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u-Opioid Receptor (Oprm1) Copy Number Influences
Nucleus Accumbens Microcircuitry and Reciprocal Social
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The up-opioid receptor regulates reward derived from both drug use and natural experiences, including social interaction,
through actions in the nucleus accumbens. Here, we studied nucleus accumbens microcircuitry and social behavior in male
and female mice with heterozygous genetic knockout of the u-opioid receptor (Oprm1™*/~). This genetic condition models the
partial reduction of p-opioid receptor signaling reported in several neuropsychiatric disorders. We first analyzed inhibitory
synapses in the nucleus accumbens, using methods that differentiate between medium spiny neurons (MSNs) expressing the
D1 or D2 dopamine receptor. Inhibitory synaptic transmission was increased in D2-MSNs of male mutants, but not female
mutants, while the expression of gephyrin mRNA and the density of inhibitory synaptic puncta at the cell body of D2-MSNs
was increased in mutants of both sexes. Some of these changes were more robust in Oprml™’~ mutants than Oprm1~'~
mutants, demonstrating that partial reductions of u-opioid signaling can have large effects. At the behavioral level, social
conditioned place preference and reciprocal social interaction were diminished in Oprm1 "'~ and Oprm1~'~ mutants of both
sexes. Interaction with Oprm1 mutants also altered the social behavior of wild-type test partners. We corroborated this latter
result using a social preference task, in which wild-type mice preferred interactions with another typical mouse over Oprml
mutants. Surprisingly, Oprm1~'~ mice preferred interactions with other Oprm1~'~ mutants, although these interactions did
not produce a conditioned place preference. Our results support a role for partial dysregulation of u-opioid signaling in social
deficits associated with neuropsychiatric conditions.

(s )

Activation of the u-opioid receptor plays a key role in the expression of normal social behaviors. In this study, we examined
brain function and social behavior of female and male mice, with either partial or complete genetic deletion of w-opioid recep-
tor expression. We observed abnormal social behavior following both genetic manipulations, as well as changes in the struc-
ture and function of synaptic input to a specific population of neurons in the nucleus accumbens, which is an important brain
region for social behavior. Synaptic changes were most robust when u-opioid receptor expression was only partially lost, indi-
cating that small reductions in p-opioid receptor signaling can have a large impact on brain function and behavior. /
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-Opioid receptor activation facilitates reward derived from
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abuse liability of exogenous opiate narcotics (Panksepp et al.,
1980; Trezza et al,, 2010; Darcq and Kieffer, 2018). Agonists with
high w-opioid receptor affinity increase visual attention to faces
in humans and enhance social play behavior in juvenile rodents
as well as marmosets, while pharmacological blockade of opioid
receptors causes deficits in these behaviors (Guard et al., 2002;
Chelnokova et al., 2016; Achterberg et al., 2019). u-Opioid recep-
tor availability in the human nucleus accumbens is regulated by
a variety of social circumstances (Hsu et al, 2013, 2015), and
intra-accumbal manipulations of w-opioid receptor activation
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can bidirectionally modulate social behavior in rodents (Trezza
et al,, 2011; Resendez et al., 2013; Smith et al., 2018). These find-
ings are consistent with a general role for u-opioid receptor acti-
vation within the nucleus accumbens in motivated behavior
(Baldo and Kelley, 2007; Richard et al, 2013; Castro and
Bruchas, 2019).

Dysregulation of u-opioid receptor signaling may contribute
to deficits in social interaction and other motivated behaviors
that are a hallmark of neuropsychiatric disorders (Kennedy et al.,
2006; Prossin et al., 2010; Pellissier et al., 2018; Ashok et al,,
2019; Nummenmaa et al., 2020). Mice with constitutive genetic
knockout of the u-opioid receptor (Oprm1) have behavioral def-
icits in social affiliation, attachment, and reward, as well as dra-
matic remodeling of synaptic architecture and gene expression
in the nucleus accumbens (Moles et al., 2004; Cinque et al., 2012;
Becker et al., 2014). These studies have focused on homozygous
Oprm1~'~ knock-out mice, but the influence of Oprm1 haploin-
sufficiency on nucleus accumbens circuitry and social behavior
has not been investigated. These are important unexplored issues,
because partial loss of u-opioid receptor function (as modeled by
the heterozygous Oprm1™/~ genotype) is likely more relevant to
functional deficits in human neuropsychiatric disorders.

To investigate these issues, we first evaluated the effects of
p-opioid receptor copy number on nucleus accumbens circuitry,
using female and male offspring of Oprm1*/~ parents. This
design allowed us to compare Oprm1™’~ offspring with both
Oprm1™/* and Oprm1~/" littermates, permitting direct com-
parisons among all three genotypes while controlling for parental
genotype. Analysis of synaptic gene expression, synaptic transmis-
sion, and synapse structure all revealed changes in Oprm1™'~
mice, which in some cases were greater than or equal to effects in
Oprm1~'~ mice. We also differentiated between effects on me-
dium spiny neurons (MSNs) that express dopamine receptor
Drdl (D1-MSNs) or Drd2 (D2-MSNs), since both dopamine re-
ceptor subtypes contribute to social behavior but also have unique
functions (Aragona et al., 2006; Gunaydin et al., 2014; Manduca et
al., 2016). These analyses provided novel information regarding
sex differences in the organization of nucleus accumbens inhibi-
tory microcircuits and revealed cell type-specific effects of Oprm1
copy number on D2-MSNs.

To determine whether these changes in nucleus accumbens
microcircuits are accompanied by alterations in social behavior,
we tested Oprml mutant mice on a battery of social behavior
assays. To thoroughly evaluate all facets of reciprocal social inter-
action, we also quantified the social behavior of the wild-type
mice interacting with Oprm1 mutants during behavioral testing.
Our results show impairments in social behavior of Oprm1*/~ as
well as Oprm1~/~ mice, which in turn change the behavior of
wild-type mice in a reciprocal fashion. The abnormal social behav-
ior of Oprm1 mutant mice was also apparent in a real-time social
preference test (Shah et al., 2013) where wild-type mice chose to
avoid social interaction with Oprml1~'~ mice. Conversely,
Oprm1~/~ mutant mice chose to engage in social interaction with
other Oprm1~/~ mutants, although this interaction did not pro-
duce a conditioned place preference (CPP). Our findings reveal
fundamental dissociations between different facets of social behav-
ior and demonstrate that partial reductions of u-opioid signaling
can have large effects on brain function and behavior, which may
contribute to social deficits associated with neuropsychiatric
conditions.

Materials and Methods

Subjects

Experiments were performed with female and male Oprml knock-out
mice (Matthes et al, 1996). For electrophysiology and immuno-
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Table 1. List of primer sequences for quantitative RT-PCR

Gene name Symbol  Forward oligonucleotide Reverse oligonucleotide

B-actin Actb  GACGGCCAGGTCATCACAT CCACCGATCCACACAGAGTA
-Opioid receptor  Oprm1  TCTGCCCGTAATGTTCATGG AGGCGAAGATGAAGACACAG
Gephyrin Gphn  GACAGAGCAGTACGTGGAACTTCA  GTCACCATCATAGCCGTCCAA
VGAT Slc32a1  CTATTCCACATCGCCCTGAT AATTTGGTGGTGGTGGTGAT
Collybistin Arhgef9 CCACCTCAGCGAGATAGGAC GAGCTCCATGCAGGCATCCA
SAP97 Dlg1 (GTAGCTGCGCTGAACTAGA AGAGCAAAGGGAAGCCAAAT
SAP102 Dlg3  AAGGCAGCAGCTTTCTCTTG AATCAACACTTCCCGCTCAC

PSD95 Digd  AAGCTGGAGCAGGAGTTCAC GAGGTCTTCGATGACACGTT

histochemistry analyses, Oprm1 mutant mice were crossed with Drdla-
tdTomato BAC transgenic mice (Shuen et al., 2008) and Drd2-eGFP BAC
transgenic mice (Gong et al., 2003). All genetically modified strains were
maintained on a C57BL/6] genetic background, and distinct groups of
wild-type C57BL/6] mice with no Oprm1 mutant ancestry were used as
novel stimulus mice for testing social behavior. To avoid ambiguity, we
refer to these mice as “C57BL/6],” whereas we refer to wild-type mice gen-
erated from Oprm1 breeding colonies as “Oprm1™*/*.” Mice were housed
in groups of two to five per cage, on a 12 h light/dark cycle (6:00 A.M. to
6:00 P.M.) at ~23°C with food and water provided ad Iibitum.
Experimental procedures were conducted between 10:00 A.M. and 4:00 P.
M. and were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota.

Gene expression

Quantitative RT-PCR was performed on nucleus accumbens tissue
punches containing the core and shell subregions, as previously
described (Lefevre et al., 2020). Tissue was snap frozen on dry ice and
stored at —80°C. RNA was isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer instructions. All RNA samples had an
A260/A280 purity ratio >2. Reverse transcription was performed using
Superscript III (Thermo Fisher Scientific). For each sample, duplicate
c¢DNA preparations were set up. Mouse -actin mRNA was used as the
endogenous control to measure differences in the expression of Oprm1,
Gphn, Slc32al, Arhgef9, Digl, Dlg3, and Dlg4. Primer sequences for
measurement of each mRNA can be found in Table 1. Quantitative RT-
PCR using SYBR green (Bio-Rad) was conducted with a Lightcycler 480
IT (Roche) system with the following cycle parameters: 1x 30 s at 95°C,
35x 5 s at 95°C, followed by 30 s at 60°C. Data were analyzed by com-
paring the C(t) values of the treatments tested using the AAC(t) method.
Expression values of target genes were first normalized to the expression
value of B-actin. The mean of cDNA replicate reactions was used to
quantify the relative target gene expression.

Behavioral responses to morphine administration
Measurement of thermal antinociception and open field locomotion af-
ter morphine administration were performed as previously described
(Lefevre et al., 2020). We tested open-field locomotor activity in a clear
Plexiglas arena (model ENV-510, Med Associates) housed within a
sound-attenuating chamber. The location of the mouse within the arena
was tracked in two dimensions by arrays of infrared beams, connected to
a computer running Activity Monitor software (Med Associates). Mice
were habituated to the chamber for 1 h the day before initiating drug
treatment. The next day, animals were tested in the open field chamber
after the injection of saline (subcutaneously). They were then tested on
the following doses of morphine (2.0, 6.32, and 20 mg/kg), receiving an
incremental increase in dose every day. The session duration varied as a
function of dose: 60 min, saline and 2 mg/kg; 90 min, 6.32 mg/kg; or 120
min, 20 mg/kg. To facilitate comparison between sessions of different
length, distance traveled is presented in units of meters per hour.
Thermal antinociception was tested on a 55°C hot plate (IITC Life
Scientific). The day before initiating drug treatment, mice were habitu-
ated to the instrument for 60 s at room temperature. We then established
baseline latency to either jump or lift and lick a hindpaw at 55°C. Mice
were then tested 30 min after the injection of saline or morphine, with a
maximal cutoff of 30 s to prevent tissue damage. The percentage of
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maximum possible effect was calculated as (test latency — baseline la-
tency)/(30 s - baseline latency) x 100.

Electrophysiology

Whole-cell voltage-clamp recordings from nucleus accumbens MSNs in
acute brain slices were performed as previously described (Pisansky et
al,, 2019). Parasagittal slices (240 pm) containing the nucleus accumbens
were prepared from Oprm1™*/*, Oprm1*/~, and Oprm1~/~ mice carry-
ing the Drdl-tdTomato and/or Drd2-eGFP reporter gene. These mice
were offspring of Oprm1™/~ heterozygous parents and had not under-
gone any behavioral testing. Mice were anesthetized with isoflurane and
decapitated, and the brains were quickly removed and placed in ice-cold
cutting solution containing the following (in mwm): 228 sucrose, 26
NaHCO3, 11 glucose, 2.5 KCI, 1 NaH,PO,-H,0, 7 MgSO,-7H,0, and
0.5 CaCl,-,H,0. Slices were cut by adhering the lateral surface of the
brain to the stage of a vibratome (model VT1000S, Leica) and allowed to
recover for a minimum of 60min in a submerged holding chamber
(~25°C) containing artificial CSF (aCSF) containing the following (in
mm): 119 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 NaH,PO,-H,0, 11 glucose,
1.3 MgSO,4-7H20, and 2.5 CaCl2-2H2O. Slices were transferred to a
submerged recording chamber and continuously perfused with aCSF at
a rate of 2 ml/min at room temperature. All solutions were continuously
oxygenated (95% O,/5% CO,). To pharmacologically isolate miniature
IPSCs (mIPSCs), we added TTX (0.5 um) to block spontaneous activity,
and p-APV (50 um) and NBQX (10 um) to block NMDARs and
AMPARSs, respectively.

Whole-cell recordings from MSNs in the nucleus accumbens medial
shell were obtained under visual control using infrared-differential inter-
ference contrast optics on an Olympus BX51W1 microscope. Red and
green fluorescence were used to identify D1-MSNs and D2-MSNs,
respectively. Voltage-clamp recordings were made with borosilicate glass
electrodes (2-5 M() filled with the following (in mm): 120 CsMeSO4, 15
CsCl, 10 TEA-CI, 8 NaCl, 10 HEPES, 1 EGTA, 5 QX-314, 4 ATP-Mg,
and 0.3 GTP-Na, pH 7.2-7.3. MSNs were voltage clamped at 0 mV to
increase the driving force for current flow through GABA, receptors.
Recordings were performed using a MultiClamp 700B amplifier
(Molecular Devices), filtered at 2 kHz, and digitized at 10 kHz. Data ac-
quisition and analysis were performed online using Axograph software.
Series resistance was monitored continuously, and experiments were dis-
carded if resistance changed by >20%. At least 200 events per cell were
acquired in 15 s blocks and detected using a threshold of 5 pA; all events
included in the final data analysis were verified by eye.

Immunohistochemistry and confocal microscopy

Oprm1™™, Oprm1™/~, and Oprm1~'~ mice carrying the Drd2-eGFP
reporter gene were deeply anesthetized using sodium pentobarbitol
(Fatal-Plus, Vortech Pharmaceuticals) and transcardially perfused with
ice-cold 0.01 M PBS followed by ice-cold 4% PFA in 0.01 m PBS. Brains
were removed and postfixed for 24 h in 4% PFA in PBS. The following
day, brains were rinsed briefly with 0.01 M PBS and sectioned in the cor-
onal plane at 50 um. Tissue sections were blocked for 1 h in blocking
buffer (2% N-hydroxysuccinimide, 0.2% Triton X-100, and 0.05%
Tween 20 in 0.01 M PBS), exposed to rabbit anti-GFP (1:1000; catalog
#ab290, Abcam; to label D2-MSN somata) and mouse anti-gephyrin
(1:250; catalog #147077, Synaptic Systems; to label inhibitory synapses),
and diluted in blocking buffer. After 24 h at 4°C, sections were rinsed in
wash buffer (Tris-buffered saline with 0.1% Tween 20), and exposed to
anti-rabbit A488 (1:1000; catalog #ab150073, Abcam) and anti-mouse
A647 secondary antibodies (1:1000; catalog #ab150115, Abcam) over-
night at 4°C.

Stained tissue sections were imaged on a laser-scanning confocal
microscope (model TCS SPE, Leica Microsystems). A minimum of three
image stacks per hemisphere were collected from D2-MSNs in the nucleus
accumbens of each section, centered on the border between core and
medial shell (including both subregions). Image stacks were collected with
a Leica 63x HCX PL APO objective with numerical aperture of 1.4, using
laser and photomultiplier tube settings optimized for excitation and emis-
sion of Alexa Fluor A488 and A647. Digital zoom between 8x and 10X,
was applied and stacks were collected at a 2048 x 2048 pixel resolution
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using a step size of 0.3 um and 1 airy unit pinhole diameter. Image stacks
were imported into Imaris 9.0 (Bitplane), and analyses were conducted on
3D renderings of compiled confocal stacks. A surface object was applied
to the A488 channel to produce a surface representing the GFP-expressing
somata in the image stack. Using this surface as a mask, the portion of the
A647 channel contained within this surface was isolated to restrict our
analysis to individual D2-MSNs. The spot detection algorithm (Banovic et
al., 2010) was used to detect gephyrin puncta in the masked A647 channel.
A second algorithm was applied to restrict spots within 1 pm of the GFP-
immunoreactive surface object. Puncta area density was calculated as the
ratio of detected A647 spots to area of the surface object.

Assays of social behavior

To evaluate social behavior, we used a battery of previously described
assays: social CPP (Panksepp and Lahvis, 2007; Cinque et al., 2012; Délen
et al., 2013); the standard three-chamber test of sociability and preference
for social novelty (Nadler et al, 2004); reciprocal social interaction
(Terranova and Laviola, 2005); and a real-time preference test for social
interaction (Shah et al., 2013). Animals were moved to an isolated testing
room 1 h before tests of social behavior. All experiments were conducted
at 60-70 luminosity, and at temperature conditions equal to those of the
animal housing facility. Experimental sessions were video recorded and,
for social CPP and the three-chamber test, behavioral data were analyzed
using ANY-maze behavioral tracking software. Dyadic social interaction
was hand scored by researchers blind to experimental conditions. With
the exception of social CPP (described below), all tests of social behavior
involved novel social partners that were not siblings or cage mates.

Social CPP. Mice were weaned at 3 weeks of age into home cages
containing three to five littermates and housed on corn-cob bedding.
The social CPP procedure began 1 week after weaning to permit com-
parison with previous studies of Oprm1~'~ mice (Cinque et al,, 2012).
The CPP test apparatus (18 x 10 x 8 inches) was divided into two
equally sized zones by a clear plastic wall, with an oval opening (2 x 1.5
inches) at the base. The floor of each zone was covered with a different
type of novel bedding (Cellu-Nest or small animal pellet bedding,
PetSmart), with the chamber cleaned and fresh bedding added for each
mouse. The protocol began with a baseline CPP session, with each
mouse tested individually and allowed to freely explore the apparatus for
10 min. Behavior was video recorded and the time spent in each zone
was analyzed automatically using ANY-maze behavioral tracking soft-
ware. After establishing baseline preference for the two different bed-
dings, mice were assigned to receive social conditioning with littermates
from the same home cage for 24 h on one type of bedding, followed by
24 h in social isolation on the other type of bedding. The assignment of
each bedding to social or isolation conditioning was counterbalanced for
an unbiased design. After isolation conditioning, animals were individu-
ally returned to the CPP apparatus for a 10 min test session. A “prefer-
ence score” was calculated by taking the difference between the time
spent in the social zone on the test versus baseline.

Three-chamber social test. Mice were tested at 6-8 weeks of age to
permit comparison with previous studies of Oprm1~/~ mutants (Becker
et al., 2014). The test apparatus was a white plastic rectangular box (25 x
15 x 8 inches) consisting of three interconnected chambers. Two identi-
cal wire cups were placed on each end of the apparatus. Before testing,
mice were habituated to the empty apparatus for 10 min of free explora-
tion. During the sociability test, an age- and sex-matched C57BL/6] stim-
ulus mouse was introduced in one wire cup, whereas the other cup was
left empty. The experimental mouse was then allowed to freely explore all
three chambers for 10 min. The social memory portion of the test began
immediately thereafter, with a novel age- and sex-matched C57BL/6] stim-
ulus mouse introduced into the previously empty wire cup. The experi-
mental mouse was then allowed to freely explore all three chambers for 10
min. All three phases were recorded by a video camera, and the time spent
by the experimental mouse in each chamber and in proximity to each cyl-
inder (<2 cm) was measured by ANY-maze tracking software. After each
test, the entire apparatus was cleaned with 70% ethanol.

Reciprocal social interaction test. Mice were tested at 6-8 weeks of
age to permit comparison with previous studies of Oprm1 ™/~ mutants
(Becker et al., 2014). The test apparatus was an opaque white rectangular
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box with 1cm of fresh corn-cob bedding on the floor. Experimental
mice (Oprml mutants) were introduced to an age- and sex-matched
stimulus mouse in the testing apparatus for 10min. Each stimulus
mouse was either a novel C57BL/6] mouse or a novel Oprml mutant
from a different litter but with the same genotype as the experimental
mouse (Becker et al., 2014) and was used as a stimulus mouse for only a
single test session. Video recordings of various social behaviors exhibited
by experimental and stimulus mice were hand scored by a blinded exper-
imenter using Button Box 5.0 (Behavioral Research Solutions). Social
behaviors were categorized into one of the following groups: nose-nose
interaction (direct investigation of orofacial region), huddling (station-
ary sitting next to partner), social exploration (anogenital investigation,
social sniffing outside of orofacial region, social grooming), and follow-
ing (Terranova and Laviola, 2005). The sum of these social behaviors
was used for the “total interaction duration.” A small number of videos
was lost because of technical errors before these specific behaviors could
be scored, resulting in a smaller sample size in behavior breakdowns
compared with total interaction duration.

Real-time social preference test. This assay was based on a published
protocol that allows a “judge” to choose between interacting with a “typi-
cal” mouse (Oprm1™/™) and an “atypical” mouse (Oprm1 mutant; Shah
et al,, 2013). To maintain consistency with other assays of social behav-
ior, mice were tested at 6-8 weeks of age, using the same three-chamber
social testing apparatus described above. Judges were habituated for
10min before testing in the empty apparatus. After habituation, two
wire cups were placed in either end chamber: one contained the
Oprm1 ™" mouse, and the other contained either a Oprm1™~ or
Oprm1 ™'~ mutant. Judges were then allowed to freely explore the cham-
ber for 30 min. Test sessions were recorded by a video camera and the
time the target mouse spent in each chamber and in proximity to each
cylinder (<2 cm) was measured by ANY-maze tracking software. After
each test, the entire apparatus was cleaned with 70% ethanol.

Experimental design and statistical analyses

Oprml mutant mice were generated using three different breeding
schemes. The first breeding strategy involved parents that were both
Oprm1*/~, generating littermate offspring with a mix of all possible
genotypes. This strategy was used to generate mice for analysis of gene
expression, behavioral responses to morphine, electrophysiology, and
immunohistochemistry. However, one drawback of this strategy is that
Mendelian inheritance from Oprm1*/~ parents leads to a larger num-
ber of Oprml“f offspring (50%), relative to Oprmqu (25%) or
Oprml“ * (25%). For the assessment of social behavior, we needed to
obtain large and comparable numbers of all three genotypes. We there-
fore analyzed social behavior using offspring from Oprm1™/~ parents,
as well as age-matched offspring of parents that were both Oprm1*/*
(generating only Oprm1 ™™ offspring) or Oprm1 '~ (generating only
Oprm1~'~ offspring). For social behavior experiments, this means
that Oprm1*'* mice were raised by parents that were either Oprm1™/*
or Oprm1*/~, and Oprm1 ™/~ mice were raised by parents that were ei-
ther Oprm1™/~ or Oprm1~"". For each assay of social behavior, we report
values obtained from mice of the same genotype generated by different
breeding strategies and pool data from different breeding strategies when
results are comparable.

Similar numbers of male and female animals were used in all experi-
ments, with sample sizes indicated in figure legends. Individual data
points from males (filled circles) and females (open circles) are distin-
guished in figures. Sex was included as a variable in factorial ANOVA
models analyzed using IBM SPSS Statistics version 24, with repeated
measures on within-subject factors. The main effects of sex and interac-
tions involving sex were not significant unless noted otherwise. For the
main effects or interactions involving repeated measures, the Huynh—
Feldt correction was applied to control for potential violations of the
sphericity assumption. This correction reduces the degrees of freedom,
resulting in noninteger values. Significant interactions are indicated in
figures by a red asterisk and were decomposed by analyzing simple
effects (i.e., the effect of one variable at each level of the other variable).
Significant main effects were analyzed using least significant difference
(LSD) post hoc tests, denoted by black asterisks above the data. Effect

Toddes et al. @ Opioid Deficit Alters Social Circuits and Behavior

Oprm1+*- Mu Opioid Receptor
low X law (Oprm1)
2.0- *x
*

PAX)
o lew lew

+/+ +/- -/-

-
3]
1

g e ) )
0 o o

mRNA Fold Change
.Q -
[3,] o
1 1

(@)

Distance Travelled (m/hr)

Saline 2.0 6.32 20
Morphine Dose (mg/kg)

1004

N
[ .

6.32 20
Morphine Dose (mg/kg)

Saline 2.0

Figure 1.  Functional validation of Oprm1 haploinsufficiency. A, Breeding strategy used to
generate littermates of all possible genotypes for validation experiments (top), with the legend
defining the appearance of individual data points for each genotype and sex (bottom). B,
Assessment of w.-opioid receptor (Oprm1) mRNA levels in nucleus accumbens tissue punches
using quantitative PCR in Oprm1™/* (1=14), Oprm1™/~ (1=15), and Opm1~/~ (1=9)
mice. (, D, Distance traveled in a test of open field activity () and thermal antinociception
on the hot plate (D) after the injection of morphine in Oprm1™/* (n=12), Oprm1™/~
(1=10), and Oprm1~'~ (n=11) mice. All groups contained similar numbers of female
mice (open symbols) and male mice (closed symbols). :p << 0.05 between groups, LSD post
hoc test.

sizes are expressed as partial 7-squared (7,°) values. The type I error
rate was set to @ = 0.05 (two tailed) for all comparisons. All summary
data are displayed as the mean *= SEM.

Results

Functional validation of partial genetic knockout in
Oprm1*’~ mutant mice

To compare Oprm1™/~ and Oprm1~’~ mice with Oprm1
termates, we first studied female and male offspring generated by

+/+ lit-
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Figure 2.

Oprm1 copy number affects synaptic gene expression in the nucleus accumbens. A, The assessment of mRNA levels in nucleus accumbens tissue punches using quantitative PR

(left), with the legend (right) for Oprm1™/™ (1=12), Oprm1™/~ (n=10), and Oprm1~/~ (n=7) mice. B-D, Expression of inhibitory synaptic genes: gephyrin (B), VGAT (€); and collybistin
(D). E-G, Expression of excitatory synaptic genes: SAP97 (E), SAP102 (F), and PSD95 (G). All groups contained similar numbers of female mice (open symbols) and male mice (closed symbols).

#p << 0.05 between groups, LSD post hoc test.

breeding two Oprm1 ™/~ parents (Fig. 14). We used quantitative
RT-PCR to measure Oprml expression in nucleus accumbens
tissue punches from all three genotypes (Fig. 1B). There was a
complete loss of Oprm1 expression in the nucleus accumbens of
Oprm1~"~ mice, with a partial (~35%) reduction of expression
in Oprm1™/~ mice (F(3) = 64.19, p<0.001, 1,” = 0.80). To
confirm that this reduction in Oprm1 expression has functional
consequences, we injected mice of all three genotypes with
ascending doses of morphine, and measured open field activity
as well as thermal nociception on a hot plate. In the open field
(Fig. 1C), Oprm1~'~ mice did not exhibit dose-dependent
increases in hyperlocomotion, while the behavioral response of
Oprm1™/~ mice was attenuated but not completely absent (ge-
notype X dose interaction: F(4335550) = 48.30, p <0.001, np2 =
0.78). On the hot plate (Fig. 1D), dose-dependent changes in
thermal antinociception were attenuated in both Oprm1~'~ and
Oprm1™/~ mice to a similar extent (genotype x dose interaction:
Fs78) = 7.38, p <0.001, npz = 0.36). These findings are consist-
ent with those of previous publications (Matthes et al., 1996;
Sora et al., 2001) and support the notion that both Oprml1 alleles
contribute to the expression of functional receptors (Kieffer and
Gavériaux-Ruff, 2002).

Oprm1 copy number affects synaptic gene expression in the
nucleus accumbens

Oprm1~"~ mice have substantially more symmetrical synapses
in the nucleus accumbens, with increased expression of many in-
hibitory synaptic genes (Becker et al., 2014). We used nucleus
accumbens tissue samples to measure mRNA expression of sev-
eral inhibitory synaptic molecules in all three genotypes (Fig.

2A). The expression of gephyrin (Fig. 2B), an inhibitory postsy-
naptic scaffolding protein (Tyagarajan and Fritschy, 2014), was
significantly increased in both Oprml1~’~ and Oprm1™’~
mutants compared with Oprm1+/ * controls (Fa23) = 3.81,
p=0.037, np2 = 0.25). The expression of vesicular GABA trans-
porter (VGAT; Fig. 2C) was significantly increased in Oprm1~/~
mutants (Fz3) = 4.06, p=0.031, npz = 0.26). Genotype did not
affect the expression of collybistin (Fig. 2D), a GDP-GTP
exchange factor that facilitates gephyrin trafficking (Kins et al,,
2000). However, there was a main effect of sex for the expression
of both VGAT (F(; 53y = 10.33, p=0.004, 1,,> = 0.31) and colly-
bistin (F(; 23y = 2347, p < 0.001, 1,,> = 0.50), with higher expres-
sion of both genes in male mice. We also measured mRNA
expression of PSD-95 (Dlg4) and other excitatory synaptic scaf-
folding molecules in the membrane-associated guanylate kinase
family (Won et al,, 2017). Oprm1 mutants did not have detecta-
ble differences in the expression of Dlgl (Fig. 2E), Dlg3 (Fig. 2F),
or Dlg4 (Fig. 2G). Previous studies found no changes in the
number of asymmetrical synapses in the nucleus accumbens of
Oprm1~"~ mice (Becker et al,, 2014), suggesting a stronger influ-
ence of Oprml1 copy number on inhibitory synapses in the nu-
cleus accumbens.

Oprm1 copy number affects the function and structure of
nucleus accumbens inhibitory synapses

Given the increased expression of inhibitory synaptic genes in
Oprm1 mutant mice, we next assessed functional changes in syn-
aptic transmission within the nucleus accumbens. To selectively
analyze changes in D1- and D2-MSNs, we crossed Oprml
knock-out mice with double-transgenic fluorescent reporter



7970 - J. Neurosci., September 22, 2021 - 41(38):7965-7977

l [TV LllL.lL A (", h

Toddes et al. @ Opioid Deficit Alters Social Circuits and Behavior

INHIBITION oL T( v 4 INHIBITION g L1( o ;L - SO,
prm1 (+/+) D1-MSN 20pA prm1 (+/+) D2-MSN
w 2.0sec w
Oprm1 (+/-) D1-MSN Oprm1 (+/-) D2-MSN
Vh= 0mV / Vh=omv /
6 Oprm1 (-/-) D1-MSN 6 Oprm1 (-/-) D2-MSN
C 301 D E 301 6\ 9 F
1.0
3 9 —. —
YA = &
o © °
° ) o -é‘ 0.5 %
7 20{ % o 5 Z 201 o o 00 2
e %o 00 3 Jd 2 @ © 3
3 o a 0 3 a
=2 I o 2 o
S = 1.0 3 2
£ 3 £ 5
<C 104 £ << 104 IS
o =] =]
(& (&
0.59 0.5+
0- : : 0 i
SN O O NN O 0 20 40 60 SO O D W0 0 20 40 60
KO X Amplitude (pA) KO X Amplitude (pA)
G o, 3 ° Q H .o I 6 3 Q J o
05 05
N 44 3 N 44 0o 3
< % < §
& £ 0 ) £ 0
9] Q 5 o
S 210 = 2 1.0
& ® o0 © 00 g1 2 g1
o =] o >
r 24 e ° 5 w §
o (& (&
° 0.5 0.5
0- 0 0
DN D DN D 0 2 4 6 8 0 2 4 6 8
NN Inter-Event Interval (s) Inter-Event Interval (s)
Figure 3.  Electrophysiological recordings from MSNs in the nucleus accumbens to assess inhibitory synaptic transmission. 4, B, Schematic diagram showing whole-cell voltage-clamp record-

ings from MSNs identified by the expression of Drd1-tdTomato (4) or Drd2-eGFP (B). Example traces show mIPSCs recorded for Oprm1™"* (D1, n= 16 cells; D2, n = 18 cells), Oprm1™+/~ (D1,
n=18 cells; D2, n = 18 cells), and 0prm1’/’ (D1, n=24 cells; D2, n = 31 cells). (—F, Average mIPSC amplitude and cumulative probability plots for D1-MSNs (C, D) and D2-MSNs (E, F), sep-
arated by sex. G-J, Average mIPSC frequency and cumulative probability plots for D1-MSNs (G, H) and D2-MSNs (1, J), separated by sex. Red asterisk indicates a significant genotype x sex
interaction (E). *p < 0.05 according to LSD post hoc test (E, 1) or Kolmogorov—Smirnov test comparing Oprm1 mutant to control (F, J).

mice expressing Drdl-tdTomato and Drd2-eGFP. In acute brain
slices prepared from these animals, we performed whole-cell
voltage-clamp recordings from red D1-MSNs and green D2-
MSNs (Fig. 3A,B), and measured the frequency and amplitude of
mIPSCs. In Oprm1™/* control mice, there was a noteworthy sex
difference in basal synaptic transmission (cell type x sex interac-
tion: F(; 30y = 7.19, p=0.012, np2 =0.19), with larger mIPSC am-
plitude in male D1-MSNs and female D2-MSNss.

For mIPSC amplitude (Fig. 3C-F), omnibus ANOVA
revealed a significant cell type x sex X genotype interaction
(Fi,113) = 3.31, p=0.040, np2 = 0.06). There were no significant
effects on mIPSC amplitude in D1-MSNs (Fig. 3C), but for D2-
MSNs (Fig. 3E) there was a significant sex X genotype interac-
tion (Fp61) = 3.62, p=0.033, np2 = 0.11). This interaction was
driven by a main effect of genotype in male mice (F;39) = 4.52,
p=0.017, n,° = 0.19), but not in female mice. In D2-MSNs from
male mice, mIPSC amplitude was significantly higher in
Oprm1™/~ and Oprm1~’~ mutants relative to Oprm1™*'" con-
trols. For mIPSC frequency (Fig. 3G-J), there were no significant

main effects or interactions in an omnibus ANOVA. However,
we noted a trend toward a main effect of genotype in D,-MSNs
from male mice (F(, 39y = 3.18, p =0.053, np2 = 0.14), with higher
mIPSC frequency in Oprm1™*'~ mutants relative to Oprm1™*'*
controls.

Inhibitory synapses formed at different subcellular locations
generate quantal currents with distinct biophysical properties
(Koos et al., 2004; Straub et al.,, 2016). Perisomatic inhibitory syn-
apses generate currents with larger amplitude, while inhibitory
synapses in the dendritic arbor generate currents with smaller am-
plitude (Fig. 4A). When we analyzed mIPSC frequency from male
D2-MSNs as a function of amplitude (Fig. 4B), we found that
Oprm1*/~ and Oprm1~/~ males had a specific increase in the fre-
quency of currents with amplitudes >10 pA (genotype x ampli-
tude interaction: Fp39) = 6.13, p=0.005, npz = 0.24), suggesting
that Oprm1 copy number affects perisomatic inhibitory synapses.
To visualize these synapses, we performed immunohistochemistry
for gephyrin in D2-eGFP reporter mice (Gittis et al., 2011), so
green fluorescence could be used to construct a soma mask and
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hibitory synapses relative to the somatic recording electrode. B, Reanalysis of mIPSC frequency in D2-MSNs from Figure 3, separating event by sex and amplitude: small (<10 pA) or large
(>10pA). C, Examples of confocal images showing D2-eGFP fluorescence (top left) used to create a somatic mask (top middle) for analysis of perisomatic gephyrin-immunoreactive puncta
(top right). The bottom row shows representative images for each genotype, with white dots highlighting gephyrin puncta. Scale bars, 2 m. D, Cumulative probability plot of gephyrin puncta
density for D2-MSNs from Oprm1™/* (n =250 cells), Oprm1 ™/~ (n=189 cells), and Oprm1™~'~ (n.= 223 cells). E, Mean gephyrin puncta density for D2-MSNs from Oprm1™/™ (n =6 mice),

Oprm1+/~

n =15 mice), and Oprmr/’ (n = 6 mice). All groups contained similar numbers of female mice (open symbols) and male mice (closed symbols). Red asterisk indicates a significant

genotype x amplitude interaction (B). *p << 0.05 comparing Oprm1 mutant to control with LSD post hoc test (B) or Kolmogorov—Smirnov test (D), or LSD post hoc test between groups (E).

quantify perisomatic gephyrin puncta (Fig. 4C,D). The mean den-
sity of perisomatic gephyrin puncta was doubled in Oprm1™/~
mutants (Fig. 4E), with a significant but less dramatic increase in
Oprmlfl* mutants (Fp, 1y = 24.55, p < 0.001, 17},2 =0.82). Unlike
the functional changes in synaptic transmission (Fig. 3), these
structural synaptic changes did not appear to differ between sexes,
which is consistent with the elevated expression of gephyrin
mRNA in nucleus accumbens tissue from both sexes (Fig. 2).
Together, our results indicate that Oprml copy number alters
both the form and function of inhibitory microcircuits in the nu-
cleus accumbens.

Oprm1 copy number alters social reward
Perisomatic inhibitory synapses onto MSNs tend to originate
from fast-spiking interneurons (Gittis et al., 2011; Straub et al,,
2016). In the nucleus accumbens, fast-spiking interneurons regu-
late the development of CPP (Wang et al.,, 2018; Chen et al.,
2019), and previous reports indicate that Oprm1~'~ mutants fail
to develop social CPP (Cinque et al., 2012). To extend this analy-
sis to Oprm1™/~ mice, we used a social CPP protocol that began
with 24 h of housing with littermates on a distinct bedding mate-
rial, followed by 24 h of housing in social isolation on a different
bedding material (Fig. 5A). The preference of individual mice for
each bedding material was assessed before and after this condi-
tioning procedure, in sessions we refer to as “baseline” and
“test,” respectively.

We evaluated social CPP in littermate offspring of Oprm1™/~
parents, as well as age-matched offspring of Oprm1™’* or

Oprm1~/~ parents (Fig. 5B). There was a significant session x
group interaction (F(4;12) = 3.85, p =0.006, np2 =0.12), with signif-
icant social CPP observed in Oprm1™/* offspring of Oprm1™/*
parents (Fig. 5C). Social CPP was absent in Oprm1~'~ offspring of
Oprm1~/~ parents, as previously reported (Cinque et al., 2012).
Social CPP was also absent in Oprm1 '~ and Oprm1*/~ offspring
of Oprm1™*/~ parents, suggesting that social reward is diminished
by either full or partial loss of Oprml signaling. This Oprml
knock-out mouse line shows intact CPP after exposure to MDMA
(3,4-methylenedioxymethamphetamine; Robledo et al., 2004) and
cocaine (Contarino et al., 2002; Nguyen et al., 2012), suggesting
that the lack of social CPP is not because of a generalized learning
or memory deficit. In addition, Oprm1 copy number did not sig-
nificantly influence social approach or memory in a standard
three-chamber test (Table 2). These results provide initial evidence
for dissociable mechanisms underlying social approach and social
reward.

Somewhat surprisingly, Oprm1™*/" offspring of Oprm1™/~
parents also failed to exhibit social CPP, although Oprm1™/* off-
spring of Oprm1 ™™ parents showed robust CPP (Fig. 5C). While
this difference could theoretically be related to parental genotype,
cross-fostering experiments have shown that parental care by
Oprm1 mutants does not alter social behavior of Oprm1™/" mice
(Becker et al,, 2014). A more likely explanation is that Oprm1™/"
offspring of Oprm1 ™/~ parents were conditioned with Oprm1 ™/~
and Oprm1~'~ littermates. The abnormal social behavior of mu-
tant littermates could thus have reduced the preference for social
bedding that developed in Oprm1™/* mice in a reciprocal fashion.
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Figure 5. Social (PP as a function of Oprm1 genotype and breeding strategy. 4,

Schematic diagram of the social CPP protocol. B, Time spent in the social zone for
mice of each genotype generated by each breeding strategy (n = 20/22/29/13/28, left
to right), during the baseline session before conditioning and the test session after
conditioning. C, Preference scores for the same groups of mice, calculated as time in
the social zone on test minus baseline. Note that +/+ and —/— mice were gener-
ated from two different breeding schemes, as shown at the top of panel (B). All
groups contained similar numbers of female mice (open symbols) and male mice
(closed symbols). p << 0.05 according to paired t test (B) or LSD post hoc test (C).
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Oprml copy number alters reciprocal social interaction

We further evaluated reciprocal social interaction between two
freely moving age- and sex-matched mice: one mutant animal
generated by the Oprml breeding strategies described above,
and a novel stimulus mouse that was either a mutant mouse of
the same genotype or a C57BL/6] wild-type (Fig. 6A). The total
time spent in social interaction (mean * SEM) was similar for
Oprm1™/* mice interacting with Oprm1™/™ (31.0 = 2.3 5) or
C57BL/6] (25.2 * 3.4 s), and for Oprmqu mice interacting
with Oprmlqi (17.4 = 1.6 s) or C57BL/6] (18.4 = 1.5 s), so
data are pooled for presentation (Fig. 6B). There was a main
effect of genotype (F(2 166) =12.31, p<0.01, ”’)p =0.13), indicat-
ing that both Oprm1*/~ and Oprm1 /"~ mutants spent less time
than Oprm1™*'* controls engaging in social interaction. The total
interaction time was also lower in female mice than male mice
(main effect of sex: Fy 166y = 10.54, p < 0.01, npz = 0.06). In this
assay, breeding strategy did not appear to influence social behavior:
the duration of social interaction (mean * SEM) was similar in
Oprm1™/* mice whose parents were Oprm1™'" (280 + 2.2s) or
Oprm1*/~ (289 * 4.6's), and in Oprm1~/~ mice whose parents
were Oprm1~/~ (19.1 + 1.855s) or Oprm1™/~ (17.0 * 1.45).

In the reciprocal social interaction test, the total interaction
duration includes several qualitatively different types of social
behavior (Terranova and Laviola, 2005; Becker et al., 2014). In
terms of affiliative social behaviors, there was a main effect of ge-
notype for nose contact (Fig. 6C; F,, 129) = 3.38, p=0.026, np =
0.06) and huddling (Fig. 6D; F120) = 6.92, p=0.001, 77p =
0.10), with decreases in Oprml '~ mutants that were more
moderate in Oprm1™*/~ mutants, relative to Oprm1™*/* controls.
In terms of investigative behaviors, there was a main effect of
genotype for following (Fig. 6E; F(5129) = 8.26, p < 0.01, n,° =
0.11), but no significant change in the amount of other nonreci-
procated social exploratory behaviors, such as anogenital sniffing
or nose—flank contact (Fig. 6F).

In addition to the reciprocal social behavior of the mutant
mouse, we also quantified social behavior of the C57BL/6] stimu-
lus mouse in each test session. There was no difference in the
total interaction duration as a function of the genotype of
the mutant partner (Fig. 6G), but interesting trends emerged in
the qualitative breakdown of specific types of social behavior. In
terms of affiliative social behaviors, there were similar trends to-
ward reduced nose contact and huddling, but not in following
(Fig. 6H-]). However, C57BL/6] stimulus mice engaged in more
nonreciprocated social exploratory behaviors with Oprm1~/~
mutant partners (Fig. 6K; F,43) = 3.58, p=0.032, np2 = 0.08).
This result supports the notion that interaction with an Oprml
mutant mouse changes the social experience of genotypical test
partners in a reciprocal manner.

Oprm1 copy number alters real-time social preference

To further assess the preference for social interaction with an
Oprml mutant mouse versus a typical OprmlJ'/Jr mouse, we
measured the choice between these two types of social interac-
tion in real time (Shah et al., 2013). In an initial set of experi-
ments, C57BL/6] mice served as judges in a chamber with two
confined stimulus mice (Fig. 7A). One of these stimulus mice
was typical (Oprm1*'" wild type), while the other stimulus
mouse was atypical (Oprm1+/ ~ mutant). Both stimulus mice
were age and sex matched to the judge. C57BL/6] judges failed to
exhibit reliable discrimination between atypical Oprm1™’
mutants and typical Oprm1*/* controls (Fig. 7B,C). However,
C57BL/6] judges did reliably discriminate between atypical
Oprm1~/~ mutants and typical Oprm1*/" controls (Fig. 7D-F),
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Table 2. Social approach and memory of Oprm1 mutant mice in a standard three-chamber test

Genotype Oprm1+7™ (47) Oprm1+7 (52) Oprm1~ 7~ (53)
Social approach: time in chamber with C57BL/6J stimulus mouse 2923+73 2902 7.0 2968 £7.9
Social approach: time in chamber with empty cup 2280 = 6.4 2292*+7.0 2282*+174
Social approach: time in center chamber 782 +34 80.6 £ 3.0 75.0 £4.1
Social approach: statistical results Chamber: f(; 146) = 67.25, p < 0.001, npz =031
Chamber x genotype: Fi1,146) < 1
Social memory: time in chamber with familiar C57BL/6) stimulus mouse 217.6 = 6.8 2238*+79 239.1+8.1
Social memory: time in chamber with novel (57BL/6J stimulus mouse 281.6 = 6.7 263.0 =84 2574+8
Social memory: time in center chamber 100.8 = 4.4 103.1 £ 4.2 100.2 £ 5.6
Social memory: statistical results Chamber: 1 145) = 18.19, p < 0.001, np2=0.11
Chamber x genotype: F( 146y = 2.47, p = 0.088
All data are presented as the mean = SEM; the numbers in parentheses represent sample sizes for each genotype.
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Figure 6.  Oprm1 copy number influences on reciprocal social interaction. A, Schematic diagram of the reciprocal social interaction test, separately highlighting behavior of the Orpm1 experi-
mental mouse (top) and the (57BL/6J stimulus mouse (bottom). B, Total interaction durations for 0prm1+/+ (n=51), 0prm1+/’ (n=154), and 0prm1’/’ (n=67). C=F, Duration of nose
contact (€), huddling (D), following (E), and social exploration (F) for Oprm?1 1% (n=35), 0pm1™/~ (1=45), and Oprm1 ~'~ (n=55). G, Total interaction durations for (57BL/6J stimulus
mice interacting with Oprm1*/* (n=26), Oprm1™*/~ (n.=50), and Oprm1~/~ (n = 35). H—K, Duration of nose contact (H), huddling (1), following (J), and social exploration (K) for C57BL/
6) stimulus mice interacting with Oprm1™/™ (1= 20), Oprm1*/~ (1=41), and Oprm1~/~ (n.=28). All groups contained similar numbers of female mice (open symbols) and male mice

(closed symbols). #p << 0.05 between groups, LSD post hoc test.

exhibiting a robust social preference for the chamber containing
the typical mouse (F(1 2 = 5.87, p=0.002, np2 = 0.21). These
data provide converging evidence that the abnormal social
behavior exhibited by Oprm1 mutant mice can negatively influ-
ence the reciprocal social preference of genotypical conspecifics.
Since C57BL/6] judges exhibited reliable discrimination
between atypical Oprm1 ’~ mutants and typical Oprm1™’*
controls, we used the same experimental setup to test the real-
time social preference of judges that were Oprml mutants.
Oprm1™/~ judges failed to discriminate between atypical
Oprm1~"~ mutants and typical Oprm1™/™ controls (Fig. 7F-H).
In contrast, Oprm1~’~ judges did reliably discriminate between
atypical Oprm1~/~ mutants and typical Oprm1™/" controls
(Fig. 7I-K). However, these Oprm1~'~ judges exhibited a robust
social preference for the chamber containing another atypical

Oprml™"~ mouse (F = 1994, p=0.001, 1,> = 0.64).
Oprm1~’~ mice did not develop social CPP when housed with
other Oprm1~'~ mice (Fig. 5), providing further evidence for
dissociable mechanisms underlying social approach and social
reward. Our results link deficits in u-opioid receptor signaling
with impairment of social reward, rather than social approach,
and illustrate how social interaction with Oprm1 mutant mice
can affect the behavior of genotypical partners in a reciprocal
fashion.

Discussion

Dysregulation of u-opioid receptor signaling has been reported
in a variety of neuropsychiatric disorders that involve altered
social behavior (Kennedy et al., 2006; Prossin et al., 2010;
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Pellissier et al., 2018; Ashok et al,
2019; Nummenmaa et al., 2020). These
conditions likely involve a partial
(rather than a complete) dysregulation
of u-opioid receptor signaling, which
we have modeled using mice with het-
erozygous genetic knockout of Oprm1.
These mice exhibited changes in the
organization of inhibitory microcircui-
try within the nucleus accumbens,
where u-opioid receptor activation
plays a particularly critical role in
social behavior. Haploinsufficiency of
p-opioid receptor signaling led to ro-
bust deficits in both social CPP and re-
ciprocal social interaction in Oprm1™*/~
mice. Furthermore, the reciprocal social
behavior of genotypical stimulus mice
was also affected by interaction with
Oprml mutant mice, which repre-
sents a novel aspect of social impair-
ments caused by deficient u-opioid
receptor signaling. Partial reductions
of w-opioid receptor signaling can
thus have wide-ranging impacts on
both neural circuit organization and
behavioral output.
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The p-opioid receptor is abundant in
the nucleus accumbens (Moskowitz
and Goodman, 1984), and its activa-
tion can bidirectionally modulate
social preference in rodents (Trezza et
al,, 2011; Resendez et al., 2013; Smith
et al, 2018). Homozygous Oprml
knock-out mice also show a dramatic
increase in the number of symmetrical
synapses within the nucleus accum-
bens (Becker et al., 2014). We corrobo-
rated this prior report by measuring
mRNA expression of inhibitory synap-
tic molecules and by using gephyrin
immunoreactivity as a marker of peri-
somatic inhibitory synapses onto D2-MSNs. The density of
gephyrin puncta was significantly elevated in Oprm1~'~ mice,
and elevated even further in Oprm1 ™/~ mice, with no evidence
of a sex difference. These striking data show that haploinsuffi-
ciency of u-opioid receptor gene expression can cause more dra-
matic neurobiological changes than complete genetic knockout
of Oprml, perhaps because of compensatory adaptations that
occur in the total absence of w-opioid receptor expression.

In male Oprm1*/~ mice, the structural reorganization of in-
hibitory synapses onto D2-MSNs was accompanied by altered
inhibitory synaptic transmission. There was a significant increase
in mIPSC amplitude and frequency in D2-MSNs from male
Oprm1™/~ mice, similar to previous observations in the central
amygdala of male Oprm1~'~ mice (Kang-Park et al., 2009). The
increase in mIPSC frequency was particularly pronounced for
events of large amplitude, which likely correspond to the periso-
matic synapses detected using gephyrin immunoreactivity. Fast-
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spiking interneurons tend to form perisomatic inhibitory synap-
ses with large quantal amplitude onto striatal MSNs (Straub et
al,, 2016), and these interneurons express the u-opioid receptor
in other brain regions (Drake and Milner, 2006; Glickfeld et al.,
2008; Krook-Magnuson et al., 2011). This raises the possibility
that the loss of u-opioid receptor expression from presynaptic
neurons may contribute to remodeling of inhibitory synapses
onto MSNs in male mice, although the u-opioid receptor is
also expressed by postsynaptic MSNs (Banghart et al, 2015;
Charbogne et al., 2017). Additional research is needed to deter-
mine whether inhibitory microcircuits are regulated by u-opioid
receptor expression in specific nucleus accumbens cell types, as
previously shown for responses to exogenous opioid exposure
(Cui et al., 2014; Charbogne et al., 2017; Severino et al., 2020).
Paradoxically, functional changes in synaptic transmission
were not observed in female Oprm1*'~ mice, although both
sexes showed a comparable increase in D2-MSN gephyrin
puncta density and gephyrin mRNA expression. One potential
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explanation for this pattern of results is that the basal mIPSC am-
plitude is higher in D2-MSNs of female mice and D1-MSNs of
male mice. A ceiling effect may therefore have obscured our abil-
ity to detect increased mIPSC amplitude in D2-MSNs from
female Oprm1 mutant mice. While sex differences at nucleus
accumbens inhibitory synapses have not previously been investi-
gated in a cell type-specific fashion, there are well documented
sex differences in the structure and function of excitatory synap-
ses in the nucleus accumbens (Forlano and Woolley, 2010;
Meitzen et al., 2018), including cell type-specific changes (Cao et
al., 2018). We did not detect changes in the mRNA expression of
excitatory synaptic scaffolding molecules, and thus did not fur-
ther evaluate excitatory synaptic transmission in this study. Since
inhibitory synaptic transmission appeared relatively normal in
female Oprm1~/~ mice, changes in excitatory synaptic transmis-
sion could make a larger contribution to their atypical social
behavior. However, both sexes showed robust changes in
gephyrin mRNA expression and D2-MSN gephyrin puncta den-
sity, suggesting a common reorganization of inhibitory microcir-
cuitry caused by complete or partial decrements in u-opioid
receptor signaling. It is noteworthy that reductions in sociability
caused by social defeat stress are associated with decreased
mIPSC frequency in the nucleus accumbens (Heshmati et al.,
2020), but this may be because of an effect on D1-MSNs rather
than D2-MSNs (Heshmati et al., 2018).

Multifaceted influence of Oprm1 copy number on reciprocal
social behavior

Homozygous Oprm1 knock-out mice have deficits in maternal
attachment (Moles et al.,, 2004), social reward (Cinque et al.,
2012), and reciprocal social interaction (Becker et al., 2014). We
extended these analyses to Oprm1™’~ mice using a breeding
strategy that permitted comparison with both Oprm1™/™ and
Oprm1 '~ littermates, as well as Oprm1™*/* and Oprm1~'~ off-
spring of parents with the same genotype. We found that
Oprm1™/~ mice had significant reductions in the time spent
interacting with novel conspecifics in the reciprocal social inter-
action test, similar to the phenotype we and others observed in
Oprmlf/ ~ mice (Becker et al, 2014). We also analyzed the
behavior of genotypical stimulus mice tested with Oprm1 mutant
partners in the reciprocal social interaction test. We found subtle
indications that interaction with Oprm1 mutant mice alters the
reciprocal social behavior of genotypical stimulus mice, as previ-
ously reported for other mouse strains with atypical social behav-
ior (Yanget al,, 2012).

This notion was further supported by two additional lines of
evidence. First, in a test of social CPP, the preference normally
observed for group housing with conspecifics was absent when
Oprm1*"* mice were housed with Oprm1 mutant littermates.
Second, in a test of real-time social preference (Shah et al., 2013),
genotypical judges exhibited a preference for interaction with
typical Oprm1™/* mice versus atypical Oprm1~'~ mice. This
preference was not observed when the atypical mouse was
Oprm1*/™, so heterozygous deletion of the u-opioid receptor
does not completely recapitulate all social phenotypes of homo-
zygous Oprm1 knock-out mice. Our findings are consistent with
other reports that the social behavior of genotypical mice can be
influenced by atypical conspecifics (Langford et al., 2010; Yang et
al,, 2012; Heinla et al.,, 2018; Rogers-Carter et al., 2018).

To our surprise, when Oprm1~/~ mice served as judges in
the real-time social preference test, they exhibited a preference
for other Oprm1~'~ mice rather than typical Oprm1™’* mice.
We also found that Oprm1 ™~ exhibited normal levels of social
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approach in a three-chamber social test (Nadler et al.,
2004). These findings differ somewhat from a previous
study of the same Oprm1 knock-out mouse on a different
genetic background (Becker et al., 2014), but genetic background
is known to influence behavior in the three-chamber social test
(Moy et al., 2004). It is notable that Oprmlfl* mice do not de-
velop social CPP when housed with other Oprm1~/" littermates
(Cinque et al,, 2012). This suggests that Oprm1~/~ mutants may
not enjoy or “like” social interaction with other Oprm1 ™'~ mutants,
but still pursue or “want” such interaction. A role for opioid signal-
ing in the hedonic impact of social interaction is consistent with
prominent theories of reward (Berridge et al., 2009), which con-
versely predict that dopamine signaling may mediate the pursuit of
social interaction (Gunaydin et al., 2014).

Translational implications

Our findings demonstrate that partial disruption of u-opioid re-
ceptor signaling can have profound effects on both neural
circuit organization and behavioral output. In some cases,
the impact of haploinsufficiency was even greater than
complete loss of p-opioid receptor signaling. The dysregu-
lation of u-opioid receptor signaling reported in a variety of
neuropsychiatric disorders may therefore reflect fundamen-
tal alterations in brain function and contribute to the
pathophysiology of these conditions (Kennedy et al., 2006;
Prossin et al., 2010; Pellissier et al., 2018; Ashok et al., 2019;
Nummenmaa et al., 2020). Partial loss of u-opioid receptor
signaling could be caused by genetic polymorphisms affect-
ing the receptor itself, associated signaling proteins, and
opioid peptide ligands as well as their catabolic enzymes.
Conversely, genetic variants that enhance some aspects of
pn-opioid receptor signaling (like the Oprm1 A118G poly-
morphism) can increase sociability, even in the heterozy-
gous state (Barr et al., 2008; Copeland et al., 2011; Troisi et
al., 2011; Briand et al., 2015). A similar enhancement of en-
dogenous opioid signaling may be possible via pharmaco-
logical inhibition of the enzymes that normally degrade
endogenous opioid peptides (Roques et al, 2012) or
through positive allosteric modulation of the u-opioid re-
ceptor (Kandasamy et al., 2021). Therefore, signaling via
the u-opioid receptor may not only contribute to the etiol-
ogy of neuropsychiatric disorders, but also represent a tar-
get for therapeutic intervention.
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