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Mu opioid receptors in the medial habenula contribute
to naloxone aversion
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L. Kieffer @'>34>

The medial habenula (MHDb) is considered a brain center regulating aversive states. The mu opioid receptor (MOR) has been
traditionally studied at the level of nociceptive and mesolimbic circuits, for key roles in pain relief and reward processing. MOR is
also densely expressed in MHb, however, MOR function at this brain site is virtually unknown. Here we tested the hypothesis that
MOR in the MHb (MHb-MOR) also regulates aversion processing. We used chnrb4-Cre driver mice to delete the Oprm1 gene in
chnrb4-neurons, predominantly expressed in the MHb. Conditional mutant (B4MOR) mice showed habenula-specific reduction of
MOR expression, restricted to chnrb4-neurons (50% MHb-MORs). We tested BAMOR mice in behavioral assays to evaluate effects of
MOR activation by morphine, and MOR blockade by naloxone. Locomotor, analgesic, rewarding, and motivational effects of
morphine were preserved in conditional mutants. In contrast, conditioned place aversion (CPA) elicited by naloxone was reduced in
both naive (high dose) and morphine-dependent (low dose) BAMOR mice. Further, physical signs of withdrawal precipitated by
either MOR (naloxone) or nicotinic receptor (mecamylamine) blockade were attenuated. These data suggest that MORs expressed
in MHb B4-neurons contribute to aversive effects of naloxone, including negative effect and aversive effects of opioid withdrawal.
MORs are inhibitory receptors, therefore we propose that endogenous MOR signaling normally inhibits chnrb4-neurons of the MHb
and moderates their known aversive activity, which is unmasked upon receptor blockade. Thus, in addition to facilitating reward at

several brain sites, tonic MOR activity may also limit aversion within the MHb circuitry.

Neuropsychopharmacology (2020) 45:247-255; https://doi.org/10.1038/s41386-019-0395-7

INTRODUCTION

The habenula (Hb) is a small epithalamic structure connecting
forebrain to midbrain regions [1, 2]. It is composed of two sub-
structures, the lateral Hb and the medial habenula (MHb) [3]. The
MHb receives inputs mainly from the septum through the stria
medularis and projects massively to the interpeduncular nucleus
(IPN) through the fasciculus retroflexus [1].

Recent preclinical data describe the MHb as a brain center for
aversion [4] and evidence suggests that the MHb encodes
negative affective states and aversive memories [5, 6]. In addiction
research, most studies have focused on nicotine [7] with emphasis
on the B4 nicotinic receptor subunit (hereafter called B4) that
shows an expression pattern mostly restricted to the MHb [8].
Among key findings, the overexpression of B4 single nucleotide
polymorphisms associated to nicotine dependence in the mouse
MHDb altered nicotine consumption [9], and subunit rescue in the
IPN of B4 knockout mice restored intravenous nicotine self-
administration [10, 11]. B4 knockouts also showed milder physical
withdrawal symptoms precipitated upon nicotinic receptor block-
ade (mecamylamine), after chronic nicotine [12, 13], whereas
transgenic mice with targeted overexpression of B4 displayed
strong aversion to nicotine [14, 15]. All these data thus converge
towards a role for MHb B4-expressing neurons in addiction-related
behaviors, at least with regards to nicotine [16-18].

The MHb also expresses the highest density of mu opioid
receptors (MORs) [2, 19] in the brain. MORs mediate both strong
analgesic and addictive properties of opiates [20] and also
contribute to the rewarding effects of other drugs of abuse [21]
and natural rewards [22-24]. Brain sites for MOR-mediated reward
have been extensively investigated both genetically [15, 21] and
pharmacologically [25], and the implication of MORs in dopami-
nergic mesolimbic circuitry is largely demonstrated [26]. Overall,
MORs are typically associated with reward processing and positive
hedonic states, and much less is known about the contribution of
MOR signaling in regulating negative affect. Preclinical studies
have shown that pharmacological blockade of MORs produces
aversive states, either emotional in naive animals [27, 28] or both
emotional and somatic in opioid-dependent animals [20, 29-31],
and a study also suggested a role for MORs in emotional deficits
that develop upon protracted abstinence to opiates [32]. In the
latter model, the dorsal raphe nucleus was shown to be one brain
site responsible for some aspects of MOR-mediated mood
impairment, notably social withdrawal [33]. MORs, however, are
present in several aversion brain centers, and circuit mechanisms
underlying the potential influence of MOR activity on negative
affect remain poorly investigated.

Here we hypothesized that MORs expressed in MHb neurons,
particularly in B4-expressing neurons, may contribute to the
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regulation of a number of aversive responses. To test this, we
genetically inactivated MORs specifically in MHb B4-expressing
neurons (B4MOR mice) and characterized the contribution of
MORs expressed in MHb B4-positive neurons in best-known
morphine effects and food reward, as well as aversive responses
to naloxone. We demonstrate that the targeted manipulation
reduces conditioned place aversion elicited by MOR blockade
(naloxone) in both naive and morphine-dependent mice, whereas
reward-related behaviors are unchanged. We therefore demon-
strate that this small MOR population is strategically located to
mediate aversive effects of naloxone, suggesting that tonic MOR
signaling in the MHb normally alleviates aversive processes.

MATERIALS AND METHODS
Animals
For MOR/B4 colocalization, we crossed B4-Cre mice (RRID:
MMRRC_036203-UCD) with  MORmCherry mice [34] and the
resulting MORmcherry*"K'B4-Cre™ mice were used for the tracing
experiments. For all other experiments, we generated conditional
B4MOR ™/~ knockout mice and their BAMOR™* littermate controls
by crossing B4-Cre mice with MOR mice [35]. Crossing was
performed on the hybrid 50% 129SvPas-50% C57BI/6J back-
ground, and male littermates (3-5 months) were used for
behavioral testing. Further details are in Supplemental informa-
tion. All animal procedures were conducted in accordance with
the guidelines set forth by the Canadian Council of Animal Care
and by the Animal Care Committees of McGill University/Douglas
Mental Health University Institute (Animal protocol 7466).

See Supplemental information for drugs, molecular and
histochemical methods, and behavioral testing.

Statistical analysis

All data are presented as mean = SEM. Data were analyzed with
(GraphPad Prism) unpaired t-test or two-way ANOVA with or
without repeated measures (RM-ANOVA). Significant main effects
and interactions of the ANOVAs were further investigated with
the Bonferroni post-hoc test or method of contrast analysis.
Statistical significance was set at p < 0.05. Detailed statistics
information related to all figures are shown in Supplementary
Table S1.

RESULTS
B4MOR™~ mice lack MORs specifically in B4 neurons of the MHb
We first identified a Cre driver transgenic line that would allow
specific Oprm1 gene deletion in the MHb. The Chnrb4-Cre line was
a good candidate, as B4 is expressed predominantly at this brain
site [8, 36]. Neuronal tracing using Chnrb4-Cre mice crossed
with knock-in  MORmCherry mice that express a detectable
fluorescently-tagged MOR protein [34], combined with a
Cre-dependent anterograde eGFP viral tracer (Fig. 1a left panel,
AAV2-FlexGFP), revealed substantial overlap of MORmCherry
(receptor) and eGFP (B4MOR fluorescent signals in the MHb;
Fig. 1a, right image, coronal view), and along tracks forming the
IPN (Fig. 1a, right image, sagittal view). We quantified coexpres-
sion of MOR and B4 at cellular level, using in situ hybridization
(ISH). The Oprm1 transcript was distributed throughout the brain
[25] with prominent expression in the MHb detected in both
apical and lateral parts, concordant with the reported MOR protein
distribution [19]. The B4 transcript was restricted to the MHb as
expected (GENSAT RRID:MMRRC_036203-UCD), mainly localized in
ventromedial and ventrolateral areas (Fig. 1c, left image), and was
found in 48.85+11.1% MHb Oprmi-positive neurons (Fig. 1c,
Right panels), suggesting that the B4-Cre driver mouse line should
produce a significant decrease of MORs in the MHb.

Next, we inactivated the Oprm1 gene in the MHb by crossing
MOR floxed [35] and B4-Cre mice. To assess the extent of Oprm1
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deletion in the MHb, we first quantified Oprm1 mRNA levels by
RT-gPCR in microdissected brain samples from B4MOR condi-
tional KO mice (B4MOR™’7) and their control littermates
(B4MOR™*). As shown in Fig. 1b, Oprm1 expression was
significantly decreased in the Hb of BAMOR ™'~ mice compared
to BAMOR™™ controls, consistent with the observed Oprm1-B4
transcript overlap and also the high Cre expression predomi-
nantly in this sample (Supplementary Fig. S1). Oprm1 expression
was otherwise intact in the striatum, the ventral tegmental area/
substantia nigra, the IPN, and the medulla that all express high
Oprm1 levels, and possibly also Chnrb4 during development
[37], providing evidence that the Oprm1 deletion occurred
mainly in the habenula. We further examined spatial distribution
of Oprm1 deletion in the MHb using ISH analysis (Fig. 1c), and
observed substantial decrease of Oprm7 mRNA mainly in the
MHb lateral part of mutant brains. Semiquantification of ISH
signals (Fig. 1c) revealed an overall 47.3+2.2% reduction of
Oprmi-positive neurons (t4) =4.59, p=0.01), and an almost
complete disappearance (99.4+0.31%) of double positive
Oprmi-B4 neurons (t4) =438, p=0.01) in the MHb
of B4AMOR ™/~ mice, indicating selective Oprm1 mRNA loss in
B4-positive neurons. Further analysis of Oprm1 transcript
distribution in the two main MHb projection neuron populations
(Supplementary Fig. S2), i.e., Substance P (SP) and cholinergic
(Ach) neurons, showed an almost equal distribution of Oprm1
MRNAs in the two neuronal types in control mice, consistent
with the known MOR protein distribution in these cell types [19].
This analysis also showed that the Oprm7 mRNA was deleted
in both SP (443+4.8%) and Ach (68.7+1.8%) neurons of
B4MOR™'~ mice, suggesting the MOR deletion may affect
activity of both neuronal types.

Finally, we tested well-described behavioral morphine effects.
Morphine-induced locomotor activation in an open field was
intact in mutant mice (Fig. 1d). Acute morphine analgesia is
significantly reduced on day 1 only (Supplementary Fig. S3). Two-
way ANOVA showed significant effect of genotype x treatment
interaction (F;;, 32 =5.489, p=0.025). Bonferroni post-hoc test
indicates a significant reduction of morphine analgesic effects on
mutant mice compared to controls on day 1. On subsequent
testing days, morphine analgesia was comparable and analgesic
tolerance developed similarly in mutant and control mice (Fig. 1e),
suggesting that MORs in B4 neurons subtly contribute to
morphine analgesia but do not influence adaptations to repeated
morphine exposure, at least in pathways relevant to the tail
withdrawal responses (for statistical analysis see Supplementary
Table S1).

B4MOR ™~ mice show intact morphine and palatable food reward
MORs are most widely associated with reward-related processes
[24], which classically involve the dopaminergic mesolimbic
circuit but may also involve the Hb [2]. Thus, we next
investigated whether MHb-MORs expressed in B4 neurons
contribute to reward processing, and tested reward-dependent
pavlovian learning with both morphine and highly palatable
food. Both rewarding effects of morphine in a conditioned
place preference task (Fig. 2a), and stimulus-reward association
in a touchscreen-based autoshaping task involving palatable
food (Fig. 2b-d), were preserved (for statistical analysis
see Supplementary Table S1). We also tested mutant mice in a
5-CSRT task. Results confirmed the preserved stimulus-reward
association learning observed in the autoshaping task, and
further revealed intact attention and inhibitory controls
(see Supplementary Figs. S4 and S5). Note that in similar tasks,
total MOR knockout mice showed reduced motivation, and
delayed learning to gain the appetitive stimulus [38]. These data
together suggest that MORs expressed in MHb-B4 neurons do
not contribute to motivational and/or hedonic aspects of reward
processing.

Neuropsychopharmacology (2020) 45:247 - 255
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Fig. 1 Deletion of Mu Opioid Receptors (MORs) in B4 neurons of the medial habenula (MHb). a MOR is expressed in B4-positive neurons (or B4
neurons). Left. Strategy. The AAV2-FlexGFP was injected in the MHb of MORmcherry"”'B4-Cre* mice in order to visualize both the MOR protein
and B4 neurons. Right. MOR and eGFP signals partially overlap. Representative images show coronal and sagittal sections with B4 neurons
labeled in green and MOR labeled in red, at low and high magnification (see scales bars). FR: fasciculus retroflexus. b Anatomical specificity of the
MOR deletion in B4MOR™~ mice. mRNA levels were quantified using RT-qPCR in microdissected habenula (Hb), striatrum (Str), ventral tegmental
area/substantia nigra (VTA/SN), interpeduncular nucleus (IPN), and medulla (MA) samples from B4MOR ™/~ mutant mice (blue) and B4MOR ™"
controls (black). Data are expressed as mean of FOLD + SEM (n = 10, in triplicates, t-test, *p < 0.05). Analysis of the Oprm1 mRNA shows significant
reduction of MOR expression in the Hb sample only. ¢ Cellular characterization of the conditional Oprm1 gene deletion using in situ hybridization
(ISH, ACDbio"). Left. Representative images show both Oprm1 (red) and Cnrb4 (green) transcripts in the MHb of mutant and control mice. The
Oprm1 signal is strongly reduced in the MHb of B4MOR ™~ mice, mainly in the ventromedial part. Right. Quantification of single Oprm1-positive
and double Oprm1/B4-positive cells in the MHb of mutant (blue) and control (black) mice. VS_DESKTOP measurement tools were applied to
RNAscope results. Data are expressed as mean + SEM number of neurons per area (manually defined in VS-DESKTOP) and show a reduction
(49.85+11.1%) and almost complete ablation (99.39+0,21%) of single and double Oprm1-positive in mutant mice, respectively (n=3 per
genotype with 5 slides per animal and 5 slices per slide, ***p < 0.001). d Locomotion in the open field. Data are expressed as mean + SEM total
distance in cm, and show that basal locomotor activity (first 30 min), or locomotor activity after saline (next 30 min), and morphine (40 mg/kg)
injection (last 120 min) do not differ between the two genotypes (n = 14-17, two-way RM-ANOVA, ns). e Tail immersion to assess morphine
analgesia. Pain sensitivity was measured at 52 °C after morphine (10 mg/kg) injection in mutant and control mice, and the experiment was
repeated for 5 days. The effect of saline injection on the tail immersion was also measured. Data are expressed as mean + SEM withdrawal latency
in seconds. Statistical analysis showed no difference between the two genotypes (n = 9; three-way RM-ANOVA, ns)
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B4MOR ™~ mice show reduced naloxone aversion

Prior evidence indicates that MOR blockade is aversive in mice, as
demonstrated by conditioned place aversion (CPA) experiments
using naloxone [27]. We thus tested whether MOR express in B4
neurons could contribute to this effect. BAMOR™~ and B4MOR™"*
mice were conditioned to associate a context with either naloxone
(10 mg/kg; s.c.) or saline administration [39] (and see Supplemen-
tary Fig. S6), and results are shown in Fig. 3a. Two-way ANOVA
revealed significant genotype (F(;, 49y = 11.39, p =0.001), treatment
(Fn, 499=543, p<0.001) and genotype x treatment interaction
effect (F1, 49)=9.37, p=10.003). Subsequent post-hoc analysis

Neuropsychopharmacology (2020) 45:247 - 255

showed significant aversion to the naloxone-paired compartment
in BAMOR ™ mice, compared to their saline-saline controls (p <
0.001), confirming the previously reported existence of a positive
hedonic tone, mediated by MORs and revealed by MORs blockade.
Naloxone-induced place aversion was also observed in BAMOR ™/~
mice (p<0.05). However, the magnitude of CPA was lower
compared to B4MOR™*mice (p<0.001), demonstrating that
MHb-MORs expressed in B4 neurons contribute to this activity,
and mediate the aversive effect of naloxone.

We further tested B4MOR™'~ mice and their controls in
conditioned taste aversion. Taste aversion was similar for the

SPRINGER NATURE



Mu opioid receptors in the medial habenula contribute to naloxone aversion

L.J. Boulos et al.

250

A B Autoshaping (palatable food)
Saline Morphine ITI > Trial Initiated
[ B4MOR+/+ Ml BAMOR+/+ Interval Qj
307 A%
Yok \ 4
Stimulus
o 20 Presentation
5]
[$]
(2]
o
o
O 104
il S
0
c Training Test D CSp Approaches CSn Approaches
100 40+ /—e 20 /e 20
80 I po
5 5 30 v—+ 515 o 5157
5 60 c |t < <
8 40 § 20+ § 10+ § 10
g S I 8 T
F oo = 10+ = 54 e 545/_‘:/§\Z
0- 01 T T T 0 T T T 0 T T T
Il B4MOR+/+ 1 2 3 4 1 2 3 4 1 2 3 4
B4MOR-/- Session Session Session

Fig. 2 Preserved reward-related responses in B4AMOR™'~ mice. a Mice were tested in a morphine-conditioned place preference (CPP)
paradigm. Data are expressed as mean+SEM % CPP score defined as % of time spent in drug-paired compartment during post-
conditioning — % of time spent in drug-paired compartment during preconditioning. Morphine-conditioned B4MOR™'~ and B4AMOR™*
mice showed significant morphine CPP, which did not differ across genotypes. Saline-saline groups from both genotypes showed no place
conditioning (n = 10-11; performed on compartment per treatment (morphine or saline) per genotype, **p < 0.01). b Mice were tested in
an autoshaping test in the Touchscreen system, and the protocol is shown. Trial is initiated when the mouse inserts its head in the food
tray. A stimulus is presented on one of the two sides of the screen. One side is always followed by reward presentation (positive
Conditioned Stimulus or CSp) whereas the other is not (negative Conditioned Stimulus or CSn). If CSp is displayed and the mouse collects
the reward, an inter-trial interval (ITl) starts, at the end of which another trial starts, until mice reach the criterion (40 trials per 1 h session).
¢, Left panel. Number of trials for the training phase (mice learn the association between the food tray and the reward apparition) was
similar for the two genotypes (n = 8/group, t-test, nonsignificant—ns). ¢, Right panel. Number of trials for the testing phase (mice
associate the apparition of a CSp with the apparition of a reward) was also similar for the two genotypes (n = 8/group, t-test, ns). d
Number of CSp and CSn approaches during the testing phase. CSp, but not CSn, approaches increased across sessions for both
genotypes, with no significant difference across genotypes. Data are expressed as mean £ SEM number of trials per session (n =8, two-
way RM-ANOVA performed on genotype per session, ns). All data are expressed as mean + SEM

two genotypes (Supplementary Fig. S7), suggesting that the
naloxone CPA phenotype in B4MOR ™'~ mice does not generalize
to other aversive responses.

Morphine-dependent BAMOR ™~ mice show reduced affective
signs of opioid withdrawal

Next, we examined aversive aspects of chronic opioid exposure.
Opioid withdrawal is recognized as a highly aversive state, which
includes both affective and somatic components [40]. We first
tested the negative emotional experience of morphine with-
drawal, using the CPA paradigm as before. In this case, we used a
low naloxone dose (0.25 mg/kg; s.c.) that elicits place aversion, yet
fails to produce physical withdrawal signs in morphine-dependent
mice [41].

We adapted the procedure described in [42] (and see
Supplementary Fig. $6). BAMOR™~ and B4MOR™" mice were
injected with escalating doses of morphine (20, 40, 60, and 80 mg/
kg) or saline, twice daily for 4 days and received a single morphine
injection (100 mg/kg) on day 5. Preconditioning was performed 5
h after the morning injection on day 3, where mice were given
free access to the two compartments. Place conditioning was
performed on days 4 (saline) and 5 (naloxone 0.25 mg/kg s.c.), 5h

SPRINGERNATURE

after the morning injection. Place conditioning was tested on day
6 and data are shown in Fig. 3b. Three-way ANOVA conducted on
genotype per drug (morphine or saline) per treatment (naloxone
or saline) revealed significant drug (F;;, gsy=18.83, p <0.001),
treatment (F(;, g5y = 17.69, p < 0.001), as well as significant drug x
genotype interaction (F; g5 =11.81, p<0.001) and drug X
treatment interaction effect (Fy, gs5y=4.54, p=0.04) but no
significant difference for genotype (p =0.07), genotype X treat-
ment interaction effect (p =0.18) or genotype x acute x chronic
treatment interaction (p =0.09). Subsequent analysis using the
method of contrasts revealed that for both genotypes, low dose
naloxone induced significant place aversion in morphine-treated
groups compared to all the control groups (S-S, M-S; p <0.05).
However, this aversion was significantly lower in B4MOR™/~
morphine-dependent mice compared to B4AMOR """ controls (p <
0.05). Morphine-saline groups were not statistically different from
saline-saline groups and did not develop any place preference or
avoidance.

This result demonstrates that, as for naive mice, MHb-MORs
expressed in B4 neurons are necessary for naloxone aversion, and
in this case, are involved in the aversive emotional state of
withdrawal.

Neuropsychopharmacology (2020) 45:247 - 255
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Fig. 3 Reduced aversion to naloxone in naive and morphine-dependent BAMOR ™~ mice. Mice were tested in a naloxone-conditioned place
aversion paradigm. a Naive mice. Avoidance is expressed as a CPA score defined as % of time spent in drug-paired compartment during post
conditioning — % of time spent in drug-paired compartment during preconditioning. Both B4MOR™* controls and BAMOR™~ mutant mice
showed naloxone (10 mg/kg) CPA (n = 12-14, two-way ANOVA performed on genotype per treatment (saline or naloxone), however naloxone CPA
was lower in mutant mice as observed by lower significance level and a strong genotype effect. Stars, naloxone effect: ***p < 0.001 B4MOR™/*+
saline versus B4MOR"" Naloxone; *p <0.05 B4AMOR /" saline versus B4AMOR ’~ Naloxone. Squares, genotype effect, *#p < 0,001 B4MOR ™"
Naloxone versus B4AMOR™~ Naloxone). b Morphine-dependent mice. Again, both BAMOR'* controls and BAMOR™~ mutant mice showed
naloxone (0.25 mg/kg) CPA. However, as for naive mice, the CPA score of morphine-dependent B4AMOR ™ mice conditioned with naloxone (M-N)
was significantly lower compared to B4MOR™* mice, and there was a significant genotype effect. Morphine Saline (M-S) groups did not develop
any place preference or avoidance compared to Saline-Saline (S-S) group (n =11, 12, three-way ANOVA performed on genotype per treatment
(saline or naloxone) per drug (saline or morphine)). All data are expressed as mean + SEM. Stars, naloxone effect: ***p <0.001 BAMOR"* M-N
versus BAMOR ™" S-S, *p < 0.05 B4AMOR '~ M-N versus B4AMOR /= S-S; Squares, genotype effect, *p < 0.05 B4MOR™" M-N versus B4MOR '~ M-N

Morphine-dependent BAMOR ™~ mice show reduced somatic subjected to the same morphine regimen, and withdrawal was
signs of opioid withdrawal precipitated by blockade of nicotinic receptors with mecamyla-
To examine whether the role of MORs in MHb-B4 neurons would mine. As expected [44], withdrawal signs were generally lower,
apply to somatic opioid withdrawal, we further precipitated compared to naloxone-precipitated withdrawal, and respective
physical withdrawal in morphine-dependent mice. importance of the different withdrawal signs differed (Fig. 4a, b).

We first assessed somatic withdrawal precipitated by direct Further, as for the naloxone experiment, there was a significant
MOR blockade. B4AMOR™ ™ mice and their controls were subjected difference in the evolution of the global score over time between
to a chronic morphine regimen using ascending morphine doses the two genotypes (Fig. 4b; upper left panel). Two-way ANOVA per
(20, 40, 60, 80, 100 mg/kg) twice daily for 5 days and received a 5-min blocks showed a significant effect of genotype (F, 13 =
single morphine injection (100 mg/kg) on day 6. Withdrawal was 10.28, p = 0.007), block (F(, 52y = 18.45, p <0.001) and genotype X
precipitated by naloxone (1 mg/kg, s.c) [20]. Withdrawal signs block interaction (F(4, 52) = 4.33, p = 0.004). Subsequent Bonferroni
were scored 5min before, then every 5min immediately after post-hoc analysis showed a significant reduction of global score in
naloxone injection for 20 min, and a global withdrawal score was B4MOR™~ mice compared to controls at block 5, 10, and 15 (p <
calculated (as in [43]). As shown in Fig. 4a, upper left panel, we 0.05). Overall, the global score (Fig. 4b, inset) was significantly

observed a significant difference in the evolution of the global decreased in conditional knockouts compared to control mice
score over time between the two genotypes. Two-way RM ANOVA (tn3) = 3.48, p=0.004). Scoring of all the signs (Fig. 4b, all other
showed significant effect of genotype (F;, 309)=27.5, p <0.001), panels) shows that body tremors and ptosis were strong in
block (Fi4, 120) = 38.25, p < 0.001) and genotype x block interaction controls, but absent in mutant mice, and represent the main factor

(Fa, 1200=442, p<0.001). Subsequent Bonferroni post-hoc explaining the genotype difference (for statistical analysis see

analysis showed a significant reduction of global score in mutants Supplementary Table S1). Control analyses showed that in saline

compared to controls at block 5 (p<0.01) and 10 (p <0.001). injected groups (B4MOR ™~ and B4MOR™*™), injection of naloxone

Overall, the global score was significantly decreased in B4MOR ™/~ or mecamylamine did not trigger any sign of withdrawal

mice compared to control littermates (Fig. 4b, inset; tzo) = 4.45, (Supplementary Fig. S8).

p < 0.001). Specific withdrawal signs responsible for the decreased This result definitely implicates MHb-MORs expressed in B4

global withdrawal score are also shown in Fig. 4a (all other panels). neurons in somatic withdrawal to chronic opioids, and further

Notable are paw and body tremors, wet dog shakes sniffing and reveals an opioid-nicotine cross-talk in these neurons.

jumps, which were significantly decreased in B4MOR™~ mice

(detailed statistical analysis is in Supplementary Table S1). These

results demonstrate that MOR blockade in the MHDb is involved in DISCUSSION

physical withdrawal from morphine. MOR function has been extensively associated to reward
We next measured somatic withdrawal induced by nicotinic processes, but whether MORs also modulate aversive states is

receptor blockade. BAMOR™~ mice and their controls were essentially unknown. In sum, our data show reduced morphine
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Fig. 4 Reduced somatic withdrawal from chronic morphine in B4MOR™~ mice. a Naloxone-precipitated withdrawal. Withdrawal was
precipitated in morphine-dependent mice by 1 mg/kg of Naloxone. Upper left inset. The global withdrawal score was significantly lower in
B4MOR ™~ compared to B4AMOR™" control mice across blocks of 5 min and over the entire session (n = 16). Other panels: Scores for each
withdrawal symptom monitored during the 25 min session. First row. Paw tremor, body tremor, wet dog shakes, and sniffing were
significantly reduced in mutant mice compared to controls. Second row. Activity, ptosis, jumps, teeth chattering, and piloerection did not
differ across genotypes. b Mecamylamine-precipitated withdrawal. Upper left inset. The global withdrawal score was significantly lower in
B4MOR ™/~ compared to B4AMOR™" control mice across blocks of 5 min and over the entire session (n = 7, 8). Other panels. Body tremor and
ptosis were significantly reduced in mutant mice compared to controls. Paw tremor, wet dog shakes, sniffing, activity, jumps, teeth chattering,
and piloerection did not differ across genotypes. All data are expressed as mean + SEM; a, b Upper right inset. t-test, **p < 0.01 ***p < 0.001. a,
b Upper left inset and Other panels. Two-way RM-ANOVA performed on genotype per block of 5 min, ***p < 0.001 and *p < 0.05; **p < 0.01;
*%p < 0,001

analgesia upon a first administration, consistent with our previous the conditional mutation also reduces place avoidance to
study showing that RSK2 signaling in the MHb partially naloxone and further, diminishes several signs of naloxone-
contributes to morphine analgesia [45], but further morphine precipitated somatic withdrawal. This is the first report demon-
injections led to normal analgesic efficacy and tolerance. Further, strating that MORs mediate several aversive effects of naloxone
most other well-described effects of morphine, including the specifically at the level of MHb-B4 neurons.

development of analgesic tolerance, morphine locomotor activa-

tion, and conditioned place preference were intact upon Oprm1 Targeting MOR in the MHb

gene deletion in MHb-B4 neurons. Also, palatable food reward- B4 nicotinic receptor subunit shows expression enriched in the
related processes, including context-dependent reward learning MHb [8, 36], and we therefore used the Chnrb4 promoter to
and stimulus-reward association, were unchanged. In contrast, the produce an MHb-specific Oprm1 gene knockout. We obtained an
conditional mutation strongly reduces place avoidance behavior almost 50% Oprm1 gene deletion in B4 neurons of the MHb, with
elicited by naloxone in naive mice. In morphine-dependent mice, intact expression in other main MOR-enriched regions of the brain.
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Because the chnrb4 transcript is also expressed during develop-
ment [37], we cannot exclude that some Oprm1 deletion has also
occurred in brain regions that were not tested here, or are too
small to be detected within the tested brain samples.

B4 neurons of the MHb include both SP and Ach neurons.
Whether SP and Ach neuron subpopulations play distinguishable
roles in the observed phenotypes is an open question. Gene
targeting using Cre driver lines for SP and cholinergic neurons
may complete this analysis, however we did not use these
approaches, as MOR colocalization with these neurotransmitters at
other brain sites would drastically complicate data interpretation.
In the future, it may be interesting to know whether the remaining
50% of MORs expressed in non-B4 neurons of the MHb are also
involved in aversive effects of naloxone, or play other roles.

MOR in MHb-B4 neurons limits aversive states induced by
naloxone

A novel and most striking finding of this study is the observation
that, in contrast to control mice, B4MOR mutant mice showed
lower avoidance for the naloxone-paired context in the CPA
procedure. This result demonstrates that MHb-MORs expressed in
B4 contribute to naloxone aversion. As the MOR is an inhibitory G
protein coupled receptor, we propose that this receptor normally
inhibits MHb function by reducing the activity of B4 neurons, and
thereby tempers activity of this aversive pathway. In control mice,
this aversion-reducing MOR activity is revealed by naloxone
blockade, and this effect is reduced in mutant mice that lack this
particular receptor population. Thus, in addition to a well-known
role in promoting reward and approach behavior across several
brain circuits [25], MOR signaling would also limit aversive states
and avoidance behavior at the level of the MHb circuitry. That
MOR signaling indeed reduces the activity of B4-MHb neurons
remains to be demonstrated by electrophysiological measures.
Also, future experiments will determine the exact nature of this
endogenous MOR activity in the MHb, which may involve either
endogenous opioid peptides whose identity and origin remains to
be determined, or constitutive MOR activity as was previously
suggested [27, 28, 46].

Our study confirms that naloxone triggers CPA in control
animals under both naive [47] and morphine-dependent states, as
previously shown [27, 29, 40]. Interestingly, naloxone CPA was
strongly reduced in mutant mice, and this was observed for the
two experimental settings. This result further supports our
hypothesis that MHb-MORs tonically inhibit MHb-B4 neurons,
and aversive consequences of their activity, whether or not
animals are morphine-dependent. This observation suggests that
no tolerance develops to the aversion-limiting function of MOR in
MHb-B4 neurons, and that these receptors, therefore, remain
efficacious even upon chronic stimulation. Notably also, some
naloxone CPA remained detectable in both situations (naive and
morphine-dependent). The latter observation is in accordance
with the notion that other brain sites may be engaged in this
response, as proposed for basolateral amygdala [48, 49] or lateral
Hb [50].

MOR in MHb-B4 neurons contributes to somatic withdrawal

A second main finding of the study is the observation that
morphine-dependent B4AMOR mutant mice showed a lower
physical withdrawal syndrome upon naloxone challenge. This
result demonstrates that MHb-MORs in B4 neurons is key to both
emotional and somatic naloxone effects. Thus, beyond a role in
alleviating emotional aversive states, the proposed tonic MHb-
MOR activity in B4 neurons may also contribute to modulating
physical signs of withdrawal. Mechanisms are unknown, but prior
evidence has highlighted the importance of cholinergic transmis-
sion in the MHb-IPN pathway as chronic morphine reduces
acetylcholinesterase activity in the MHb [51]. Important to note,
shakes and sniffing but not jumps were abolished in mutant mice,
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indicating that MHb-MORs in B4 neurons do not modulate the
full spectrum of somatic withdrawal signs. Other brain sites
possibly contributing to this effect is the locus coeruleus, which
has long been proposed as a main center for somatic drug
withdrawal [52-54].

Our observation that mecamylamine-induced withdrawal was
also reduced in morphine-dependent mutant mice supports the
notion of a nicotinic/opioid neurotransmission cross-talk in the
MHb. Growing literature shows a role for the B4 nicotinic receptor
subunit in somatic aversive processes associated with nicotine
withdrawal syndrome [9, 12, 13], and together, current data
position both B4 and MORs in the MHb as critical actors in physical
withdrawal syndromes. Both preclinical and clinical studies have
already explored the existence of an opioid-nicotinic cross-
induction of withdrawal [55] with emphasis on a3B4 nicotinic
receptors [56]. Specifically, knockdown of B4 in the MHb
attenuates cfos activation during morphine withdrawal in mice
[51] indicating a role for the B4 subunit in morphine withdrawal. In
humans, a recent resting state fMRI study also revealed increased
habenular connectivity in opiate users, and further demonstrates
that this change in connectivity is associated with subunit
nicotinic gene variants [57]. At clinical level also, the MHb is not
only considered a center for aversion [58] but was also associated
to the high comorbidity of nicotine and opiate use disorders
[59, 60]. Because MORs and B4 are the direct targets for morphine
and nicotine, and MOR deletion from MHb-B4 neurons in our
study reduced naloxone-precipitated somatic withdrawal, we
suggest that activity of the two receptors concurrently modulate
this neuronal population presumably in the same direction,
providing a cross-talk mechanism at cellular level that deserves
further investigation.

MOR in MHb-B4 neurons does not seem to regulate reward
processing

The last important aspect of our study is the apparent lack of
reward-related phenotype in mutant mice, suggesting that reward
processing is preserved. MORs largely contribute to drug reward
as classically measured by CPP and self-administration [24, 61], as
well as to more complex reward-related behavior such as discrete
stimulus-reward learning [62] and impulsivity [63]. Given the high
density of habenular MORs and the proposed role of the Hb in
reward mechanisms [64, 65] we explored the contribution of MHb-
B4 MORs in reward processes. The absence of genotype difference
throughout all reward-related testing led us to conclude that
MHb-MORs expressed in B4 neurons are not involved in
traditionally measured reward-related behaviors. This is consistent
with the fact that receptor expression is preserved in B4MOR
mutant mice at the level of the ventral tegmental area and
striatum, forming the dopamine mesolimbic circuitry and con-
sidered a main center for reward processing and motivation
[24, 66]. We cannot exclude that further self-administration studies
may reveal a potential contribution of habenular MORs in reward
processing, and/or reveal an indirect impact of MHb-MOR activity
on dopamine transmission, however our current rather study
favors the notion of a main role for MHb-MORs on aversive
processing.

CONCLUSION

A fundamental task of the brain is to assign affective valence to
environmental stimuli by determining whether these are reward-
ing and should be approached, or aversive and should be avoided
[67]. Together with previous studies, our data suggest that, in
addition to facilitating reward at the level of mesocorticolimbic
networks, MORs limit aversion within the MHb-IPN circuitry, and
the two mechanisms together contribute to increase approach
and decrease avoidance, respectively. Interestingly and similarly,
the conditional deletion of CB1 receptors in MHb neurons also

SPRINGER NATURE

253



Mu opioid receptors in the medial habenula contribute to naloxone aversion

L.J. Boulos et al.

254

abolished conditioned aversion without affecting appetitive
memories and associations, a contribution that depends on
cholinergic transmission into the IPN [5]. Together therefore,
current knowledge now implicates opioid, cannabinoid and
cholinergic transmission in the MHb to regulate the essential
balance of reward/aversive behaviors.
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