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SUMMARY

Prolonged withdrawal from opioids leads to negative emotions. Kappa opioid re-
ceptor (KOR) plays an important role in opioid addiction and affective disorders.
However, the underlying mechanism of KOR in withdrawal-related depression is
still lacking. We found that escitalopram treatment had a limited effect in
improving depression symptoms in heroin-dependent patients. In mice, we
demonstrated prolonged (4 weeks) but not acute (24 h) withdrawal from
morphine induced depressive-like behaviors. The number of c-Fos positive cells
and the expression of KOR in the nucleus accumbens (NAc), were significantly
increased in the prolonged morphine withdrawal mice. Conditional KOR knock-
down in NAc significantly improved depressive-like behaviors. Repeated but
not acute treatment with the KOR antagonist norBNI improved depressive-like
behaviors and reversed PSD95, synaptophysin, p-ERK, p-CREB, and BDNF in
NAc. This study demonstrated the important role of striatal KOR in morphine
withdrawal-related depressive-like behaviors and offered therapeutic potential
for the treatment of withdrawal-related depression.

INTRODUCTION

Drug addiction is characterized by compulsive use of drugs, withdrawal, and relapse regardless of the
negative consequences.’ A neuroadaptive view of drug addiction focuses on long-term plasticity that leads
to a persistent negative affective state and altered function of key motivational systems as the proximal
cause of relapse.” Studies on opioid addiction find that most heroin abuse patients developed depressive
symptoms after withdrawal.”® Importantly, depressive symptoms could be an important factor in relapse of
opioid addiction. Depressed heroin addicts are more likely to relapse compared to those without depres-
sion.® However, withdrawal-related depression still lacks a complete understanding of opioid addiction.
Classical antidepressants, mainly selective serotonin reuptake inhibitors (SSRI), have been reported to
have limited effects on the treatment of withdrawal-related depression.”® The study found that escitalo-
pram did not produce faster or greater reductions in depressive symptoms after withdrawal from opioids.”
Based on this evidence, we speculate that there may be another mechanism of withdrawal-related depres-
sion that is worth studying in more detail.

The opioid receptors include three subtypes of the G protein-coupled receptor: mu, delta, and kappa
opioid receptor (KOR).'” Although they share the common analgesic effect on brain circuits, the different
subtypes of opioid receptors have unique effects and a specific distribution in brain regions.""'” The mu
opioid receptor (MOR), highly expressed in the periaqueductal gray, cerebral cortex, and thalamus,
stimulates respiratory depression, physical dependence, and euphoria by binding endorphins. In different
regions of the brain, such as the vomeronasal nucleus and the basolateral amygdala, MOR triggers the
motivational properties of euphoric and rewarding stimuli."*'* Delta opioid receptor (DOR), located
mainly in the basal ganglia, induces anxiolytic effects by binding enkephalins.'® KOR, highly expressed
in the hypothalamus, periaqueductal gray, and nucleus accumbens, binds to dynorphins and triggers seda-
tion and dysphoric effects.’” Recent evidence implicated the role of KOR in mediating behaviors relevant to
depression and anxiety.'® KOR agonists have been reported to elicit negative emotions such as anhedonia,
aversion, and depression.w’w A selective KOR antagonist JNJ-67953964 has been shown to reverse stress-
induced decrease in sucrose pref.”” However, other studies found opposing results. The KOR agonist
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Table 1. Change in HAMD scores from baseline: within group (merge) comparison

Change in HAMD scores from baseline

(merge) Placebo Escitalopram
Baseline (mean + SEM) 22.724 + 0.520 22.844 + 0.598

2w post-test (mean + SEM) 20.310 + 0.699 19.813 + 0.733
Change between baseline and 2w post-test —2.414(-0.6179,5.445) —3.031(0.1452,5.917)
(95% Cl)

4w post-test (mean = SEM) 18.793 + 0.846 18.563 + 0.943
Change between baseline and 4w post-test —3.931(0.8994,6.963) —4.281(1.395,7.167)
(95% Cl)

6w post-test (mean + SEM) 17.655 + 0.899 16.625 + 0.946
Change between baseline and 6w post-test —5.069(2.037,8.101) —6.219(3.333,9.105)
(95% Cl)

8w post-test (mean £ SEM) 17.759 + 1.012 14.500 + 0.962
Change between baseline and 6w post-test —4.966(1.934,7.997) —8.344(5.458,11.23)
(95% Cl)

salvinorin A induced an antidepressant effect in rodents, including reduced immobility in the forced swim
test and increased sucrose pref.?' The KOR agonist U50,488 attenuated the escape failure induced by pre-
exposure to shock in the learned helplessness model of depression in mice.?” Dynorphin has been found to
modulate emotional control, and mice lacking pro-dynorphin exhibit marked anxiety.”” Therefore, it is ur-
gent to investigate the role of KOR in opioid withdrawal-related depression.

The nucleus accumbens (NAc) has been recognized as a key brain region that mediates reward valence and
drug-seeking behaviors. NAc is one of the target brain regions for the clinical treatment of drug abuse.”*
The increasing evidence indicates that NAc plays an important role in emotional changes.””™’ This study
first asked whether withdrawal from heroin causes significant emotional changes in the addiction patient
and whether depression symptoms could be improved by antidepressant treatment. To further study
the mechanism of withdrawal-related depression in patients, we established the mouse model of with-
drawal-related depression from chronic morphine addiction. We then investigated the role of KOR in
NAc in depressive-like behaviors related to morphine withdrawal. Furthermore, we examined synaptic
markers and the classical KOR downstream signaling pathway ERK-CREB-BDNF in NAc to further explore
the possible molecular mechanisms underlying opioid withdrawal-related depression.

RESULTS

Escitalopram had limited effects for ameliorating depression symptoms in heroin-dependent
patients

Among 356 heroin-dependent participants, 73 (20.51%) were diagnosed with major depression. Sixty-one of
these participants were randomly assigned to the escitalopram treatment group (n = 32) and the placebo
group (n = 29) (Tables S1-54). The two-way ANOVA analysis results of Tables 1, 2, and 3 showed the
HAMD scores of the participants at baseline and at weeks 2, 4, 6 and 8 after the escitalopram intervention.
Atthe end of 8 weeks of treatment, the escitalopram group included 21 participants with moderate depres-
sion and 11 participants with severe depression, of which only 9 and 4 participants responded to the
escitalopram treatment. The placebo group included 17 participants with moderate depression and 12 par-
ticipants with severe depression, of which only 4 and 2 participants responded to escitalopram treatment. As
shown in Table 4, 13 of 32 subjects in the intervention group (40.63%) and 6 of 29 placebo subjects (20.69%)
were consideredresponders in total. The comparison of intervention therapy between groups by chi-square
test did not show significant differences (Table 4, p = 0.093). These results showed that the treatment of
escitalopram had limited effects for ameliorating depression symptoms in heroin-dependent patients.

Depressive-like behaviors and levels of NAc opioid receptors in mice with acute withdrawal
from morphine

To model the affective changes that are observed in humans during protracted opioid withdrawal, mice
were administered escalating doses of morphine and tested for depressive-like behaviors 24 h after
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Table 2. Change in HAMD scores from baseline: within group (moderate) comparison

Change in HAMD scores from baseline
(moderate)

Placebo

Escitalopram

Baseline (mean + SEM)
2w post-test (mean + SEM)

Change between baseline and 2w post-test
(95% CI)

4w post-test (mean = SEM)

Change between baseline and 4w post-test
(95% Cl)

6w post-test (mean + SEM)

Change between baseline and 6w post-test
(95% CI)

8w post-test (mean £ SEM)

Change between baseline and 6w post-test

21.118 + 0.528
18.765 + 0.872
—2.353 (-1.416, 6.122)

17.294 £ 1.091
—3.824 (0.05451, 7.593)

16.353 + 1.254
—4.765 (0.9957, 8.534)

16.412 + 1.383
—4.706 (0.9369, 8.475)

20.857 + 0.449
18.095 £+ 0.765
—2.762 (-0.6292,6.153)

16.190 £+ 1.064
—4.667 (1.276, 8.058)

14.667 + 1.124
—6.190 (2.799, 9.582)

13.143 + 1.137
—7.714 (4.323, 11.11)

(95% Cl)

discontinuation of morphine. The timeline of the experiment is illustrated in Figure 1A. Depressive-like be-
haviors were assessed using SPT, TST, and FST. After injection of the escalating dose of morphine, no dif-
ferences were found in sucrose preference in SPT (Figure 1B), immobility time and latency in TST and FST
(Figures 1C and 1D), indicating that the acute withdrawal from morphine did not induce depressive-like be-
haviors in mice. In OFT, acute withdrawal mice showed a significantly decrease in distance and center time
compared to saline control mice (Figure 1E), suggesting impairment of locomotor activity in these mice.
Next, we evaluated the expression levels of three opioid receptors in NAc. Representative immunoblots
of the KOR, MOR and DOR are shown in Figure 1G. Expression levels of KOR and MOR increased signif-
icantly in mice with acute withdrawal from morphine, while the expression level of DOR was similar to those
of saline control mice.

Prolonged withdrawal from morphine-induced depressive-like behaviors in mice and distinct
KOR upregulation in NAc

Next, we explored whether prolonged withdrawal from morphine could induce depressive-like behaviors
in mice. The timeline of the experiment is illustrated in Figure 2A. The sucrose preference was significantly
decreased in morphine withdrawal mice compared to saline control mice (Figure 2B). The morphine with-
drawal mice exhibited decreased immobility latency and increased immobility time in both TST and FST
(Figures 2C and 2D). There were no significant differences in total distance and center time in OFT between

Table 3. Change in HAMD scores from baseline: within group (severe) comparison

Change in HAMD scores from baseline
(severe) Placebo

Baseline (mean + SEM) 25.000 + 0.537
22.500 + 0.830
—2.500 (—1.103, 6.103)

Escitalopram
26.636 + 0.509
23.091 £ 0.986
—3.545 (-0.2179, 7.309)

2w post-test (mean + SEM)

Change between baseline and 2w post-test

(95% Cl)
4w post-test (mean + SEM) 20.917 + 1.118

—4.083 (0.4802, 7.686)

23.091 + 0.756

Change between baseline and 4w post-test —3.545 (—0.2179, 7.309)
(95% Cl)
6w post-test (mean £ SEM) 19.500 + 1.098

—5.500 (1.897, 9.103)

20.364 + 1.055

Change between baseline and 6w post-test —6.273 (2.509, 10.04)

(95% Cl)
8w post-test (mean + SEM) 19.667 + 1.339

—5.333 (1.730, 8.936)

17.091 £ 1.546
Change between baseline and éw post-test —9.545 (5.782, 13.31)

(95% Cl)
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Table 4. Effect of escitalopram treatment in heroin patients with depression

Treatment

Results Placebo (n %) Escitalopram (n %) %2 p
Effect 6(20.69) 13 (40.63) 2.819 0.093
No effect 23 (79.31) 19 (59.37)

the two groups (Figure 2E), suggesting unchanged locomotor activity. These results clearly demonstrated
that 4 weeks of withdrawal from morphine induced depressive-like behaviors in mice.

To further determine whether NAc was involved in morphine withdrawal-related depressive-like behaviors,
we detected c-Fos (an immediate-early gene marker of neural activity) expression in NAc from morphine
withdrawal mice after behavioral testing. Representative photos of c-Fos immunofluorescent staining in
NAc are shown in Figure 2F. Quantitative analysis revealed a significantly increased number of c-Fos pos-
itive cells in morphine withdrawal mice, indicating that NAc was activated after prolonged withdrawal of
morphine. We then assessed the protein expression levels of opioid receptors in NAc. Since evidence sug-
2627 we also evaluated protein expres-
sion levels of the 5-HT1A and 5-HT2A receptors. Representative immunoblots for opioid receptors and
5-HT receptors are shown in Figure 2G. Interestingly, KOR was significantly upregulated in NAc in
morphine withdrawal mice. There were no significant differences in MOR and DOR expression between
the morphine and saline groups. Furthermore, the 5-HT1A and 5-HT2A receptors did not change between
morphine and saline mice. We performed fluorescence in situ hybridization (FISH) to examine the level of
KOR mRNA expression in NAc. Representative FISH photos are shown in Figure 2H. Consistent with the
result of immunoblotting, the level of KOR mRNA in NAc increased in morphine withdrawal mice (Fig-
ure 2H). These results indicated that KOR was markedly upregulated in NAc after prolonged withdrawal
from morphine.

gested a critical role for 5-HT receptors in major depressive disorder,

Antidepressant treatment had only limited effects on depressive-like behaviors in morphine
withdrawal mice

We evaluated the effect of classic antidepressants on depressive-like behaviors in morphine-treated mice
with prolonged withdrawal. Studies show that escitalopram,®® imipramine®’ and fluoxetine® significantly
reversed depressed emotion. In this experiment, mice received escitalopram (15 mg/kg, i.p.), imipramine
(20 mg/kg, i.p.), and fluoxetine (10 mg/kg, i.p.) every day during the 4-week withdrawal period (Figure 3A).
Depressive-like behaviors were evaluated using SPT, TST, and FST. In SPT, escitalopram, but not imipra-
mine or fluoxetine, reversed the withdrawal-induced decrease in sucrose preference (Figure 3B). In TST,
immobility latency increased in the imipramine group (Figure 3C). In FST, the immobility time decreased
in the fluoxetine group (Figure 3D). Over all, these results suggested that the three classic antidepressants
had only limited effects on depressive-like behaviors induced by morphine withdrawal.

Conditional knockdown of KOR in NAc prevented depressive-like behaviors in mice after
withdrawal from morphine

We used KOR'P/'o*F mice to knockdown KOR in NAc. After the last injection of morphine, the viruses
(AAV-hSyn-Cre-mCherry or AAV-hSyn-mCherry) were microinjected bilaterally in NAc in mice. The KOR
protein expression levels were dramatically decreased in the KOR'®**/'*F mice expressing Cre-recombi-
nase, implicating that KOR transgene mice were an effective tool to manipulate the expression of KOR
(Figures S1B and S1C). The mice were then subjected to 4 weeks of spontaneous withdrawal and tested
for depressive-like behaviors. The timeline of this experiment is illustrated in Figure 4A. Schematic pictures
show the injection sites and the representative photo of virus-expressed fluorescence in NAc. At baseline,
no differences were found in sucrose preference between the different groups of mice (Figure 4B). How-
ever, after 4 weeks of morphine withdrawal, mice in the NAc KOR conditional knockout (cKO) group
showed significantly higher sucrose preference than KOR wild-type (WT) controls. Furthermore, cKO
mice exhibited a higher immobility latency, as well as a shorter immobility time in TST (Figure 4C) and
FST (Figure 4D) compared to WT mice. In OFT, there were no significant differences in total distance
and center time between these groups (Figure S2), suggesting unchanged locomotor activity in these
mice. These results indicated that the KOR in NAc is required for depressive-like behaviors after prolonged
morphine withdrawal.
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Figure 1. Depressive-like behaviors and NAc opioid receptors levels in acute withdrawal mice
A) Timeline of the experiment.
B) The sucrose preference at baseline and after acute withdrawal.

(

(

(C) The immobility latency and immobility time in the TST.

(D) The immobility latency and immobility time in the FST.

(E) The locomotor activity in the OFT. n = 8/group. *p < 0.05. The behavioral data were analyzed with unpaired t-test. Sal
mice were compared with Mor mice.

(F) Schematic diagram of brain regions. The gray shaded areas represent the portion of NAc for the analysis of protein
expression.

(G) Left: Representative western blot images. Right: Effects on the protein expression of opioid receptors after morphine
acute withdrawal, including KOR, MOR, and DOR. The protein levels of the saline treated group are set as 1. n = 6/group
for analysis. **p < 0.01. Protein levels were analyzed with unpaired t-test. Sal group was compared with Mor group. The

values represent the mean + SEM.

A single norBNI application induced a short antidepressant effect in morphine withdrawal
mice

To validate the effect of KOR on morphine withdrawal-related depression, we applicated a single dose of
the KOR antagonist norBNI (10 mg/kg, i.p.) 24 h before behavioral testing.” Two weeks later, the depres-
sive-like behaviors were assessed again to assess the potency and duration of norBNI (Figure 5A). We
found that a single norBNI injection reversed sucrose preference in morphine withdrawal mice (Figure 5B).
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Figure 2. Depressive-like behaviors and NAc molecular alterations in mice with 4 weeks withdrawal from morphine

(A) Timeline of the experiment.

(B) The sucrose preference at baseline and after 4 weeks withdrawal.

(C) The immobility latency and immobility time in the TST.

(D) The immobility latency and immobility time in the FST.

(E) The locomotor activity in the OFT. n = 12/group. *p < 0.05, **p < 0.01. The behavioral data were analyzed with unpaired t-test. Sal mice were compared
with Mor mice.

(F) Left: Distribution of c-Fos cells in NAc in saline or morphine treated mice. Scale bar, 100 um. Right: Number of c-Fos cells per mm? imaging area. n = 9
slices from 3 animals/group. *p < 0.05 by unpaired t-test. Sal group was compared with Mor group.

(G) Left: Representative western blotimages. Right: Effects of prolonged morphine withdrawal on protein expression, including KOR, MOR, DOR, HT2A, and
HT1A. The protein levels of the Sal group are setas 1. n = 6/group for analysis. ***
compared with Mor group.

(H) Left: Representative FISH images of KOR mRNA. Scale bar, 100 um. Right: The mean intensity of KOR mRNA in NAc of saline or morphine treated mice.
n = 9 slices from 3 animals/group. **p < 0.01 by unpaired t-test. Sal group was compared with Mor group. The values represent the mean + SEM.

p <0.001. Protein levels were analyzed with unpaired t-test. Sal group was

Similar results were observed in the FST and the TST. In the TST, a single nor-BNI injection reversed the
decreased immobility latency and the increased immobility time (Figure 5C). In the FST, a single norBNI
injection also reversed the decreased immobility latency and the increased immobility time (Figure 5D).
However, the antidepressant effect of norBNI disappeared two weeks after injection. Compared to sa-
line-treated morphine withdrawal mice, norBNI-treated morphine withdrawal mice exhibited a similar
decreased sucrose preference (Figure 5B), decreased immobility latency, and increased immobility time
in TST and FST (Figures 5E and 5F). In addition, a correlation analysis was conducted on the data of immo-
bility behavior 4 weeks and 6 weeks after morphine withdrawal. The results did not show a correlation,
which can be inferred that the loss of effectiveness of norBNI over the course of two weeks could not be
the result of learned immobility (Figure S3). These results indicated that a single norBNI application
induced a short antidepressant effect in mice with morphine withdrawal.

Chronic administration of morphine induces extensive molecular and biochemical adaptive changes®* and
activates the KOR downstream signaling pathway.* After the final behavioral tests, we evaluated changes
in the synaptic marker PSD95, synaptophysin, and the ERK-CREB-BDNF pathway, which is a known down-
stream pathway of KOR, in NAc by Western blotting. Representative immunoblots are presented in Fig-
ure 5G. As shown in Figure 5H, compared to saline control mice, PSD95 and synaptophysin expression
levels decreased significantly in mice with morphine withdrawal. Furthermore, ERK-CREB-BDNF signaling
was significantly activated in NAc after withdrawal from morphine. Surprisingly, the single norBNI treat-
ment failed to reverse the changes of these molecules in morphine withdrawal mice.

Repeated norBNI application improved depressive-like behaviors in morphine withdrawal
mice at long-term

To explore whether KOR antagonism in NAc could improve long-term depressive-like behaviors, morphine
withdrawal mice were injected with norBNI (10 mg/kg, i.p.) once a week during 4-week withdrawal periods
(Figure 6A). After 4 weeks of withdrawal, the mice showed a significantly lower sucrose preference than the
saline control mice (Figure 6B). norBNI treatment for 4 weeks significantly improved the reduction of sucrose
preference in morphine withdrawal mice. In the TST, repeated injection of norBNI for 4 weeks reversed the
decrease in immobility latency and the increased immobility time (Figure 6C). In the FST, repeated injection
of norBNI also reversed the decreased immobility latency and the increased immobility time (Figure 6D). In
OFT, there were no significant differences in total distance and center time between these groups (Figure S4),
suggesting unchanged locomotor activity in these mice. Furthermore, compared to saline-treated morphine
withdrawal mice, norBNI-treated mice showed a normal preference for sucrose 6 weeks after withdrawal (Fig-
ure 6B), indicating a long-term improvement in anhedonia. NorBNI-treated morphine withdrawal mice also ex-
hibited an increase in immobility latency and a decrease in immobility time in both TST and FST é weeks after
withdrawal (Figures 6E and 6F). These results indicated that the antidepressant effect of repeated norBN| treat-
ment lasted at least two weeks. Similarly, after the final behavioral tests, we assessed changes of the synaptic
marker PSD95, synaptophysin and the ERK-CREB-BDNF pathway by Western blotting. Representative immu-
noblots are presented in Figure 6G. As shown in Figure 6H, repeated norBNI treatment reversed the decrease
in PSD95 and synaptophysin and the increase in p-ERK, p-CREB and BDNF in morphine withdrawal mice.

The statistics of results presented in this study are summarized in supplementary data file (Data S1: Statis-
tics related to data presented in this study. Related to STAR methods.).
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Figure 3. Depressive-like behaviors after the treatment of antidepressants

(A) Timeline of the experiment.

(B) Left: Baseline of the sucrose preference before the injection of morphine. Right: The sucrose preference after the

4 weeks withdrawal.

(C) The immobility latency and immobility time in the TST.

(D) The immobility latency and immobility time in the FST. n = 8/group. The orange dashed line represents the level of
mice in the Sal-Sal group. *p < 0.05. The behavioral data were analyzed with one-way ANOVA, followed by Tukey's post
hoc test. Mor+Escital mice, Mor+Imipra mice and Mor+Fluxe mice were compared with Mor+Sal mice. The values
represent the mean + SEM.

DISCUSSION

In our study, we established a mouse model of morphine withdrawal to investigate the role of striatal KOR
in depressive-like behaviors after prolonged withdrawal from opioids. First, we found that heroin-depen-
dent participants developed depressive symptoms after withdrawal and antidepressant escitalopram had
limited effects in ameliorating depression symptoms. In mice, we established a mouse model of morphine
addiction and found that prolonged but not acute withdrawal from morphine produced significant
depressive-like behaviors. Importantly, treatment with classic antidepressants, including escitalopram,
imipramine, and fluoxetine, had only limited effects on depressive-like behaviors induced by prolonged
withdrawal. The Petrakis study showed that fluoxetine is not an effective agent in treating cocaine-related
depression.” Carpenter presented that sertraline was no different than placebo in reducing depressive
symptoms or the use of illicit substances in the sample of opiate-dependent patients with syndromic
depressive disorders.® Therefore, we assumed that there may be another mechanism in withdrawal-related
depression. Although currently no animal model can mimic all the characteristics of human depression, our
results suggested that our mouse model could be a useful animal model that recapitulates the major clin-
ical symptoms observed in human subjects with withdrawal-related depression. Furthermore, it is possible
that there is a comparable mechanism of depression after withdrawal in both humans and mice. Therefore,
the use of this mouse model of morphine withdrawal presents an opportunity to investigate the mechanism
of depression after withdrawal in the human. NAc is a key region of the brain involved in the reward and
affective process. Dopamine (DA) terminal in the medial shell of NAc is excited by aversive outcome,
whereas the lateral shell of NAc is excited by rewards.>® Thus, NAc dysfunction is believed to be related
to addiction and depressive-like behaviors.?”-* In this study, we found that morphine withdrawal-related
depressive-like behaviors strongly evoked the expression of c-Fos in NAc, suggesting that NAc neurons
were activated in opioid withdrawal mice with depressive-like behaviors.
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Figure 4. The effect of KOR conditional knockdown for the depressive-like behaviors

(A) Above: Timeline of the experiment. Below: Diagram of virus injection and representative coronal images of the
injection site. The virus AAV-hSyn-Cre-mCherry was microinjected bilaterally in the NAc of KOR'®®/'o*F mice to
knockdown the KOR.

(B) Left: The baseline of the sucrose preference before the injection of morphine. Right: The sucrose preference after the
4 weeks withdrawal.

(C) The immobility latency and immobility time in the TST.

(D) The immobility latency and immobility time in the FST. n = 9 per group. **p < 0.01, ***p < 0.001. The behavioral data
were analyzed with two-way ANOVA, followed by Sidak’s post hoc test. Sal-treated WT mice were compared with Mor-
treated WT mice. Mor-treated WT mice were compared with Mor-treated cKO mice. The values represent the mean +
SEM.

Different subtypes of opioid receptors are distributed differently in the brain and have distinct effects.”’'®
MOR, KOR, and DOR modulate a series of physiological processes and behaviors, such as gastrointestinal
function, immunity, pain sensation, mood, reward, and aversion.>” Morphine is a potent agonist of opioid
receptors, inducing different changes in different subtypes of opioid receptors.””** The endogenous
opioid system is directly involved in mood regulation and is dysregulated in depression.”® Therefore, we
studied the role of NAc opioid receptors in withdrawal-related depressive-like behaviors in mice. We found
that the protein expression of KOR and MOR increased 24 h after withdrawal from morphine without
depressive-like behaviors. Importantly, high levels of KOR remained 4 weeks after withdrawal and mice ex-
hibited withdrawal-related depressive-like behaviors, while MOR returned to normal levels. MOR is
involved in physical dependence and euphoria by binding endorphins.’*'* KOR binds to dynorphins
and triggers sedation and dysphoric effects.’® Previous experiments in our lab have shown that mice
were in a state of mental euphoria during acute morphine withdrawal and mainly exhibited withdrawal
and anxiety-like symptoms within 2 weeks after morphine withdrawal. Also, these symptoms disappeared
4 weeks after morphine withdrawal.*® This study found that during the acute withdrawal period, there were
increased levels of MOR and KOR expression in NAc, but the mice did not show depressive-like behaviors.
However, 4 weeks later, as MOR levels returned to normal, withdrawal symptoms and anxiety-like behaviors
disappeared over time. We speculated that MOR played a dominant role in the regulation of withdrawal
symptoms and anxiety-like behaviors during this period, while high levels of KOR played the dominant
role in modulating depression-like behaviors in mice. Consistently, Zan proposed that prolonged
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Figure 5. Effect of a single norBNI application for depressive-like behaviors

(A) Timeline of the experiment.

(B) Left: The baseline of the sucrose preference before the injection of morphine. Middle: The sucrose preference after the
4 weeks withdrawal. Right: The sucrose preference after the 6 weeks withdrawal.

(C and D) The immobility latency and immobility time in the TST (C) and FST (D) after morphine withdrawal of 4 weeks.
(E and F) The immobility latency and immobility time in the TST (E) and FST (F) after morphine withdrawal of 6 weeks n = 8-
9/group. Ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. The behavioral data were analyzed with two-way ANOVA,
followed by Sidak’s post hoc test. Sal+Sal mice were compared with Mor+Sal mice. Mor+Sal mice were compared with
Mor+BNI mice.

(G) Representative western blot images.

(H) The protein expression levels of PSD95, synaptophysin, p-ERK, p-CREB and BDNF following the single norBNI
treatment. The protein levels of the Sal+Sal group are set as 1. n = é/group for analysis. Ns: non-significant, *p < 0.05,
**p < 0.01, ***p < 0.001. Protein levels were analyzed with two-way ANOVA, followed by Sidak’s post hoc test. Sal+Sal
group was compared with Mor+Sal group. Mor+Sal group was compared with Mor+BNI group. The values represent the
mean + SEM.

morphine withdrawal induced depressive-like behaviors in mice, and these depressive-like behaviors were
increased along with the duration of abstinence.”” Mounting evidence has indicated that KOR is an impor-
tant substrate in the comorbidity between depressive disorders and opioid addiction. In animal models of
addiction, the activity of KOR is enhanced by multiple stressors and tightly controlled for drug seeking and
relapse.”® Furthermore, KOR signaling has been found to mediate despair-like responses to a variety of
stressors.'” The systemic application of KOR agonists inhibited dopamine release from NAc."” Activation
of KOR from mPFC glutamatergic projection fibers down-regulates glutamatergic neurotransmission and
LTP formation within NAc, causing inhibition of D2-MSN excitatory synaptic transmission function.” These
results suggested that KOR may be involved in the pathophysiological alterations of NAC in aversion. Zan's
study showed that morphine withdrawal-induced depressive-like behaviors were regulated by dynorphin/
opioid receptor system, and the application of opioid receptor antagonists norBNI could improve the
mood disorders induced by opiate abstinence.”’ Studies have suggested that the application of norBNI
improved the negative emotions caused by KOR.>'~® We hypothesize that the persistent increase in
NAc KOR may be related to depressive-like behaviors after prolonged withdrawal from opioids. Using
KOR antagonist and virus-mediated KOR knockdown in NAc, we further dissect the role of KOR in depres-
sive-like behaviors. We found that both the application of the KOR antagonist norBNI and the knockdown
of KOR in NAc significantly improved depressive-like behaviors. These results showed that the striatal KOR
plays a crucial role in opioid withdrawal-related depression.

We also noted the limitation of the striatal KOR antagonism that a single norBNI application only induced a
transient antidepressant effect in morphine withdrawal mice. On the contrary, repeated norBNI treatment
during opioid withdrawal significantly improved depressive-like behavior for at least 2 weeks. The impor-
tant parameter that affects the duration of drug action is the distribution of the drug in the body. It has been
suggested that prolonged KOR antagonism may be influenced by changes in the pharmacokinetics of
norBNI.>* Endoh et al. reported that the time course of antagonistic action of norBNI toward morphine-
induced analgesia in the mouse tail pinch test. In this report, the significant antagonistic effect of norBNI
against morphine-induced antinociception was maintained for at least 4 days.”>”® According to Patkar's
study, norBNI remained significantly higher than the control in the perfused brain homogenate up to
7 days after a single intraperitoneal pretreatment. In addition, the parallel experiment showed that the pro-
longed norBNI-induced antagonism of KOR-mediated antinociception persisted for at least 1 week, the
amount of norBNI detected fell to levels not statistically different from control over the next 7 days.>* In
addition, repeated norBNI injections produced more effective analgesia than the partial analgesic effect
produced by a single injection of norBNI.>” We speculated that the limited effect of a single norBNI appli-
cation against depression in this study was due to the inability of low drug concentrations in the brain to
maintain KOR inhibition. On the contrary, repeated norBNI maintains the effective concentration of the
drugin the brain. Consistent with the result of pharmacological KOR blockade, virus-mediated KOR knock-
down in NAc effectively prevented depressive-like behaviors after morphine withdrawal. Together, we
demonstrate that persistent increase in KOR in NAc is involved in the regulation of depressive-like behav-
iors after prolonged withdrawal from opioids.

KOR is involved in the regulation of neuronal synaptic plasticity. Subchronic administration of U50,488H, a
selective KOR agonist, in mice causes profound decreases in several postsynaptic proteins such as post-
synaptic density protein 95 (PSD-95) and synaptosomal associated protein 25, while norBNI blocks
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Figure 6. Effect of repeated norBNI application for depressive-like behaviors
(A) Timeline of the experiment.
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(B) Left: The baseline of the sucrose preference before the injection of morphine. Middle: The sucrose preference after the

4 weeks withdrawal. Right: The sucrose preference after the 6 weeks withdrawal.

(C and D) The immobility latency and immobility time in the TST (C) and FST (D) after morphine withdrawal of 4 weeks.
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Figure 6. Continued

(E and F) The immobility latency and immobility time in the TST (E) and FST (F) after morphine withdrawal of 6 weeks n =
8/group. *p < 0.05, **p < 0.01, ***p < 0.001. The behavioral data were analyzed with two-way ANOVA, followed by Sidak’s
post hoc test. Sal+Sal mice were compared with Mor+Sal mice. Mor+Sal mice were compared with Mor+BNI mice.

(G) Representative western blot images.

(H) The protein expression levels of PSD95, synaptophysin, p-ERK, p-CREB, and BDNF following the repeated norBNI
treatment. The protein levels of the Sal+Sal group are set as 1. n = 6/group for analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
Protein levels were analyzed with two-way ANOVA, followed by Sidak’s post hoc test. Sal+Sal group was compared with
Mor+Sal group. Mor+Sal group was compared with Mor+BNI group. The values represent the mean + SEM.

reduction of these proteins.”® We found that morphine administration significantly decreased the expres-
sions of PSD95 and synaptophysin, while repeated norBNI treatment reversed these changes. This result
indicated that the persistent increase in striatal KOR following prolonged withdrawal of morphine may
cause dysregulation of synaptic plasticity in NAc neurons and result in altered neural functions, which
may be attributed to KOR-induced autophagy according to Karoussiotis’ study.”® Activation of KOR acti-
vates the dissociation of G-protein coupled receptor Ga and GBy subunits that interact with various intra-
cellular effectors.®” Sustained KOR activation further recruits phosphorylated activation of MAPK signaling
cassettes, particularly the ERK-CREB-BDNF signaling pathway.”” " There is disagreement on the ERK-
CREB-BDNF signaling in modulating stress responses and affective reward states. Some studies reported
that the activation of KOR and ERK signaling was involved in negative emotions in mice and pretreatment
with norBNI reversed the increase in p-ERK expression and improved negative emotions.”'° Others pro-
posed that overexpressed BDNF activated the ERK-CREB-BDNF signaling pathway to alleviate comorbid
pain in CRS-induced depression.®” In this study, we found that prolonged morphine withdrawal promoted
activation of ERK1/2 and CREB by increasing their phosphorylation levels and increased the expression
level of BDNF in NAc. CREB has been reported to transcriptionally regulate the expression of the BDNF
gene.® Striatal BDNF and its receptor TrkB are altered after chronic exposure and withdrawal from
cocaine.* Nestler showed that the increase in BDNF in NAc plays a role in depressive-like behaviors.®®
However, interestingly, repeated norBNI injection reversed the activation of the ERK-CREB-BDNF
signaling pathway and maintained an improvement in depression 6 weeks after withdrawal. No effects
were found in the intervention of single norBNI injection. This study strengthens the notion that long-
term drug effects are often attributed to irreversible occupancy of a receptor. Researchers found that
norBNI, a selective and competitive KOR antagonist,®® can have its long-term effects blocked by
competitive antagonists.>> Additionally, norBNI treatment did not alter the U50488-mediated increases
in ERK activity when tested 24 h later.”” Based on the pharmacokinetics of norBNI** and repeated
treatments, the study suggests that norBNI inhibits ERK-CREB-BDNF signaling in a time- and concentra-
tion-dependent manner. The specific mechanism needs more detailed exploration. Therefore, our study
supports the speculation that prolonged withdrawal from morphine induces a persistent increase in striatal
KOR, altering the ERK-CREB-BDNF signaling pathway, which potentially contributes to depressive-like
behaviors in mice.

In summary, our study demonstrated that treatment with classic antidepressants had only limited effects on
depressive-like behaviors related to opioid withdrawal. Prolonged withdrawal from morphine induced
depressive-like behaviors in mice and persistent upregulation of KOR in NAc. Repeated but not a single
KOR antagonism or conditional KOR knockdown in NAc improves depressive-like behaviors in morphine
withdrawal mice at long-term. The persistent increase in KOR may influence depressive-like behaviors
through the regulation of the downstream ERK-CREB-BDNF signaling pathway in NAc. Therefore, striatal
KOR may be a promising target for the treatment of depressive-like behaviors following prolonged with-
drawal of opioids.

Limitations of the study

KOR is highly expressed in the NAc medium spiny neurons (MSNs).® The NAc MSNs are segregated into
dopamine D1 receptor-containing MSN (D1 MSN) and D2 receptor-containing MSN (D2 MSN).%” In this
study, we demonstrated that KORs in NAc play a vital role in withdrawal-related depressive-like behaviors,
but the specific role of KOR in D1 or D2 MSN in this model is still unclear. In addition, the functions of the
two subregions of the NAc differ significantly in many behavioral paradigms.”®’! However, the NAc subre-
gion in the analysis of protein expression or the intervention of the viruses was not discriminated in this
study. Finally, we did not determine the underlying mechanism of the ERK-CREB-BDNF signaling pathway
in depressive-like behaviors following prolonged withdrawal of opioids.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-c-Fos Abcam Cat#ab208942; RRID:AB_2747772
Rabbit monoclonal anti-KOR Abcam Cat#ab183825; RRID: AB_2936198
Rabbit polyclonal anti-MOR Abcam Cat#ab17934; RRID: AB_2283186
Rabbit monoclonal anti-DOR Abcam Cat#ab176324; RRID:AB_2936199
Rabbit polyclonal anti-5HT1A Servicebio Cat#GB11887; RRID:AB_2936213
Rabbit polyclonal anti-5HT2A Servicebio Cat#GB111001; RRID:AB_2936214
Mouse monoclonal anti-ERK1/2 Novus Cat#216703; RRID:AB_2936202
Rabbit polyclonal anti- phospho-ERK1/2 Novus Cat#AF1018; RRID:AB_2936203
Mouse monoclonal anti-CREB Abcam Cat#ab178322; RRID:AB_2827810
Rabbit monoclonal anti- phospho-CREB Abcam Cat#ab32096; RRID:AB_731734
Rabbit polyclonal anti-BDNF Servicebio Cat# GB11559; RRID:AB_2936215
Rabbit polyclonal anti-PSD95 Abclonal Cat# A6194; RRID:AB_2766806
Rabbit polyclonal anti-Synaptophysin Servicebio Cat# GB11553; RRID: AB_2937063
Mouse monoclonal anti-GAPDH Abcam Cat# ab8245; RRID:AB_2107448
Cy3 Goat Anti-Mouse IgG Abclonal Cat#AS008; RRID:AB_2769088
Fluorescein Anti-Avidin D Sigma Cat#A2901; RRID:AB_2936205
Peroxidase-conjugated anti-DIG Roche Cat#11207733910; RRID:AB_514500
HRP Goat Anti-Rabbit IgG Abclonal Cat#AS063; RRID:AB_2864057
HRP Goat Anti-Mouse IgG Abclonal Cat# AS064; RRID:AB_2864058

Bacterial and virus strains

rAAV2/9-hSyn-mCherry OBio, Shanghai This paper
rAAV2/9-hSyn-Cre-mCherry OBio, Shanghai This paper
Chemicals, peptides, and recombinant proteins

Escitalopram oxalate tablets Lundbeck, Denmark N/A
Morphine hydrochloride Third Research Institute of the N/A

Escitalopram
Imipramine hydrochloride
Fluoxetine

NorBNI

Ministry of Public Security
Sigma
Sigma
Sigma
Abcam

CAS Number:219861-08-2
CAS Number:113-52-0
CAS Number:56296-78-7
CAS Number:105618-26-6

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: KOR'oxP/loxP

Vital River laboratory

Jackson Laboratory

N/A
RRID: IMSR_JAX:030076

Software and algorithms

Any-maze

ImageJ

Image Lab

GraphPad Prism version 8.0
Photoshop CC

Stoeling

NIH

Bio-Rad

GraphPad Software
Adobe

RRID:SCR_014289
https://ImageJ.net/
RRID:SCR_014210
RRID:SCR_002798
RRID:SCR_014199
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and regents can be directed to the lead contact, Yunpeng
Wang (wyp033@xjtu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ No new code was used in these studies.
@ No large dataset was generated in these studies.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

A total of 356 male heroin-dependent participants with Han population (mean age = 33.11 + 7.46 years),
were recruited from the Xi'an Lantian detoxification center. Only male participants were recruited because
males comprise a much higher proportion of drug abusers (88.3%) than females in China.”? Participants
were included if: (i) they are first-time hospitalized, (ii) they used heroin more than one month, and (iii)
they never received methadone maintenance treatment, (iiii) they have no history of psychiatricillness. Ma-
jor depression was diagnosed by a structured clinical interview according to the DSM-V criteria. Depressive
symptoms were rated using the 24-item Hamilton depression rating scale (HAMD, MD > 17). An experi-
enced psychiatrist rated the participants before they entered the study. The classification of participants
with major depressive disorders was carried out in a clinic using the HAMD scale.”® A score ranging
from 17 to 24 is defined as moderate depression. Score >24 is defined as severe depression. We did not
attempt to distinguish between heroin-induced depression and primary depressive disorders. Participants
had notreceived any antidepressants, antipsychotic drugs, or mood stabilizers for at least two months prior
to the study. A total of 73 heroin-dependent participants were diagnosed with major depression (moderate
depression, n = 45; severe depression, n = 28). Twelve patients were lost during the study. This investiga-
tion was approved by the First Affiliated Hospital of Xi'an Jiaotong University and was registered in the Chi-
nese Clinical Trial Registry (ChiCTR2000037788). The enroliment date of the first subject is February 27,
2021. Written informed consent was obtained from all participants before experiments.

Animals

In the present study, male C57/Bl6J mice and KOR'**®/"*F transgenic mice were used. Animals (8-10 weeks
old, 26 + 2 g) were kept in a room with a 12/12 h light-dark cycle, controlled temperature (22 + 2°C) and
humidity (50 + 5%). All animals were housed 4 per cage in Plexiglas cages with free access to food and tap
water. Experiments were conducted during the light cycle. All procedures were approved by the Institu-
tional Animal Care and Use Committee of Xi'an Jiaotong University.

METHOD DETAILS

Escitalopram treatment

The heroin-dependent participants who were diagnosed with major depression were randomly assigned to
the escitalopram treatment group (n = 32) and the placebo group (n = 29) and received escitalopram and
placebo treatment for 8 weeks. A tablet of escitalopram (10 mg daily) was administered orally for the first
week, after which the dose was increased to 2 tablets of escitalopram per day for the remainder of the trial.
Therefore, the prominent dose of escitalopram was 20 mg/day. Participants were not allowed to use any
other psychotropic drug or undergo behavioral intervention therapy during the trial course. Patients
take the tablets in the presence of the medical staff when administered the medicine. Participants were
evaluated using HAMD at baseline and at weeks 2, 4, 6 and 8 post-interventions. The outcome measure
was to evaluate the efficacy of escitalopram in improving depressive symptoms, response to treatment
(defined as 50% reduction in the HAMD score) and remission (defined as the HAMD score <7) rates. Treat-
ment failure was defined as the persistence of clinical signs and symptoms. The criteria of “50% reduction in
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the HAMD score” was as the criteria for ameliorating depression symptoms in heroin-dependent patients.
Adverse events were systematically evaluated at each time point using a checklist. Patients were also asked
to immediately inform the research team of any unexpected symptom during the trial course.

Drugs and treatments

Morphine hydrochloride was prepared in 0.9% sodium chloride. Repeated morphine administration para-
digm was performed by using a previously established procedure with a minor modification.*®’*’> Briefly,
mice were injected intraperitoneally (i.p.) with saline or an escalating dose of morphine (from 10 mg/kg to
50 mg/kg) twice daily for 5 consecutive days. Thus, the total dose of morphine was 20-100 mg/kg daily. On
the sixth day, 50 mg/kg of morphine hydrochloride was administered once at 9:00 a.m. The doses of esci-
talopram, imipramine, fluoxetine and norBNI were selected as previously reported.**** Escitalopram
(15 mg/kg), imipramine hydrochloride (20 mg/kg), and fluoxetine (10 mg/kg) were administered i.p. daily
within the 4 weeks after withdrawal from morphine, norBNI (10 mg/kg) was administered i.p. 24 h before
the behavior test or once a week during the withdrawal period of morphine.

Behavioral tests

Sucrose preference test (SPT)

Prior to SPT, mice were deprived of water for 24 h. In SPT, mice were exposure to two identical bottles for
1.5 h. One bottle was filled with 1% sucrose solution and the other bottle was filled with water. In order to
prevent possible side preference in the test, the position of the bottles was exchange after 45 min. At the
end of SPT, sucrose and water consumption were measured by weighing. Sucrose preference = sucrose
consumption/(sucrose consumption + water consumption).

Open field test (OFT)

The mice were placed into an open field box (45 x 45 x 30 cm) under dim light for 15 min. The arena was
divided into a peripheral zone and a center zone (30 X 30 cm). The locomotor activity and the movement
trace of mice were recorded by the ANY-maze software (Stoelting Company, Wood Dale, IL, USA). The total
distance traveled in the arena and the time spent in the center zone were evaluated.

Tail suspension test (TST)

The mice were suspended by the tail from a horizontal bar (35 cm above the floor) using an adhesive tape
applied 1 cm from the tip of the tail. The test session was recorded for 6 min. The immobile latency for the
first 2 min and the time spent immobile during the last 4 min were determined by the observer who was
blind to allocations of the mouse group.

Forced swim test (FST)

The mice were placed in the cylinder (diameter: 15 cm, height: 25 cm) filled with water (24 + 1°C) to 15 cm.
The test session was recorded for 6 min. The water in the cylinder was changed between each mouse
during the test session. The immobile latency for the first 2 min and the time spent immobile during the
last 4 min were determined by the observer who was blind to allocations of the mouse group.

Western blot

After the behavioral experiments, the mice were killed and the NAc tissue was quickly removed and placed
ondry ice. NAc tissues were sonicated in RIPA buffer containing protease and phosphatase inhibitors. Pro-
tein samples were separated by 10% SDS-PAGE, transferred to PVDF membranes, blotted with 5% fat milk
for 3 h and incubated with primary antibodies overnight at 4°C. The membranes were then washed and
incubated with HRP-conjugated secondary antibody. Signals were developed using the enhanced chem-
iluminescence kit. Densitometry was performed to quantify signal intensity using Image Lab software.

Immunofluorescent histochemistry and fluorescence in situ hybridization (FISH)

Under terminal anesthesia, mice were transcardially perfused with 0.01M PBS and 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS). The brains were further post-fixed in 4% PFA at 4°C and subse-
quently stored in 30% sucrose solution in 0.2M PB at 4°C. The entire brain was serially cut into 30-um-thick
transverse sections with a freezing microtome (Leica, Germany). NAc sections were incubated with primary
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anti-c-fos antibody overnight at 4°C and then incubated with Cy3 conjugated goat anti-mouse secondary
antibody at room temperature for 4 h in the dark.

KOR mRNA was detected with FISH using digoxigenin (DIG)-labeled RNA probes, we synthesized the di-
goxigenin (DIG)-labeled antisense single-strand RNA probes of KOR with a DIG RNA labeling mix. Brains
were hybridized with DIG-labeled antisense RNA probes, and immunodetection of the DIG-labeled hy-
brids was performed with a peroxidase-conjugated anti-DIG Fab. Fluorescence signal was achieved with
tyramide signal amplification, the sections were subsequently treated with Fluorescein Avidin D for 4 h.
All sections were observed under the fluorescence microscope (Zeiss, Germany).

Virus injection

KOR'oxP/loxP mice were anesthetized with 2% isoflurane and placed in a stereotaxic device (RWD, Shenzhen,
China). The skull was exposed under antiseptic conditions and a small craniotomy was performed with a
thin drill above the intended site of injection (NAc: AP +1.4 mm, ML £+ 2.0 mm, DV 4.6 mm, 10° angle).
The volume of 200 nL of the AAV2/9-hSyn-Cre-mCherry or AAV2/9-hSyn-mCherry was injected bilaterally
into NAc using a microsyringe within 10 min. The microsyringe remained for 5 min at the end of the infusion
to allow virus diffusion. Behavioral tests were carried out after 3 weeks of the virus injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyzes were performed with the GraphPad Prism 8.0 software (GraphPad Software, Inc., La
Jolla, CA). The data of escitalopram treatment for the patients were analyzed using the chi-square test
and repeated measures two-way ANOVA, followed by Sidak’s post hoc test. For the animal’s experiments,
statistical significance was determined with Unpaired t test where two groups were compared, or one-way
or two-way ANOVA followed by Turkey's or Sidak’s post hoc test where more than two groups were
compared. We used Pearson correlation test to measure linear correlation between two variables. Results
are presented as the mean =+ standard error of the mean (SEM). Statistical significance was *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. The statistics of results presented in this study are summarized
in supplementary data file (Data S1: Statistics related to data presented in this study. Related to STAR
methods).

ADDITIONAL RESOURCES
This study is part of a clinical trial (register number ChiCTR2000037788, https://www.chictr.org.cn/).
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