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Reduced nucleus accumbens enkephalins underlie vulnerability
to social defeat stress
Hyungwoo Nam1, Ramesh Chandra1, T. Chase Francis1,2, Caroline Dias3,4, Joseph F. Cheer 1 and Mary Kay Lobo 1

Enkephalins, endogenous ligands for delta opioid receptors (DORs), are highly enriched in the nucleus accumbens (NAc). They are
implicated in depression but their role in the NAc, a critical brain region for motivated behavior, is not fully investigated. To provide
insight into enkephalin function we used a chronic social defeat stress paradigm, where animals are either categorized as
susceptible or resilient to stress based on their performance in a social interaction test. Compared to controls, susceptible animals
showed reduced enkephalin levels in the NAc. Such decrease in enkephalin levels is not due to a change in mRNA of its precursor
protein, proenkephalin, in susceptible mice but is consistent with increased mRNA levels of enkephalinases in the NAc of
susceptible animals. Systemic administration of enkephalinase inhibitors or NAc infusion of the DOR agonist, SNC80, caused a
resilient outcome to CSDS. Both treatments increased phosphorylation of ERK, which was downregulated by social defeat stress. To
further validate these results, we also used Q175 knock-in mice, an animal model of Huntington’s disease in which enkephalin levels
are reduced in striatum and comorbidity with mood disorders is common. Consistent with data in wild-type mice, Q175 animals
showed reduced enkephalin levels in the NAc and enhanced susceptibility to a social defeat stress. Overall, our data implicate that
depressionlike behavior induced by social defeat stress arises from disrupted DOR signaling resulting from lowered levels of
enkephalins, which is partly mediated through elevated expression of enkephalinases.

Neuropsychopharmacology (2019) 44:1876–1885; https://doi.org/10.1038/s41386-019-0422-8

INTRODUCTION
Enkephalins are primary endogenous ligands for delta opioid
receptors (DORs), and also bind to mu opioid receptors (MORs)
but with considerably less affinity [1]. In addition to analgesic
properties expected as ligands for opioid receptors [2], enkepha-
lins are highly implicated in motivated behaviors and stress
responses. Previous studies have found anxiety- and depression-
like behaviors in animals that were treated with a DOR antagonist
[3], or in animals devoid of precursor of enkephalins (proenke-
phalin) or DOR [4, 5]. Consistent with these studies, various
DOR agonists and enkephalinase inhibitors have been tested in
animal models and in clinical cases for treating symptoms of
depression [6–8].
Enkephalin-containing neurons and DORs are present through-

out the brain, including amygdala, striatum, and hypothalamus [9].
There are two different enkephalin pentapeptides that differ by
one amino acid, methionine-(Met-) and leucine-(Leu-) enkephalins.
A common precursor protein, proenkephalin, contains four copies
of Met-enkephalin and one copy of Leu-enkephalin within its
sequence, while another polypeptide prodynorphin contains three
copies of Leu-enkephalin sequence as well [10, 11]. The role of
enkephalin—DOR signaling in regulating depression-like beha-
viors has been studied in multiple brain areas. For example,
footshock stress [12] and forced swimming decreased the level of
Leu-enkephalin in the hypothalamus [13], and reduced levels
of Met-enkephalin in the striatum and hypothalamus. NAc

enkephalin levels were also decreased in animals that went
through chronic mild stress, and increased by chronic treatment of
antidepressants [14]. Additionally, prolonged predator odor and
elevated platform stress combined with acute restraint stress
downregulated Leu-enkephalin in the hippocampus [15].
Taken together, these previous studies suggest that enkephalin

—DOR signaling play a key role in regulating depression-like
behaviors and behavioral responses to stress. Despite enkephalins
being highly expressed within the striatum [16, 17], their role has
not been studied extensively in this region in stress, unlike the
dynorphin system [18]. The NAc, ventral striatum, known for its
role in motivated behaviors and stress responses [19–21], contains
projection neurons called medium spiny neurons (MSNs) which
represent more than 90% of the neurons in this region. The two
major subtypes of MSNs, Dopamine receptor 1 (D1)- vs. Dopamine
receptor 2 (D2)-MSNs, which display distinct roles in motivation
and stress response [22–25], are each enriched with distinct
precursor proteins that can be converted into endogenous opioids
(D1-MSNs—prodynorphin; D2-MSNs—proenkephalin).
In this study, we utilized a chronic social defeat stress (CSDS)

model, which produces robust and long-lasting reduced moti-
vated behavior [19, 26]. Using this model, we previously
demonstrated that animals that are susceptible to CSDS display
distinct cellular and/or molecular properties in NAc MSN subtypes
[27–29]. Previous work investigated the dynorphin system in
CSDS, including demonstration of reduced prodynorphin, the
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precursor for both dynorphin and Leu-enkephalin, in NAc of CSDS
susceptible and resilient mice [30]. However, enkephalins, which
are mainly enriched in D2-MSN subtypes, have not been well
studied in NAc in social stress. Thus, we investigated the
enkephalin—DOR signaling pathway in NAc to determine if
pharmacological interventions targeting enkephalins or DOR can
alter behavioral responses to CSDS.
In addition, we examined enkephalins in the NAc of the Q175

mouse model of Huntington’s disease (HD), which have a
spontaneous expansion of the CAG copy number in the
huntingtin gene [31]. HD is an inherited neurodegenerative
disorder that is characterized by motor dysfunction and cognitive
impairment [32]. Importantly, HD associates pro-dromally with
various psychiatric deficits such as depression, affective disorders,
and mood disturbances that are usually observed prior to clinical
symptoms [33]. Although these non-motor symptoms are
suggested to be early indicators of HD and impact the life quality
of HD patients greatly, the mechanism underlying such symptoms
are still relatively unknown and not studied compared to motor
symptoms [34–36]. Since it is well-known that enkephalin
signaling is dysregulated in the striatum of HD patients and
mouse models, we further probed Q175 mice for NAc enkephalin
levels and examined their response to social stress.

METHODS
Animals
All the procedures regarding animal use in this study were
approved by the University of Maryland School of Medicine
(UMSOM) Institutional Animal Care and Use Committee. Mice were
given food and water ad libitum and housed in UMSOM animal
facilities on a 12:12 h light:dark cycle. Male C57BL6/J mice (7–8-
weeks-old, Charles River, Kingston, NY) were used for CSDS
experiments, enkephalinase inhibitor injections, and SNC80
infusions. BAC transgenic D1-tdTomato [37] and D2-GFP [38] mice
on a C57BL6 background were crossed together to create
D1-tdTomato/D2-GFP reporter line, and these male mice
(8–10 weeks old) were also used for CSDS experiments. Male
CD-1 retired breeders (Charles River, >2 months) were used as
aggressors for CSDS. zQ175 KI [31] heterozygous mice (Q175) and
their C57BL6 age-matched littermates (4–8 months, Jackson
Laboratory, Bar Harbor, ME) were used for HD experiments. All
subject mice were randomly assigned to groups.

Social defeat stress
Social defeat stress was performed as previously by our lab [27–
29] using a well-established protocol [19, 26]. Briefly, subject mice
were placed in hamster cages with perforated clear dividers
containing an aggressive resident mouse (CD1). For CSDS, mice
were physically attacked by a resident for 10 min, then housed
opposite the resident on the other side of the divider for 24 h
sensory interaction. Defeat session was repeated with a novel
resident mouse each day for 10 consecutive days. Twenty-four
hours after the last session, mice were tested for social interaction
(SI). Subject mice were placed in an open field containing a clear
perforated box first without a social target for 2.5 min and
immediately following this, for another 2.5 min with a novel CD1
mouse serving as social target. Time spent around the box
(“interaction zone”) with or without an interactor was quantified
utilizing a video tracking software (TopScan Lite 2.0, CleverSys,
Reston, VA). The time spent with the social target in the
interaction zone is reported as “interaction time”; the time spent
with the empty box was not affected in any of our experiments.
Animals were categorized as susceptible if the interaction time
was two standard deviations below the mean of non-defeated
controls, and as resilient if they do not fall in that category. CSDS
animals were analyzed in separate groups of susceptible vs.

resilient vs. non-defeated control animals when noted; otherwise,
CSDS animals were grouped together for comparison with non-
defeated controls.

Radioimmunoassay (RIA)
NAc tissue punches were collected 24 h after SI or 30min after
enkephlinase inhibitor injections, after which they were homo-
genized in 150 µl of 1N acetic acid. The homogenates were
centrifuged, and the supernatant collected was lyophilized and
resuspended in 500 µl of RIA buffer (0.1 M sodium phosphate,
50mM sodium chloride, pH 7.4, 0.1% heat-treated BSA, and 0.1%
sodium azide). For Met- and Leu-enkephalin assays, 50 µl of
resuspended NAc homogenates were subjected to assay in
triplicates using the protocols described previously [39]. Briefly,
samples were incubated with 10,000 cpm of iodinated peptide and
the appropriate dilution of rabbit antiserum in a final volume of
300 µl at 4 °C overnight. To separate the antibody-bound labeled
peptide from the unbound labeled peptide, 1 ml of 25%
polyethylene glycol and 100 µl of 7.5% carrier bovine γ-globulin
were added. The samples were vortexed, kept on ice for 20min,
and then centrifuged for 20min at 3,000 × g at 4 °C. The
supernatant was aspirated, and the radioactivity in the pellets
was determined using a gamma counter (Wallac 1470, PerkinElmer,
Shelton, CT). Amounts of peptides were calculated using Prism
6 software (GraphPad, San Diego, CA) and then normalized to the
total input protein amount measured prior to lyophilization.
Polyclonal “Lucy” anti-Leu- [40] and “Betty”Met-Enkephalin antisera
were generous gifts from Dr. Iris Lindberg at our department in
UMSOM. 125I-labeled Met- and Leu-enkephalin were prepared by
the chloramine-T method using Met- (M6638, Sigma, St. Louis, MO)
and Leu-enkephalin acetate salt hydrates (L9133, Sigma).

RNA extraction and quantitative RT-PCR
NAc tissue punches from CSDS animals were collected 24 h after
the SI test and stored at −80 °C. RNA extraction and RT-PCR were
performed as previously [41]. Briefly, RNA was extracted using
Trizol (Invitrogen, Carlsbad, CA) and the MicroElute Total RNA Kit
(Omega Bio-tek, Norcross, GA) with a DNase step (Qiagen,
Germantown, MD). All RNA quantity was measured on a Nanodrop
(ThermoFisher Scientific, Waltham, MA). Complementary DNA was
then synthesized using a reverse transcriptase iScript comple-
mentary DNA synthesis kit (Bio-Rad, Hercules, CA). mRNA
expression changes were measured using quantitative PCR with
PerfeCTa SYBR Green FastMix (Quantabio, Beverly, MA). Quantifi-
cation of mRNA changes was performed using the 2–ΔΔCt
method, using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as a housekeeping gene. Primers used in this study
included GAPDH forward (AGGTCGGTGTGAACGGATTTG) and
reverse (TGTAGACCATGTAGTTGAGGTCA), proenkephalin (PENK)
forward (CCCTTTTCCAGCAGTGACC) and reverse (GGGCAACTGTA-
CAGCACAAA), membrane metallo-endopeptidase (MME) forward
(AGGCTCGTGCAGTTTTGAAC) and reverse (GGGTGAAATAGGG
GAACCGT), aminopeptidase puromycin sensitive (NPEPPS) for-
ward (GGATGAGGTGGAGCTACCAAA) and reverse (CAACCCCC
CACTGGTGTAAGA), angiotensin I converting enzyme (ACE)
forward (AGCACGACCCTTTACTGGTT) and reverse (CTCACCT
GGGCTGTTAGGAA), and alanyl aminopeptidase, membrane
(ANPEP) forward (CCACTTGTCCCAGTATGACAC) and reverse
(AGAGTAGGATGCTGGTGTCTG).

Stereotaxic surgery for intracranial cannula
Mice were anesthetized with isoflurane (3% induction, 1.5%
maintenance) and affixed in a stereotaxic frame (Kopf Instruments,
Tujunga, CA). Bilateral cannula (Plastics One, Roanoke, VA)
were implanted over the NAc (from Bregma, AP: +1.6 mm, ML:
±1.5 mm: DV: −4.0 mm). Cannula were secured by a dental
cement skull-cap.
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Drugs
For enkephalinase inhibitor treatment, bestatin hydrochloride (B8385,
Sigma) and thiorphan (BML-PI113, Enzo Life Sciences, Farmingdale, NY)
was used. Bestatin, a protease inhibitor that inhibits multiple enzymes
including ANPEP [42, 43], was dissolved in sterile water (12.5mg/mL).
Thiorphan, an active metabolite of acetorphan, an enkephalinase
inhibitor which has strong affinity for MME [42, 43], was dissolved in
100% ethanol (50mg/mL). The drugs were mixed and diluted in 0.9%
saline immediately before each injection. The mixture at a final
concentration of 5mg/kg of bestatin and 2.5mg/kg of thiorphan or
vehicle (1.25% ethanol in saline) was delivered intraperitoneally 15min
before each defeat session for 10 days during CSDS. For the DOR
agonist experiment, SNC80 (ALX-550-172, Enzo) was dissolved in sterile
water (2.5mg/mL) and diluted in 0.9% saline. The drug at a final
concentration of 8mg/kg or 0.9% saline was delivered intracranially over
10min using a programmable syringe pump (Harvard Apparatus,
Holliston, MA), immediately prior to the SI test.

Immunohistochemistry
D1-tdTomato/D2-GFP mice were deeply anesthetized with isoflur-
ane and transcardially perfused with 0.1 M PBS followed by 4%
paraformaldehyde (PFA). Animals were sacrificed 15min following
the SI test according to a previous literature [44], as pERK levels can
change rapidly and are very sensitive to the time spent after the
stimulus. Following perfusions, brains were extracted, post-fixed in
4% PFA overnight, and immersed in 30% sucrose overnight. Brains
were sectioned coronally on a cryostat at 40 μm. Following rinses in
PBS, the sections were incubated for 1 h in blocking buffer
containing 3% normal donkey serum (NDS) and 0.3% Triton X-100
in PBS for 30min. Sections were immunostained with a rabbit anti-
phospho-p44/42 MAPK antibody (4370, Cell Signaling Technology,
Danvers, MA) at 1:200 in blocking solution. Following overnight
incubation at room temperature, the tissue was rinsed with PBS
and followed by Cy5-conjugated goat anti-rabbit IgG (1:1,000;
Jackson Immuno, West Grove, PA). Tissue sections were mounted
onto slides, coverslipped, and imaged on a laser-scanning confocal
microscope (CSU-W1, Nikon Instruments, Melville, NY).

Western blots
NAc tissue punches from CSDS animals were collected 15min
after SI test, due to the reason stated above, and stored at −80 °C.
Tissue was homogenized in 30 µL of lysis buffer containing
320mM sucrose, 5 nM HEPES buffer, 1% SDS, phosphatase
inhibitor cocktails I and II (Sigma) and protease inhibitors (Roche,
Mannheim, Germany) using an ultrasonic processor (Cole Parmer,
Vernon Hills, IL). Protein concentrations were determined using DC
protein assay (Bio-Rad) and then 15–20mg of total protein were
loaded onto Tris–HCl polyacrylamide gel (Bio-Rad). The samples
were transferred to a nitrocellulose membrane and blocked for 1 h
in blocking buffer, 5% nonfat dry milk in Tris-buffered saline (pH
7.6) with 0.1% Tween 20. Blocked membranes were incubated
overnight at 4 °C in blocking buffer with primary antibodies at
1:1,000 concentration using either anti-phospho-p44/42 MAPK
(Thr202/Tyr204) (#4370; Cell Signaling), anti-phospho-Akt (Ser473)
(#4060, Cell Signaling), anti-p44/42 MAPK (#9102; Cell Signaling),
anti-Akt (#4691, Cell Signaling) or 1:30,000 anti-GAPDH (2118; Cell
Signaling). Membranes were then incubated with goat anti-rabbit
peroxidase-labeled secondary antibodies (PI-1000, 1:20,000; Vector
Laboratories, Burlingame, CA) in blocking buffer. The bands were
visualized using an ECL substrate (34075; ThermoFisher) on a
ChemiDoc Imaging System (Bio-Rad). Bands were quantified with
ImageJ 1.52 and normalized to GAPDH levels to control for sample
loading. Phosphorylation level was calculated using phosphory-
lated ERK or AKT/total ERK or AKT protein amount.

Statistical analysis
Data are presented as mean ± S.E.M, with the exception in Fig. 4,
where S.D. is used. To estimate sample size, we utilized R version

3.3 with pwr power analysis package. Statistical data were
analyzed using GraphPad Prism 6. Unpaired Student’s t-test and
one-way or two-way analysis of variance (ANOVA) test followed by
Sidak’s multiple comparison post hoc test were used to determine
effects across all experiments.

RESULTS
We first examined NAc enkephalin levels after CSDS. Using RIA we
measured levels of enkephalins directly from NAc tissue punches
of mice that underwent CSDS and the SI test. CSDS-susceptible
mice display reduced SI compared to control or resilient mice
(one-way ANOVA F(2,30)= 140.5, p < 0.0001; post-hoc, ***p < 0.001
for susceptible vs. control and susceptible vs. resilient ; Fig. 1a).
CSDS-susceptible mice have reduced NAc Leu- (one-way ANOVA
F(2,30)= 3.66, p= 0.03; post hoc, *p < 0.05 for susceptible vs.
control) and Met-enkephalin (one-way ANOVA F(2,30)= 5.89, p=
0.006; post hoc, **p < 0.01 for susceptible vs. control; Fig. 1b).
Resilient mice have similar enkephalin levels compared to control
animals and showed trends toward higher levels compared to
susceptible animals (post hoc, p= 0.10 for susceptible vs. control
for both Leu- and Met-enkephalins; Fig. 1b). Further, enkephalin
levels and social interaction scores were significantly correlated
with each other (R2= 0.22, p < 0.05 for Leu-enkephalin and R2=
0.21, p < 0.05 for Met-enkephalin; Fig. 1c).
We next sought to investigate the mechanisms that could lead

to decreased enkephalin levels in the NAc of CSDS-susceptible
animals. Using the NAc of CSDS mice (one-way ANOVA F(2,15)=
6.81, p < 0.01; post hoc, *p < 0.05 for susceptible vs. control and
susceptible vs. resilient; Fig. 1d), we analyzed the mRNA levels of
genes that could underlie altered enkephalin levels. We observed
no difference in mRNA for proenkephalin precursor protein (one-
way ANOVA F(2,15)= 0.85, p= 0.45; Fig. 1e). We then analyzed the
levels of enkephalinases, peptidases that can degrade enkepha-
lins. Among the enkephalinases that we tested, levels of NPEPPS,
ACE, and ANPEP mRNAs were increased in CSDS-susceptible
animals (one-way ANOVA, NPEPPS F(2,14)= 5.27, p= 0.01; post hoc,
*p < 0.05 for susceptible vs. control; ACE F(2,12)= 7.41, p < 0.01;
post-hoc, **p < 0.01 for susceptible vs. control; ANPEP F(2,11)= 8.45,
p < 0.01; post hoc, **p < 0.01 for susceptible vs. control; Fig. 1e)
while MME was decreased (one-way ANOVA F(2,14)= 7.74, p < 0.01;
post hoc, *p < 0.05 for susceptible vs. control; Fig. 1f).
Enhanced enkephalinases may modulate enkephalin levels in

the NAc of CSDS-susceptible mice, thus we next tested if inhibiting
enkephalinases could alter behavioral outcomes to CSDS. We first
tested enkephalinase inhibitors to see if they can enhance the
levels of enkephalins within the NAc. When injected intraper-
itoneally, the combination of two enkephalinase inhibitors
bestatin (5 mg/kg) and thiorphan (2.5 mg/kg) was able to
increase the level of both Met- and Leu-enkephalins (t-test,
t(3)= 2.48, *p < 0.05 for Met-Enkephalin and t(3)= 3.97, *p < 0.05
for Leu-Enkephalin; Fig. 2a). We then injected the enkephalinase
inhibitor cocktail or vehicle, prior to each defeat episode, to
increase enkephalin levels during the defeat sessions (Fig. 2b).
Following CSDS, mice treated with enkephalinase inhibitors spent
significantly more time with a novel social target compared
to the vehicle-treated controls (two-way ANOVA F(1,17)= 62.85,
p < 0.0001 for defeat effect; F(1,17)= 9.85, p < 0.01 for interaction
effect; post hoc, **p < 0.01 for vehicle vs. enkephalinase inhibitor
in CSDS group; Fig. 2c). Enkephalinase inhibitors did not affect
time in the interaction zone when the target was absent (data not
shown).
While the enkephalinase inhibitors used in this experiment were

able to increase the level of enkephalins, we wanted to confirm if
increased enkephalins are potentially activating DOR signaling
pathways in the NAc. To look at the effect of DOR activation, we
focused on downstream signaling candidates of DOR, phospho(p)
ERK1/2. We first used D1-tdTomato/D2-GFP mice to examine
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pERK1/2 in MSN subtypes after CSDS (t-test, t(10)= 2.73, *p < 0.05;
Fig. 3a). The percentage of cells positive for pERK1/2 was decreased
in both D1- and D2-MSNs within the NAc core and shell (NAc core,
two-way ANOVA F(1,22)= 34.53, p < 0.0001 for defeat effect; F(1,22)=
7.40, p= 0.01 for cell-type effect; F(1,22)= 5.59, p= 0.02 for
interaction effect ERK2; post hoc, **p < 0.01 for D1 vs. D2 in no-
defeat control group, ***p < 0.001 for control vs. CSDS in D1 MSNs;
*p < 0.05 for control vs. CSDS in D2-MSNs; NAc shell, two-way
ANOVA F(1,22)= 26.14, p < 0.0001 for defeat effect; cell-type and
interaction effect not significant; post-hoc, ***p < 0.001 for control
vs. CSDS in D1 MSNs, *p < 0.05 for control vs. CSDS in D2 MSNs;
Fig. 3c, d). In contrast, cells that did not express D1 or D2 in NAc
displayed no difference in pERK colocalization between CSDS and
control mice (Supplemental Fig. 1). After treatment of enkephali-
nase inhibitors, the phosphorylation level of pERK1/2 was increased

(pERK1, two-way ANOVA F(1,24)= 12.97, p < 0.01 for drug treatment
effect; post-hoc, **p < 0.01 for vehicle vs. inhibitor in CSDS group;
pERK2, two-way ANOVA F(1,24)= 9.73, p < 0.01 for drug treatment
effect; post-hoc, **p < 0.01 for vehicle vs. inhibitor in CSDS group;
Fig. 3e,f), along with phospho(p)AKT (two-way ANOVA F(1,24)=
14.03, p < 0.01; post-hoc, **p < 0.01 for vehicle vs. inhibitor in no-
defeat control group; Fig. 3e,f), another known downstream
pathway of DOR that is independent of ERK1/2.
Since enkephalins are endogenous ligands for DORs and

potential DOR signaling molecules are altered in CSDS mice, we
then investigated whether directly modulating DORs within the
NAc can induce behavioral changes to CSDS. In this experiment,
we first categorized mice as susceptible or resilient to CSDS after
the first SI test (pre-treatment). Following the cannulation
surgeries in the NAc (Supplemental Fig. 2), mice were then
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infused with a DOR agonist (SNC80, 8 mg/kg) immediately before
a second SI test (post-treatment). Following treatment with
SNC80, the interaction scores were significantly increased in the
susceptible mice (two-way repeated measures ANOVA, F(5,42)=
27.84, p < 0.0001 for treatment group effect; F(5,42)= 4.22, p < 0.01
for interaction effect; post hoc, *p < 0.05 for pre- vs. post-
treatment in susceptible SNC80 group; Fig. 4). However, SNC80
infusion led to varying social interaction outcomes in the
susceptible group during SI. When comparing animals with
higher SI scores (18–24 s) vs. lower SI scores (0–16 s, which was
the median) pre-SNC80 treatment, we observed a trend in
improved SI scores after SNC80 although this was not statistically
significant (Supplemental Fig. 3). SI scores of the resilient and
control groups were unchanged after SNC80 treatment. SNC80
had no effect on time in the interaction zone with the target
absent (data not shown). We next sought to examine if pERK
induction may also be occurring following SNC80 treatment. We
observed an increase in pERK colocalization within the NAc D1-
MSNs but not D2-MSNs of CSDS mice exposed to SNC80
(Supplemental Fig. 4).
We next sought to determine if an animal model of HD, Q175,

displayed reduced enkephalin in the NAc. We chose an HD model
because HD patients often report behavioral symptoms including
major depression, and reduced striatal enkephalin levels is a
molecular hallmark of HD. We first examined enkephalin levels
within the NAc of Q175 animals. Their NAc tissue contained less
Leu-enkephalin (t-test, t(16)= 3.51, p < 0.01; Fig. 5a). Reduction of
Leu-enkephalin in Q175 animals is likely the result of reduced
precursor protein (t-test, PENK, t(42)= 3.81, p= 0.0004; Fig. 5b) but
not enkephalinases (t-test, MME, t(40)= 0.27, p= 0.78; ACE, t(36)=
0.11, p= 0.90; ANPEP, t(38)= 0.82, p= 0.41; NPEPPS, t(40)= 0.14,
p= 0.88; Fig. 5c). Since Leu-Enkephalin is reduced in NAc of Q175
mice we next determined if they are vulnerable to social defeat
stress. In this test, we utilized an abbreviated version of social
defeat stress, a one-day subthreshold defeat stress (SSDS), which
does not normally induce susceptibility in wildtype mice. The
Q175 mice displayed a susceptible outcome to SSDS, as observed
by significantly less SI time compared to non-stressed controls
(two-way ANOVA, F(1,35)= 12.24, p < 0.01 for effect of stress;
F(1,35)= 5.51, p < 0.05 for genotype effect; F(1,35)= 5.09, p < 0.05 for
interaction effect; post-hoc, ***p < 0.001 for no-defeat control vs.
SSDS in Q175 group; Fig. 5d). SSDS did not induce this behavioral
effect in littermate controls (post hoc, p= 0.62 for no-defeat

control vs. SSDS in WT group; Fig. 5d). Reduced amount of
available enkephalins may be one of the factors that render Q175s
more vulnerable to social stress.

DISCUSSION
In the present study, we utilized the CSDS model to study the
effects of stress on enkephalin dynamics in the NAc. First, we
found reduced enkephalin levels in animals susceptible to CSDS.
Stress-induced reduction of enkephalins using RIA has been
reported in striatum and hypothalamus [13], although social stress
was not used in this previous study. Our studies demonstrated
reduced Leu- and Met-enkephalin in the NAc (ventral striatum) of
CSDS susceptible mice. Interestingly, the levels of the precursor
proenkephalin remained unchanged within the NAc. However,
stress-induced changes in the levels of proenkephalin have been
reported in other brain areas and also within the NAc of rats
in response to repeated restraint stress [45, 46]. Further, previous
work demonstrated reduced prodynorphin, which is also a
precursor for Leu-Enkephalin, in the NAc of both CSDS susceptible
and resilient mice [30]. While these changes are related to the
dynorphin neuropeoptide and its kappa opioid receptor, it is
plausible that reduced prodynorphin may partially underlie the
reduction of Leu-Enekphalin in susceptible mice. mRNA analysis of
enzymes that can degrade enkephalins demonstrated that many
enkephalinases were increased in the NAc of CSDS-susceptible
mice. These results indicate that these peptidases are a potential
mechanism for reduced enkephalin levels in CSDS-susceptible
mice. This was confirmed by the ability of enkephalinase inhibitors
to cause resilient behavior to CSDS, which also enhanced
enkephalin levels in the NAc. This is consistent with previous
studies demonstrating enkephalinase inhibitors are effective in
reducing depression-like behavior in rodents, including experi-
mental drugs such as RB38 and RB101 [6, 7] and commercial drugs
such as bestatin [47] and thiorphan [42]. The enkephalinase
enzymes examined in this study; MME (also known as neprilysin or
neutral endopeptidase), NPEPPS (also known as puromycin-
sensitive aminopeptidase), ANPEP (also known as aminopeptidase
N), and ACE are all proteases that are enriched in the brain
[48–50]. All of these enzymes cleave enkephalin, each cleaving
different bonds within the peptide [49]. Aside from enkephalins,
these enzymes can also hydrolyze other neuropeptides, hor-
mones, cytokines, and antigenic peptides [49]. Thus, further
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studies are warranted to examine the other properties of these
proteases in stress susceptibility.
CSDS and treatment with enkephalin inhibitors affected DOR

downstream signaling. DORs have been previously shown to
activate ERK1/2 [51]. Although ERK1/2 can be activated via many
other upstream signaling pathways (such as TrkB) [26, 52], our
examination of pERK1/2 immediately after enkephalin inhibitor
treatment suggests that ERK activity is a consequence of elevated
enkephalins. We were surprised to find that the pERK1/2 levels in
untreated CSDS animals were not decreased compared to the
controls as we observed in the immunohistochemistry experi-
ments examining pERK1/2 in MSN subtypes. This could reflect
dilution of the signal when examining pERK1/2 from entire NAc
punches, which includes non-MSN cells that displayed no
difference in pERK1/2 levels when comparing control and CSDS
mice; thus preventing detection of differences between control
and CSDS mice. Previous work demonstrated pERK1/2 is enhanced
in the NAc of CSDS susceptible mice [19, 53]. The differences
in this study could reflect differences in temporal activation
or depletion of pERK1/2 through differing mechanisms since
pERK1/2 activation in CSDS occurs through BDNF-TrkB signaling
[19, 53], as well as many other signaling pathways including other
opioid receptors [54]. Thus, pERK and other signaling molecules
examined in our study are highly promiscuous. Our studies
examined pERK immediately after SI whereas these previous
studies examined pERK as a consequence of enhanced BDNF
signaling observed in susceptible mice 24 h after SI. Our studies
using enkephalinases and SNC80, the latter showing enhanced

pERK in D1-MSNs of CSDS mice implicate that enkephalins could
be acting through DOR mainly through D1-MSNs to achieve stress
resilient behavior.
Cell subtype examination of pERK1/2, 15 min after SI, demon-

strated reduction in both MSN subtypes after CSDS. Enkephalin is
enriched in D2-MSNs but enkephalins can act locally on DORs on
all MSN subtypes and interneurons [55–57] thus it is not surprising
that the pERK1/2 are reduced in both MSN subtypes. Our previous
work demonstrated enhanced excitatory input in D2-MSNs of
CSDS-susceptible mice and repeated high frequency activation
of these neurons induced susceptible behavior to SSDS [27].
Whether enkephalins are released as a consequence of enhanced
excitatory input and with the repeated activation is unknown. It
is plausible that this heightened excitation in D2-MSNs triggers
mechanisms that enhance enkephalinases leading to degradation
of enkephalins thereby preventing enhanced enkephalin release
from these neurons in stress-susceptible conditions. A previous
study indicated that high frequency stimulation of D2-MSN inputs
onto ventral pallidum (VP) neurons induces LTD at this synapse,
and this is mediated through enkephalin release [58]. This
enkephalin-mediated LTD effect was occluded by cocaine
exposure and restoration at this synapse recovered cocaine-
induced impaired motivation and anhedonia. It is plausible that
reduced enkephalins produce similar plasticity effects to cocaine
resulting in reduced motivational behavior, as observed by
reduced SI after CSDS. This is consistent with social defeat stress
causing enhanced cocaine intake [59, 60] and cocaine exposure
promoting vulnerability to social defeat stress [61].
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In our study, we infused DOR agonists directly into the NAc.
Although we have not tested and thus cannot rule out the
possible effects of downstream DOR activation in MSN projection
target areas such as VP, our results show that local effects of
enkephalin were capable of modulating the behavioral conse-
quence of social defeat. One possible mechanism of such local
modulation by DOR signaling is through cholinergic interneurons
located throughout the striatum. Cholinergic interneurons are
involved in dopamine transmission and striatal function [62]
and enkephalin, as a DOR ligand, can modulate cholinergic
interneurons, as D2-MSNs display heavy innervation onto them
[63]. However, following DOR activation using SNC80, we see
enhanced colocalization of pERK within the D1-MSNs. Whether
this is a direct effect of SNC80 acting on DORs in D1-MSNs or an
indirect effect through cholinergic or other mechanisms is
unknown. Future studies are needed to parcel out the exact local
MSN circuit effects of enkephalin—DOR signaling in stress.
Infusion of a DOR agonist into NAc significantly reverses

susceptible behavior induced by CSDS. However, not all of the
animals respond to this SNC80 treatment. While there was a trend
for improved SI after SNC80 treatment in susceptible mice that
displayed higher SI scores prior to treatment, this was not
significant. It is plausible that such variability stems from the
animals’ inherent difference in epigenetic, behavioral, and/or
neuropharmacological properties just as some animals are
resilient and some are susceptible to social defeat stress. Indeed,
inbred animals respond differently to SSRIs with not all animals
of one strain showing antidepressant-like outcomes [64, 65].
Thus, similar individual differences in SNC80 treatment response
might be occurring. Agonists of DOR and MOR along with
antagonists of kappa opioid receptor have been studied for their
antidepressant-like properties in the past [66], but most of the
preclinical experiments examining DOR have been conducted
with rats in forced swim or learned helplessness test. Using the
CSDS model, we confirm the antidepressant-like effect of DOR
agonist. Our results agree with a recent study where SNC80 was
administered subcutaneously in CSDS animals [46]. In the same
study, changes in expression of proenkephalin mRNA were
observed in multiple brain areas including BLA, suggesting that
enkephalin levels are altered through the expression of proenke-
phalin in other brain areas. Our study is a first to specifically focus
on enkephalins in the NAc, while previous studies have examined
dynorphin, neuropeptide contained in D1-MSNs, in NAc in stress
and motivation [18, 67].
In this present study, we further show that the Q175 mouse

model of HD is susceptible to social stress. As expected from
previous HD studies [68], Q175 mice have reduced proenkephalin
mRNA, which likely underlie reduced enkephalin peptide in the
NAc since these mice did not display alterations in enkephalinases.
Our studies are consistent with previous work demonstrating
reduced motivation through aberrant reward circuitry in Q175
mice [35, 36]. Our findings further support this model of pro-
dromal psychiatric disorders in HD and validate a role for
enkephalins as a therapeutic target. Proenkephalin mRNA is
decreased in the striatum in the early stages of HD in both animal
models and patients. Results from our present study demonstrate
a similar outcome in NAc that may underlie reduced enkephalin
peptides [69]. Previous studies suggest that the decrease in
proenkephalin mRNA is due to an increased cellular response to
endogenous glutamate release [69]. Striatal neurons containing
proenkephalin seem to receive more glutamatergic cortical inputs
and are more directly affected by cortical activity [70]. In HD,
cellular pathology caused by mutant huntingtin protein in the
presynaptic terminals can lead to an increased release of
glutamate [70], and this overactivity of glutamate transmission
may in turn result in decreased proenkephalin. Previous reports
suggested that enkephalin in striatal neurons provides presynaptic
inhibition of corticostriatal excitatory synaptic input [71] through

DORs. Indeed, overexpressing proenkephalin in the striatum
was able to delay or attenuate motor dysfunction of an animal
model of HD [69], which could be attributed to the reduction of
corticostriatal signaling via activation of presynaptic DORs through
enkephalin released from striatum [72]. It’s plausible that similar
mechanisms are occurring in NAc in Q175 mice and in stress-
susceptible mice since our previous studies demonstrate
enhanced excitatory input onto NAc D2-MSNs of susceptible mice
[27], consistent with those observed in dorsal striatal D2-MSNs
with mutant huntingtin. Future studies are needed to further
explore these overlapping excitatory input and enkephalin
mechanisms between stress and HD.
Finally, a limitation of our current study is the lack of NAc

subregion manipulation. Recent studies demonstrate that dynor-
phin neurons in NAc ventral shell vs. dorsal shell show contrasting
aversion vs. rewarding properties through kappa opioid receptor
activation [67, 73]. Future work is needed to determine if
subpopulations within the NAc shell respond differently to DOR
activation as well. Overall, our data extend previous reports that
enkephalin—DOR signaling is critical in regulating reduced
motivational behavior. Our findings provide further insight into
how this pathway acts within the NAc and implicates that
enhancing enkephalins or DOR signaling in the NAc may be
effective in preventing reduced motivational behavior after stress.
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