithium naı̈ve), so that data
analysis could be performed on naı̈ve and previously
lithium-exposed animals separately, and ultimately pooled
(see Results section and Figure 4b). The detailed timeline of
the entire experimental sequence and the composition of
each group for the two cohorts is shown in Supplementary
Figure 1A and B.

Tissue Preparation and in situ Hybridization

Brain sections (20 mm) were analyzed for injection accuracy
into the habenula using fluorescent microscopy (Darcq
et al, 2011) or processed for in situ hybridization using
digoxigenin-labeled RNA probes, as previously described
(Chotteau-Lelievre et al, 2006), with a 276-bp Rsk2 probe
(Zeniou et al, 2002) and a 608-bp Oprm1 probe (accession
number: NM_001039652; bp 654–1262).

Statistical Analysis

Data were analyzed using analysis of variance (ANOVA),
computed with the Statistical Program for the Social
Sciences (SPSS; V.19). Degrees of freedom for repeated
measures were adjusted using the Greenhouse–Geisser
correction if assumptions of sphericity were violated. When
significant main effects were observed in between-subjects
analyses, post-hoc tests were performed using a Bonferroni
correction. Within-subjects significant main effects were
further analyzed with post-hoc paired t-tests with an p

correction for the number of comparisons made. Significant
interactions were analyzed with simple main effects.

RESULTS

Morphine Analgesia is Reduced in RSK2 Knockout Mice

We first investigated morphine analgesia in the tail
immersion test, a classical pain paradigm used to assess
acute analgesic effects of opiates. We compared the
analgesic properties of three doses of morphine in wild-
type (WT) and mrsk2 knockout (KO) animals (Figure 1a).
We used a two-way ANOVA with drug dose and genotype as
between-subjects factors. Results revealed significant main
effects of both drug dose (F(3, 111)¼ 80.68, po0.001) and
genotype (F(1, 111)¼ 23.66, po0.001) and a significant
dose� genotype interaction (F(3, 111)¼ 11.55, po0.001).
Simple main effects of the dose� genotype interaction
revealed no genotype differences at 3 mg/kg morphine. At
5 and 10 mg/kg morphine doses, a significant increase of
latencies was observed in both WT and mrsk2 KO animals
(all p-values o0.001). Furthermore, at these doses, KO
animals had significantly shorter latencies than WT animals
(all p-values o0.01). There was no difference between WT
and mrsk2 KO animals following saline injection. In
conclusion, these data show a reduction of morphine
analgesia in mrsk2 KO mice, suggesting that RSK2 signaling

contributes to morphine analgesia in the tail immersion
test.

We also tested whether repeated injections of morphine
would lead to analgesic tolerance that would differ between
mrsk2 KO and WT mice. We used the tail immersion test as
described previously. Tail-withdrawal latency was measured
for 3 days prior to testing (habituation), then once daily
for 9 days (Figure 1b). Analgesic tolerance was analyzed
using a three-way ANOVA with drug and genotype as
between-subjects factors and day as a within subjects factor.
Significant main effects of day (F(8, 200)¼ 11.99, po0.001),

Figure 1 Decreased acute morphine effect on tail-withdrawal latency in
rsk2 knockout mice (mrsk2 KO) mice. (a) Morphine produces analgesia in
the tail immersion test on both wild-type (WT) and mrsk2 KO. Tail
withdrawal latencies were measured at 521C following morphine injection
at 3 mg/kg (a, WT saline n¼ 7, morphine n¼ 10; KO saline n¼ 6, morphine
n¼ 5), 5 mg/kg (b, WT saline n¼ 9, morphine n¼ 16; KO saline n¼ 9,
morphine n¼ 11) and 10 mg/kg (c, WT saline n¼ 9, morphine n¼ 14; KO
saline n¼ 10, morphine n¼ 14). Latencies were significantly increased at
5 and 10 mg/kg in both genotypes. Interestingly, morphine analgesia is
significantly reduced in mrsk2 KO mice at both 5 and 10 mg/kg compared
with WT controls. Values represent the mean±SEM. Main effect of drug:
%%%po0.001. Effect of genotype (comparison between WT and mrsk2
KO within each treatment condition): $$po0.01. (b) Tolerance to
morphine analgesia develops in WT and mrsk2 KO mice. Morphine was
injected twice daily (10 mg/kg) and tail withdrawal latencies were measured
45 min following the morning saline or morphine injection (WT saline
n¼ 6, morphine n¼ 8; mrsk2 KO saline n¼ 7, morphine n¼ 8). As in the
previous experiment (a), mrsk2 KO mice showed reduced morphine
sensitivity at days 1–3, however both genotypes showed tolerance with
latencies back to saline-injected levels by day 9. Values represent the
mean±SEM. Main effect of drug: #po0.05; simple main effects of drug
(saline vs morphine): %%po0.01, %%%po0.001; effect of genotype
(comparison between WT and mrsk2 KO within each treatment
condition): $po0.05, $$po0.01.
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drug (F(1, 25)¼ 294.49, po0.001), and genotype (F(1, 25)¼
19.57 po0.001) were observed. Simple main effects of
the significant three-way interaction (F(8, 200)¼ 3.13,
p¼ 0.031) revealed morphine (10 mg/kg) analgesia for both
genotypes on days 1–3, with reduced latencies for mrsk2 KO
compared with WT (po0.05) (Figure 1b). We observed a
reduction of analgesia with repeated morphine injections;
mrsk2 KO and WT animals had similar latencies between
days 4–9 (p40.05), which were back to saline-injected
responding by day 9. In conclusion, these data confirm
reduced analgesic effects of morphine in the tail withdrawal
response for the mrsk2 KO mice. Also, tolerance to analgesic
effects of morphine has developed similarly in both
genotypes leading to full analgesic tolerance at 9 days. This
result suggests that RSK2 does not contribute to neuro-
adaptations leading to tolerance.

Locomotor Activation and Sensitization are Unchanged
in RSK2 Knockout Mice

We then investigated morphine-induced hyperlocomotion,
a well-documented effect of morphine. WT and mrsk2 KO
mice were administered with either saline or morphine
(40 mg/kg) (see methods) and the total distance traveled for
2 h was measured (Figure 2). This morphine effect was
examined using a three-way ANOVA with drug and
genotype as between-subjects factors and day as a within
subjects factor. Significant main effects of day
(F(4, 128)¼ 16.51, po0.001) and drug (F(1, 32)¼ 163.49,
po0.001), as well as a significant day� drug interaction
(F(4, 128)¼ 18.59, po0.001) were observed. There was no
significant genotype main effect, or genotype interactions.
Simple main effects of the day� drug interaction revealed
a morphine-induced stimulatory effect on locomotion in
all animals at all days (all p-values o0.001). Furthermore,
sensitization was observed in all treated animals, with a
greater distance traveled on consecutive injections, with the
exception of day 15 (all p-values o0.001). In conclusion,
deletion of RSK2 did not affect morphine hyperlocomotion
nor locomotor sensitization in our conditions.

Naloxone-Precipitated Morphine Withdrawal is
Maintained in RSK2 Knockout Mice

We further investigated morphine dependence, a syndrome
that engages broad adaptations throughout brain circuits.
We induced physical dependence to morphine by repeated
injections of ascending doses of morphine (20–100 mg/kg),
twice daily over 6 days. Two hours after the last morphine
or saline injection, a single naloxone dose (1 mg/kg) was
administered and withdrawal signs were scored. A global
withdrawal score was calculated (adapted from Le Merrer
et al, 2011) for WT and mrsk2 KO animals (Figure 3). Two-
way ANOVAs examining effects of drug and genotype were
performed for each behavior measured. For jumps, main
effects of drug (F(1, 36)¼ 69.67, po0.001), and genotype
(F(1, 36)¼ 16.29, po0.001), and the drug� genotype inter-
action (F(1, 36)¼ 5.52, p¼ 0.024) were observed. Simple
main effects of this interaction revealed that KO mice
jumped significantly more than WT following both saline
and morphine injections, indicating that naloxone alone has
a measurable effect in KO animals for this behavior. For
teeth chattering, main effects of drug (F(1, 36)¼ 41.91,
po0.001), and genotype (F(1, 36)¼ 5.61, p¼ 0.023) were
obtained, with increased teeth chattering in mrsk2 KO vs
WT. For sniffing, activity, ptosis, and piloerection, main
effects of drug were observed ((F(1, 36)¼ 17.19, po0.001),
(F(1, 36)¼ 7.07, p¼ 0.012), (F(1, 36)¼ 74.77, po0.001), and
(F(1, 36)¼ 332.24, po0.001), respectively). No genotype
differences were observed for other withdrawal signs (paw
and body tremors, shakes). For the global withdrawal score
comparison, only the main effect of drug was significant
(F(1, 36)¼ 57.64, po0.001). Overall, morphine-treated mice
of both genotypes showed significantly more naloxone-
precipitated withdrawal signs, including increased jumps,
sniffing, teeth chattering, ptosis, and piloerection and
decreased activity (Figure 3). This effect was confirmed by
the analysis of the global score, suggesting that RSK2 does
not contribute to physical dependence induced by mor-
phine.

Morphine Analgesia is Reduced upon RKS2 Knockdown
in the Habenula

We measured mu opioid receptor (Oprm1) and Rsk2
expression in the adult mouse brain by in situ hybridiza-
tion. Results of hybridization on adjacent coronal sections
show that both transcripts are expressed in habenula, with a
high expression in the medial part (MHb) (Figure 4a). In a
pilot study, we observed that acute morphine treatment
increases the phosphorylated form of ERK in the habenula,
suggesting that mu opioid receptor activation indeed
recruits the ERK-RSK2 pathway in this brain structure
(Supplementary Figure 2).

We then examined whether RSK2 signaling in the MHb
contributes to morphine analgesia. We reduced expression
of RSK2 in the Hb using a virally mediated mrsk2 shRNA
knockdown approach, which drastically reduces RSK2
mRNA expression paralleled with a 40% reduction of
protein levels (see our previous report Darcq et al, 2011).
Two independent cohorts of 40 animals were injected
bilaterally either with adeno-associated virus 2 (AAV2)
expressing a mrsk2 shRNA (shRSK2) or a scramble control

Figure 2 rsk2 gene deletion does not modify morphine-induced
locomotor activity. Wild-type (WT) and rsk2 knockout (mrsk2 KO) mice
were treated twice a week with either saline or 40 mg/kg morphine (n¼ 9/
group) to evaluate the development of sensitization to morphine-induced
hyperlocomotion. Locomotor activity was monitored for 2 h following each
injection. Values represent the mean±SEM of distance traveled during
each 2-h session. Main effect of drug: %%%po0.001; simple main effect of
day (morphine group: comparison made to previous day): #po0.05,
##po0.01.
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shRNA (shScramble). Treated mice were subjected to
behavioral testing, first in a lithium place-conditioning
paradigm (6 weeks post injection, data shown in Darcq et al,
2011), then for morphine analgesia using the tail immersion
test (8 weeks post injection), and for withdrawal symptoms
(9 weeks post injection). This design aimed at optimizing
animal usage (see Methods and Supplementary Figure 1A
and B). Animals were finally euthanized to control for
correct injection site and viral expression (eGFP signal)

analysis (Darcq et al, 2011), and altogether, AAV-injected
animals (shScramble n¼ 17/group, shRSK2 n¼ 18/group)
were tested for morphine responses.

In order to exclude the possibility that prior exposure to
lithium-conditioned place aversion influences subsequent
morphine analgesia, we analyzed tail withdrawal responses
in several distinct subgroups of shScramble- and shRSK2
mice. A first comparison included small subgroups of mice
that were not previously tested for lithium conditioning
(naı̈ve). Morphine analgesia appeared reduced in shRSK2-
treated mice (Supplementary Figure 3), and statistical
analysis confirmed a significant main effect of morphine
(F(1, 9)¼ 6.106, po0.05) and a main effect of viral
treatment (F(1, 9)¼ 2.889, p¼ 0.1234). A second analysis
compared groups of mice previously conditioned with
lithium (pre-exposed lithium) with mice previously condi-
tioned with saline (pre-exposed saline) or unexposed to the
conditioning paradigm (naı̈ve) (Figure 4b). Statistical
analysis revealed a significant main effect of morphine
(F(1, 62)¼ 31.862, po0.001) and viral treatment (F(1,
62)¼ 10.785, po0.002) and a significant morphine� viral
treatment interaction (F(1, 62)¼ 10.824, po0.002). Impor-
tantly, there was no main effect of the pretreatment (F(1,
62)¼ 0.278, p¼ 0.5998) and no interaction between pre-
treatment and the main effect of morphine (saline vs
morphine) (F(1, 62)¼ 2.311, p¼ 0.5176) or between pre-
treatment and the main effect of viral treatment (shScram-
ble vs shRSK2) (F(1, 62)¼ 3.820, p¼ 0.4060). These results
confirm reduced morphine analgesia in shRSK2-treated
mice, and indicate that this effect does not differ across pre-
exposed and naı̈ve animals.

Because prior behavioral testing did not modify analgesic
responses to morphine, we finally combined data from
animals of all the subgroups and used a two-way ANOVA
with morphine and viral treatment as between-subjects
factors (Figure 4c). Analyses revealed a significant main
effect of both morphine (F(1, 66)¼ 32.75, po0.001) and
viral treatment (F(1, 66)¼ 10.16, po0.002) and a significant
morphine� drug treatment interaction (F(1, 66)¼ 10.29,
po0.002). Morphine significantly increased latency in both
AAV-injected groups compared with saline groups (all
p-values o0.001). Furthermore, there was no difference
following saline injection between shScramble- and
shRSK2-injected animals; however, for morphine-treated
mice, shRSK2 animals had significantly shorter latencies
than control shScramble animals (po0.01). Morphine
analgesia in the tail response is therefore significantly
reduced upon local RSK2 knockdown in the habenula.
Remarkably, our data also show that total RSK2 gene
knockout (Figure 1) and local RSK2 knockdown both
reduce morphine analgesia to similar extent. RSK2
expression at this particular brain site, therefore,
largely contributes to morphine analgesia in the tail
immersion test.

To address the specificity of RSK2 knockdown in
habenula on the analgesic response to morphine, we also
investigated the consequences of AAV2-shRSK2 injection
on naloxone-precipitated morphine withdrawal. Somatic
signs of naloxone-induced morphine withdrawal were
measured, as for the knockout study, on mice either
injected with shScramble (n¼ 17/group) or with shRSK2
(n¼ 18/group) (Figure 4d and Supplementary Figure 4).

Figure 3 Chronic morphine treatment does not modify withdrawal
syndrome in rsk2 knockout mice (mrsk2 KO). Mice were treated twice
daily for 5 days with either saline or ascending doses of morphine (n¼ 10/
group/genotype; 20–100 mg/kg). On the sixth day, withdrawal syndrome
was precipitated by administrating the antagonist naloxone (1 mg/kg) 2 h
after the last morphine injection. Somatic signs of withdrawal were
recorded for 20 min scored and a global score was calculated (bottom right
panel). Overall, morphine-treated mice showed significantly more with-
drawal signs than saline-treated mice and no significant difference was
observed between mrsk2 KO and wild-type (WT) mice for the global
withdrawal score. Values represent the mean±SEM. Main effect of drug:
%%po0.01; %%%po0.001; main effect of genotype: #po0.05; simple
main effect of genotype (comparison between WT and mrsk2 KO within
each treatment condition): $po0.05; $$po0.01.
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Two-way ANOVAs for effects of drug and virus
showed significant drug main effects for the following
behaviors: jump (F(1, 65)¼ 315.24, po0.001)), sniffing
(F(1, 65)¼ 45.30, po0.001)), activity (F(1, 65)¼ 177.82,
po0.001)), paw tremors (F(1, 65)¼ 29.76, po0.001),
teeth chattering ((F(1, 65)¼ 823.61, po0.001)), ptosis
(F(1, 65)¼ 964.86, po0.001), and piloerection (F(1, 65)¼
705.60, po0.001)). For teeth chattering, simple main effects
of the significant drug� virus interaction (F(1, 65)¼ 5.12,
p¼ 0.027) revealed that AAV–shRSK2-injected mice teeth
chattered significantly more than shScramble following
morphine, but not saline. No significant effects were
observed for body tremors or shakes. A significant drug
main effect was observed for the global withdrawal score

(F(1, 65)¼ 180.29, po0.001)) but no significant effect of
virus (F(1, 65)¼ 0.62, p¼ 0.44)) and no drug� virus
interaction (F(1, 65)¼ 0.19, p¼ 0.66). Overall, shScramble-
and shRSK2-injected mice showed somatic signs of with-
drawal. There was no significant difference between
morphine-treated mice injected with either virus. This
result demonstrates that full expression of RSK2 in MHb is
not necessary for the emergence of morphine-withdrawal
signs. RSK2 signaling in habenula did not modulate
naloxone response. This morphine effect therefore was
unchanged in both total and local RSK2-deficient animals.

DISCUSSION

Our study shows that RSK2 signaling contributes to
morphine analgesia in the tail withdrawal response.
Furthermore, our finding that similar reductions of
morphine analgesia are found following both constitutive
mrsk2 gene knockout and local RSK2 mRNA knockdown in
the habenula demonstrates that RSK2 operating at the level
of habenula neurons contributes to this morphine effect.
In vivo RSK2 has a role in both developmental and

cognitive processes, evidenced by the severe phenotype
induced by RSK2 deficiency in Coffin–Lowry patients
(Hanauer and Young, 2002; Pereira et al, 2010). mrsk2 KO
mice recapitulate some of the human symptoms, including
peripheral deficits in glycogen metabolism of skeletal
muscle (Dufresne et al, 2001) and lipodystrophy (El-
Haschimi et al, 2003), as well as central effects on cognition
(Poirier et al, 2007). The latter includes impairments of
spatial working memory, delayed acquisition of spatial
reference memory and long-term spatial memory. In
addition, disinhibition and difficulties adapting to a new
environment, observed in mutant mice, likely contribute to
the cognitive deficits (Poirier et al, 2007). Our study
examines major responses to opiates, including analgesia,

Figure 4 Adeno-associated viral (AAV)-mediated expression of RSK2
short hairpin RNA (shRSK2) in the habenula decreases morphine analgesia.
(a) Representative images showing the overlapping expression pattern of
rsk2 and Oprm1 (mu opioid receptor) mRNA measured by dig-labeled
RNA in situ hybridization on adjacent 20mm coronal brain sections reveals
that both transcripts are expressed in medial habenula. (b and c) Effect of
RSK2 knockdown on morphine analgesia. Eight weeks following AAV
injection, mice were tested for morphine analgesia (10 mg/kg) in the tail
immersion test. (b) Comparison of animals with or without prior behavioral
testing (Darcq et al, 2011) indicates that prior lithium exposure does not
influence morphine analgesia. Tail withdrawal responses are shown in
animal subgroups either unexposed to lithium (naı̈ve or pre-exposed to
saline, ShScramble saline n¼ 8, ShScramble morphine n¼ 11, ShRSK2
saline n¼ 10 and ShRSK2 morphine n¼ 12) or pre-exposed to lithium
(ShScramble saline n¼ 9, ShScramble morphine n¼ 6, ShRSK2 saline n¼ 8
and ShRSK2 morphine n¼ 6). (c) Combined tail withdrawal data from
all subgroups (AAV2-shRSK2, n¼ 18/group; AAV2-shScramble, n¼ 17/
group). Morphine increases tail withdrawal latencies in the two groups, but
with significantly lower efficacy in shRSK2 mice. (d) Naloxone-precipitated
morphine withdrawal syndrome was observed in the same animals. Global
withdrawal score is increased in all morphine-treated mice with no
significant differences between shScramble and shRSK2 animals. Values
represent the mean±SEM. Main effect of morphine: %%%po0.001;
simple main effect of viral treatment (morphine groups: shScramble vs
shRSK2): $po0.05 and $$po0.01.
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locomotor activation and physical dependence, and
therefore addresses a distinct set of behavioral responses.
Our finding of reduced morphine analgesia in mrsk2
knockout mice uncovers a novel role for this kinase in
pain control. Whether RSK2 contributes to other forms of
sensory processes remains open. In a previous study, mrsk2
knockout mice also showed cortical hyperdopaminergia,
suggesting a role of RSK2 in the modulation of dopami-
nergic neurotransmission (Marques Pereira et al, 2008). Our
data further indicate that RSK2 also contributes to opioid
neurotransmission, thereby identifying another RSK2-regu-
lated neuromodulatory system.

RSK2 is mainly expressed in the forebrain, at the level of
cortex and hippocampus, which contributes partly to
higher-order processing of painful stimuli (Basbaum et al,
2009). Interestingly, RSK2 is also highly expressed in medial
habenula ((Darcq et al, 2011) and our present results), a
highly conserved epithalamic structure. This small region of
the brain operates as a metastructure linking extrapyrami-
dal and limbic systems in a bidirectional manner, and
integrates cognitive with emotional and sensory processes
(Lecourtier and Kelly, 2007; Hikosaka, 2010). The strong
RSK2 expression in the habenula suggests that the kinase
contributes to a number of habenula-mediated behavioral
responses. Further, habenular lesions in the rat produced
effects comparable to the deficits observed in mrsk2 KO
mice (Thornton and Evans, 1984; Lecourtier and Kelly,
2007; Poirier et al, 2007; Darcq et al, 2011). Our finding that
local RSK2 knockdown in the habenula reduces morphine
analgesia, together with data from habenular lesions,
highlight the important role of RSK2 in regulating
morphine responses in the habenula.

There is evidence that habenular neurons contribute to
pain control. Nociceptive processing involves a complex
circuitry. Namely, this circuitry includes the ascending pain
pathways that originate at the level of first-order primary
afferent neurons and extend to higher-order thalamic and
cortical levels where pain messages are integrated, as well as
descending inhibitory pain pathways, which recruit mainly
brain stem and spinal cord networks (Fields, 2004;
Dickenson and Kieffer, 2006). Previous work has shown
that electrical stimulation of the habenula produces
analgesia (Cohen and Melzack, 1985, 1986; Terenzi et al,
1990; Terenzi and Prado, 1990), indicating that antinoci-
ceptive activity potentially originates from this epithalamic
nucleus. This effect was reversed by naloxone (Mahieux and
Benabid, 1987), implicating opioid receptor-mediated me-
chanisms, which are in agreement with the high mu opioid
receptor density found in this structure (Kitchen et al, 1997;
Le Merrer et al, 2009 and our results). Recent studies,
combining analgesic measures following local application of
morphine in the habenula and retrograde tracing, suggest
that mu opioid receptors in the habenula activate descend-
ing antinociceptive pathways (Narita et al, 2008) via dual
modulation of excitatory synaptic transmission in Hb
neurons (Hashimoto et al, 2009). Our observations that
RSK2 and mu receptors are co-expressed in habenula, and
that RSK2 knockdown in the habenula reduces morphine
analgesia, provide a molecular mechanism underlying
habenular antinociceptive activity. We therefore propose
that a mu opioid receptor–RSK2 signaling pathway in Hb
neurons produces analgesia.

To our knowledge, there is no report for a molecular
pathway involving mu opioid receptors and RSKs in vivo, as
of yet. Opioid receptors are Go/Gi coupled receptors, and
their best-described effectors in vivo are voltage-dependent
Ca + channels and inwardly rectifying potassium channels
whose activation leads to decreased transmitter release or
neuron hyperpolarization, respectively (Williams et al,
2001). The MAPK pathway was reported as another in vivo
effector system for opioid receptors. Evidence is mainly
based on phosphorylation data (Eitan et al, 2003; Valjent
et al, 2004) and in vivo manipulation studies targeting
ERK1/2, which is one of the most studied actors of this
pathway. ERK1/2 inhibition, following intracerebroventri-
cular administration of a ERK 1/2 phosphorylation blocker
or antisense oligonucleotide, decreased morphine with-
drawal in the rat (Cao et al, 2005). Conditioned place
preference to morphine was abolished when ERK1/2
inhibitors, but not p38 inhibitors, were injected into the
VTA (Ozaki et al, 2004), and ERK inhibition during
reexposure to the context abolished a previously learned
place preference (Valjent et al, 2006). Finally, inhibition of
ERK activity in the central amygdala reduced reinstatement
of morphine place preference after 14 days of abstinence
(Li et al, 2008). Thus, activation of ERK 1/2 is essential for
a number of behavioral responses to morphine, and this
signaling pathway operates at several brain sites. Studies in
cellular models have shown that mitogen and stress-
activated protein kinases (MSKs) and RSKs represent two
major ERK1/2 substrates (Anjum and Blenis, 2008), and
may therefore potentially act as ERK substrates in the brain.
In vivo data have established the importance of ERK/MSK
signaling in cocaine-induced chromatin remodeling and
gene regulation, at the level of striatal neurons (Brami-
Cherrier et al, 2009). Here we show that RSK2, belonging to
the other major ERK1/2 substrate family, acts as a down-
stream effector of mu opioid receptors in the habenula. It is
therefore likely that the entire MAPK pathway, including
ERK1/2 and RSK2, operates within habenular neurons.
Future studies will establish whether kinases of this pathway
are activated in vivo at the level of habenula, and potentially
identify cytoplasmic or nuclear downstream RSK2 targets
(Brami-Cherrier et al, 2009) involved in the modulation of
habenular function.

Our data show that RSK2 signaling contributes to
morphine analgesia in the tail immersion test. RSK2 also
seems to contribute to some naloxone effects, involving an
endogenous opioid tone but this effect, which does not
involve habenular neurons, requires further investigation.
Our data, however, provide no evidence for an implication
of RSK2 in any other morphine response that we have
tested, including locomotor effects of morphine and
physical dependence to morphine. We cannot exclude the
possibility that RSK2 is also involved, at least partially, in
these effects of morphine, but this contribution was
undetectable under our experimental conditions. Locomo-
tor responses and sensitization mostly involve neural
activity and adaptations within striatal circuits (Grillner
et al, 2005), and drug withdrawal engages broad neural
networks throughout the brain. Therefore, it is likely that
mu opioid receptors do not, or only weakly, recruit RSK2
signaling for these behavioral responses, either because
RSK2 is not expressed in recruited neurons or because the
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mu receptor induces these behavioral responses via other
signaling effectors.

In conclusion, our study shows that RSK2 mediates a
specific mu opioid receptor-mediated response, which
operates at the level of the habenula in the brain. These
results have two important implications. First, the data
reveal that beyond cognition, RSK2 has a role in nociceptive
processing. Second, our findings identify a novel mu opioid
receptor-mediated signaling mechanism contributing to
morphine analgesia in the habenula. This study unfolds
novel perspectives for both our understanding of molecular
mechanisms involved in opioid analgesia at circuitry levels,
and the identification of in vivo signaling pathways
operating in the habenula.
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