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SUMMARY
The dorsal bed nucleus of stria terminalis (dBNST) is a pivotal hub for stress response modulation.
Dysfunction of dopamine (DA) network is associated with chronic stress, but the roles of DA network
of dBNST in chronic stress-induced emotional disorders remain unclear. We examine the role of dBNST
Drd1+ and Drd2+ neurons in post-weaning social isolation (PWSI)-induced behavior deficits. We find that
male, but not female, PWSI rats exhibit negative emotional phenotypes and the increase of excitability
and E-I balance of dBNST Drd2+ neurons. More importantly, hypofunction of dBNST Drd2 receptor un-
derlies PWSI-stress-induced male-specific neuronal plasticity change of dBNST Drd2+ neurons. Further-
more, chemogenetic activation of dBNST Drd2+ neurons is sufficient to induce anxiogenic effects, while
Kir4.1-mediated chronic inhibition of dBNST Drd2+ neurons ameliorate PWSI-induced anxiety-like behav-
iors. Our findings reveal an important neural mechanism underlying PWSI-induced sex-specific behav-
ioral abnormalities and potentially provide a target for the treatment of social stress-related emotional
disorder.
INTRODUCTION

Social stimuli, especially during adolescence, are critical for the

establishment of normal emotional states and cognitive function

in adulthood.1,2 As an early-life stress, social isolation or depriva-

tion during adolescence can heighten vulnerability to anxiety, so-

cial deficits, and cognitive impairments.3–5 Studies using

different models of social isolation during adolescence in ro-

dents have demonstrated that socially isolated animals develop

behavioral abnormalities in adulthood, which includes attention

deficits, hyperactivity, anxiety-like behavior, and social defi-

cits.6–10 However, the cellular mechanisms through which social

isolation in adolescence triggers these behavioral abnormalities

in adulthood remain unclear. Therefore, it is of great importance

to identify the underlying neural substrates, whichmay shed light

on the treatment of mental illnesses caused by social isolation

and other stressors as well.
This is an open access article under the CC BY-N
It has been reported that dopamine (DA) systems play a key

role in regulating emotion, cognition, and social reward.11,12 Ro-

dents that have experienced social isolation in adolescence

exhibit dysfunction in their DA systems.13,14 For instance, DA

turnover is altered in the hippocampus and ventral striatum,

and the affinity of DA receptor 2 (Drd2) is changed in the striatum

in chronic socially isolated animals.6,15 However, the molecular

and circuit mechanisms of the DA system involved in the affec-

tive and social disorders induced by chronic social isolation

stress remain unclear.

The dorsal part of the bed nucleus of the stria terminalis

(dBNST), which includes the anterior dBNST (adBNST) and

oval BNST (ovBNST), is termed the extended amygdala. It has

been reported that the dBNST is a critical nucleus in integrating

negative values, and regulating negative emotions and stress re-

sponses.16,17 Many subregions are included,18,19 and a variety of

hormones and peptide receptors are expressed in this brain
Cell Reports 42, 112799, July 25, 2023 ª 2023 The Authors. 1
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region.20–22 Thus, the anatomical organization and physiological

function of the dBNST remain unclear. Previous studies have

shown that the dBNST receives dopaminergic inputs from

different upstream sources.23,24 However, the physiological

functions of the dopaminergic synaptic transmission in the

dBNST remain unclear.

In the current study, using a post-weaning social isolation

(PWSI) rat model, we examined whether dBNST neurons ex-

pressing DA receptors (DA receptor type 1 or 2; Drd1 or Drd2,

respectively) are involved in PWSI-induced behavioral abnor-

malities. First, we found that male, but not female, PWSI rats

exhibited excessive maladaptive avoidance behavioral pheno-

types, as well as an associated increase in neuronal excitability

and net excitatory input of dBNST Drd2+ neurons. More impor-

tantly, we found that the male-specific impairment of dBNST

Drd2 receptors underlies the PWSI-induced sex-specific

neuronal excitability change. Furthermore, we manipulated the

activity of dBNST Drd2+ neurons and demonstrated causality

between increased activity of dBNST Drd2+ neurons and the

level of anxiety-like behaviors of PWSImale rats. Taken together,

our findings demonstrate that hyperactivity of Drd2+ neurons in

the dBNST is a key mechanism underlying PWSI-induced sex-

specific anxiety-like behaviors.

RESULTS

Male, but not female, rats developed excessive
maladaptive avoidance behaviors after PWSI stress
To dissect the underlying neural mechanism of social stress-

induced mental disorders, we first established a rat model of

PWSI, and a battery of behavioral tests were performed to

assess the influence of PWSI stress on their emotional states

and sociality (Figure 1A). The results showed that, compared

with group-housed (GH) male rats, PWSI male rats exhibited

less exploratory motivation in the open arms in the elevated

plus maze (EPM) and the central region in the open field test

(OFT) (Figures 1B–1E). In addition, we found that PWSI male

rats spent less time in the light box during the light-dark (L-D)
Figure 1. Sex-dependent influence of PWSI stress on behavioral phen

(A) Timeline showing the procedures of PWSI modeling and behavioral tests of s

(B) Examples of the locomotion trajectory of male rats from GH and PWSI group

(C) Comparison of time spent in the open arms (left), number of open arm entries (

and PWSI groups (Student’s t test, left, p = 0.0282; middle, p = 0.0009; right, p =

(D) Examples of the locomotion trajectory of male rats from GH and PWSI group

(E) Comparison of the time that male rats fromGH and PWSI groups spent in the c

in the OFT (right) (Student’s t test, left, p = 0.0297; middle, p = 0.0049; right, p =

(F) Left: Schematic diagram of L-D box test. Right: Comparison of time spent in th

p = 0.0407).

(G) Left: Examples of instantaneous swimming velocity of two male rats from GH a

from GH and PWSI groups in the FST (Student’s t test, p = 0.0144).

(H) Examples of the heatmap of the locomotion trajectory of male rats from GH a

(I) Comparison of time spent in the social part (left, Student’s t test, p = 0.0054

preference ratio (right, Mann-Whitney U test, p = 0.0024) of male rats from GH a

(J) Comparison of time spent in the open arms in the EPM test of female rats fro

(K) Comparison of time that female rats from the GH and PWSI groups spent in

(L) Comparison of the time spent in the light box in the L-D box test of female G

(M) Comparison of the swimming distance of female rats from the GH and PWSI

(N) Comparison of the social preference ratio (Student’s t test, p = 0.34) of female

**p < 0.01, ***p < 0.001, Student’s t test. n.s., not significant. #p < 0.05, Mann-W
box test (Figure 1F). Together, these results demonstrated that

PWSI male rats developed anxiety-like phenotypes. We also

found that PWSI male rats exhibited less struggling in the forced

swim test (FST), as suggested by the total distance that rats

swam (Figure 1G). Furthermore, we found that PWSI male rats

showed decreased social preference to conspecifics than GH

rats did (Figures 1H and 1I), demonstrating that PWSI male

rats developed social deficits in adulthood. Parallel with the

changes in behavioral performance, the level of stress hormone

corticosterone also significantly increased in PWSI male rats

(Figures S1A and S1B). Taken together, these results revealed

that PWSI male rats developed excessive maladaptive avoid-

ance behaviors, which include the avoidance of exposure to an

open context, active coping, and social interaction. Interestingly,

when isolated in adulthood (P56-P91), male rats did not display

the phenotype exhibited in PWSI rats (Figure S2). Thus, these re-

sults indicated the post-weaning period is the critical window for

social isolation-induced excessive maladaptive avoidance

behavior. Furthermore, we found that PWSI female rats also

did not show a significant behavioral phenotype in the EPM,

OFT, L-D box, FST, and social preference test (SPT)

(Figures 1J–1N), and the corticosterone level only showed a

slight but not significant tendency of increase (Figure S1C).

Furthermore, we found that the interaction effects between

housing condition (GH vs. PWSI) and sex (male vs. female)

have the tendency to become statistically significant (Figure S3),

these results indicate that the effects of PWSI stress are sex

specific.

PWSI stress affects the neuronal excitability of Drd2+

neurons in dBNST in a sex-specific manner
To explore the role of the dBNST in PWSI-induced behavioral ab-

normality, we first examined whether the excitability of dBNST

neurons was changed in PWSI male rats using a whole-cell

patch-clamp recording technique (Figures S4A and S4B). We

found that the resting membrane potential and input resistance

of dBNST neurons were comparable between PWSI and GH

rats (Figures S4C and S4D). For the neuronal responses to
otypes of rats

ocially isolated (PWSI group) or group-housed (GH group) rats.

s in the EPM test.

middle), and total distance (right) that male rats moved in the EPM test from GH

0.0833).

s in the OFT.

enter (left), number of center entries (middle), and total distance that rats moved

0.0265).

e light box in the L-D box test by male GH and PWSI rats (Mann-WhitneyU test,

nd PWSI groups in FST; Right: Comparison of swimming distance of male rats

nd PWSI groups in the SPT.

), time spent in the toy part (middle, Student’s t test, p = 0.0044), and social

nd PWSI groups.

m the GH and PWSI groups (Student’s t test, p = 0.89).

the center in the OFT (Student’s t test, p = 0.49).

H and PWSI rats (Mann-Whitney U test, p = 0.65).

groups in the FST (Student’s t test, p = 0.55).

rats from the GH and PWSI groups. Data are shown as mean ± SEM. *p < 0.05,

hitney U test.
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Figure 2. Sex-dependent influence of PWSI stress on neuronal plasticity change of dBNST Drd2+ neurons

(A) Expression pattern of Drd1 and Drd2 mRNA in dBNST; left panel represents the distribution of these two mRNAs in the dBNST; right panels are the en-

largements of the windowed area in the left panel, including merged image, expression patterns of Drd1 mRNA, Drd2 mRNA, and DAPI staining. Magnification

folds, 3. Scale bar represents 50 mm.

(B) Statistics of distribution of Drd1 and Drd2 mRNA expression in dBNST neurons.

(C) Schematic diagrams show the procedures of Drd1+and Drd2+ neuron labeling (top) and patch-clamp recording (bottom).

(D) Schematic of the recording sites of Drd1+ neurons in dBNST of male rats from GH and PWSI groups.

(E) Comparison of step current-induced action potential numbers of dBNST Drd1+ neurons of male rats fromGH and PWSI groups (two-way RMANOVA, housing

[GH vs. PWSI] 3 step current interaction: F10,935 = 0.1403, p = 0.9992; step current: F10,935 = 13.44, p < 0.0001; housing: F1,935 = 0.6710, p = 0.4129).

(F) Comparison of input resistance of dBNST Drd1+ neurons of male rats from GH and PWSI groups (Student’s t test, p = 0.1486).

(G) Schematic of the recording sites of Drd2+ neurons in the dBNST of male rats from GH and PWSI groups.

(legend continued on next page)
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step-current injection, the action potential numbers were signif-

icantly increased in the PWSI group (Figures S4E and S4F), indi-

cating that the excitability of dBNST neurons was increased in

PWSI rats.

Evidence has shown that DA receptors, especially the D2 re-

ceptor, regulate the emotional state in the brain.25 Furthermore,

DA receptors are targets of antipsychotic drugs.26 Thus, we

asked whether the excitability of DA receptor-positive neurons

in the dBNST was changed after PWSI stress. First, we exam-

ined the distribution of two major receptors of DA systems—

Drd1 and Drd2 receptors—in the dBNST using the RNAscope

technique. The results showed that these two receptors were

separately expressed in different subsets of neurons in the

dBNST (Figures 2A and 2B). Inconsistent with previous studies

on mice,27 our in situ hybridization results showed that Drd1

mRNA in SpragueDawley (SD) rats are predominantly expressed

in the anterior (adBNST) but not the oval part of the dBNST,

whereas Drd2 mRNA is evenly expressed in both regions

(Figures S5A and S5B). This inconsistency may attribute to the

difference of animal species.

After verifying the specificity of Drd1::Cre and Drd2::Cre trans-

genic rats and Cre recombinase-dependent expression of

AAV-DIO-EYFP in Drd1+ and Drd2+ neurons of the dBNST

(Figures S5C–S5F), we examined the electrophysiological prop-

erties ofDrd1+ andDrd2+neurons. According to theclassification

criteria described in ‘‘Electrophysiology,’’ we found that both

Drd1+ and Drd2+ neurons were composed of neuron types with

different electrophysiological properties, including low-threshold

bursting (LTB), regular spiking (RS), fast inward rectifying K+

conductance (fIR), and spontaneous activity (SA; Figures S6A

and S6B). Thus, both Drd1+ and Drd2+ neurons in the dBNST

are heterogeneous in terms of electrophysiological properties.

Since PWSI stress affects the behavior and the global

neuronal excitability in the dBNST of male rats, we next exam-

ined the influence of PWSI stress on the excitability of Drd1+

and Drd2+ neurons in the dBNST of male rats. As shown in

Figures S7A, S7B, and 2C–2F, the membrane potential, action

potential threshold, current injection-induced action potential

numbers, and input resistance of Drd1+ neurons in the dBNST

were comparable between GH and PWSI male rats. Notably,

even though the membrane potential and action potential

threshold were comparable between the GH and PWSI groups

(Figures S7C and S7D), the current injection-induced action po-

tential numbers and input resistance of Drd2+ neurons were

significantly increased in PWSI rats (Figures 2G–2I), indicating

that the excitability of dBNST Drd2+ but not Drd1+ neurons

was specifically increased in PWSI male rats.

In parallel, we also measured the excitability of dBNST Drd2+

neurons inGH andPWSI female rats. The results showed that the
(H) Comparison of step current-induced action potential numbers of dBNST Drd2+

[GH vs. PWSI] 3 step current interaction: F10,968 = 0.5351, p = 0.8660; step curr

(I) Comparison of input resistance of dBNST Drd2+ neurons of male rats from GH

(J) Schematic of the recording sites of Drd2+ neurons in the dBNST of female ra

(K) Comparison of step current-induced action potential numbers of dBNST Drd

housing (GH vs. PWSI) 3 step current interaction: F10,704 = 0.02474, p > 0.9999;

(L) Comparison of input resistance of dBNST Drd2+ neurons of female rats from G

SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.; n.s., not significant.
current injection-induced action potential numbers were compa-

rable between GH and PWSI rats (Figures 2J and 2K). Although

the resting membrane potential was decreased and the input

resistance was increased in the PWSI group, the effect was

very slight (Figures 2J, 2L, S8A, and S8B). Together, these re-

sults suggested that the effect of PWSI stress on the excitability

of dBNST Drd2+ neurons is associated with PWSI-induced

behavior deficits in a sex-specific manner.

The net excitatory input is specifically increased in
dBNST Drd2+ but not Drd1+ neurons of PWSI male rats
Our results demonstrated that the increase in the excitability of

dBNST Drd2+ neurons was sex-specifically associated with the

behavioral deficits of PWSI male rats. We next examined

whether their excitatory and inhibitory inputs were also changed.

We found that neither the frequency nor the amplitude of the

miniature excitatory postsynaptic currents (mEPSCs) of dBNST

Drd1+ neurons showed a significant difference between GH

and PWSI rats (Figures 3A–3D). For the results of miniature inhib-

itory postsynaptic currents (mIPSCs), even though the mIPSCs

frequency of dBNST Drd1+ neurons showed a slight tendency

of decrease (p = 0.083), the amplitude of mIPSCs was compara-

ble between GH and PWSI rats (Figures 3E–3H). However, in

contrast to Drd1+ neurons, the frequency but not the amplitude,

of mEPSCs of dBNST Drd2+ neurons was significantly increased

in PWSI male rats (Figures 3I–3L). Furthermore, the frequency,

but not the amplitude, of mIPSCs of dBNST Drd2+ neurons

was significantly decreased in PWSI male rats (Figures 3M–

3P). Notably, we found that when compared with the results of

female GH rats, both the frequency and amplitude of the

mEPSCs and mIPSCs of dBNST Drd2+ neurons of female

PWSI rats do not show a significant difference (Figure S9). These

results demonstrate that, in addition to the increase in excitability

of dBNST Drd2+ neurons, the net excitatory input of dBNST

Drd2+ but not Drd1+ neurons was also specifically increased in

PWSI male rats.

To investigate the upstream input of dBNST Drd1+ and Drd2+

neurons, mono-synaptic retrograde tracing by a strategy of

rabies virus was conducted to dissect the afferents of dBNST

Drd1+ and Drd2+ neurons. In brief, the Cre recombinase-depen-

dent AAV-FLEX-mCherry-2A-TVA-2A-RvG, which encodes

avian retroviral receptor (TVA) and glycoprotein of rabies virus

(RvG), was first unilaterally injected into the dBNST of

Drd1::Cre and Drd2::Cre male rats, and then the TVA-deficient

EnvA-pseudotyped rabies virus RV-ENVA-DG-EGFP was ex-

pressed into the dBNST (Figure 3Q). The results revealed distinct

distribution patterns of retrograde-labeled EGFP+ neurons

(Drd1, Figure 3R; Drd2, Figure 3S). We also found that both the

dBNST Drd1+ and Drd2+ neurons receive inputs from dBNST
neurons of male rats fromGH and PWSI groups (two-way RMANOVA, housing

ent: F10,968 = 25.09, p < 0.0001; housing: F1,968 = 11.58, p = 0.0007).

and PWSI groups (Student’s t test, p < 0.0001).

ts from GH and PWSI groups.

2+ neurons of female rats from GH and PWSI groups (two-way RM ANOVA,

step current: F10,704 = 9.726, p < 0.0001; housing: F1,704 = 0.1271, p = 0.7215).

H and PWSI groups (Student’s t test, p = 0.0471). Data are shown as mean ±
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(oval BNST and adBNST), anterior hypothalamus central area

(AHC), and the central amygdala (CeA) (Figure 3T).

The excitability of dBNST Drd2+ neurons is positively
correlated with the level of anxiety-like phenotype in
animals
To further investigate the relationship between the excitability of

Drd2+ neurons and PWSI-induced phenotypes, we examined

the correlation between the level of specific phenotypes of

PWSI rats with the excitability of dBNST Drd2+ neurons. First,

we labeled Drd2+ neurons by injecting Cre-dependent AAV-

DIO-EYFP into the dBNST of PWSI rats at day P42. Two weeks

later, we performed the EPM, SPT, and FST tests to assess the

behavioral performance of each PWSI subject, one test for each

day. After the behavioral tests, we performed in vitro whole-cell

patch-clamp recording on brain slices of each PWSI subject to

measure the excitability of dBNST Drd2+ neurons (Figures 4A

and 4B).

We first analyzed the linear correlation between neuronal

excitability of dBNST Drd2+ neurons of PWSI rats and its EPM

score (time spent in open arms). The results show that there is

a negative correlation between these two factors, although the

result was not significant (Figure S10, p = 0.16). We speculate

that this insignificance is caused by the individual variations of

experimental animals, so we categorized the animals into three

groups based on their performance in each test. First, for 11

rats tested in the EPM, we defined subjects corresponding to

the top three and the bottom three scores as the ‘‘more time

spent in open arms’’ and ‘‘less time spent in open arms’’ groups,

respectively. We also defined subjects with the top three scores

and the bottom three scores as the ‘‘longer swim distance’’ and

‘‘shorter swim distance’’ groups in the FST, respectively. Simi-

larly, we defined subjects with the top three scores and the bot-

tom three scores in the SPT as the ‘‘high social preference’’ and

‘‘low social preference’’ groups, respectively. Our results
Figure 3. Distinct influence of PWSI stress on synaptic transmission o

(A) Examples of mEPSC signals of dBNST Drd1+ neurons in rats from GH and P

(B) Cumulative frequency curves of inter-event interval of mEPSC signals of dBN

(C andD) Comparison of mEPSC frequency and amplitude of dBNST Drd1+ neuro

respectively).

(E) Examples of mIPSC signals of dBNST Drd1+ neurons in rats from GH and PW

(F) Cumulative frequency curves of inter-event interval of mIPSC signals of dBNS

(G and H) Comparison of mIPSC frequency and amplitude of dBNST Drd1+ neu

respectively).

(I) Examples of mEPSC signals of dBNST Drd2+ neurons of rats from GH and PW

(J) Cumulative frequency curves of inter-event interval of mEPSC signal of dBNS

(K and L) Comparison of mEPSC frequency and amplitude of dBNST Drd2+ neu

0.4391).

(M) Examples of mIPSC signals of dBNST Drd2+ neurons of rats from GH and P

(N) Cumulative frequency curves of inter-event interval of mIPSC signal of dBNS

(O and P) Comparison of mIPSC frequency and amplitude of dBNST Drd2+ neuro

Student’s t test, p = 0.9112).

(Q) Schematic of virus injection.

(R) The leftmost panel shows the infection of Drd1+ neurons by AAV-FLEX-mCherr

neurons in the dBNST, CeA, and AHC; scale bar, 100 mm.

(S) The leftmost panel shows the infection of Drd2+ neurons by AAV-FLEX-mCher

neurons in dBNST, CeA, and AHC; scale bar, 100 mm.CeM,medial CeA; CeL, later

optic tract; AHC, anterior hypothalamic central area.

(T) Comparison of numbers of input neuron to dBNST Drd1+ and Drd2+ neurons

shown as mean ± SEM. *p < 0.05, **p < 0.01, Student’s t test; n.s., not significan
showed that rats in the ‘‘less time spent in open arms’’ group dis-

played a higher level of Drd2+ neuron excitability. Specifically,

we found that the current injection-induced action potential

numbers of this group were higher compared with the ‘‘more

time spent in open arms’’ group (Figures 4C and 4D). However,

we did not find a correlation between social preference and

swim distance with the level of excitability of dBNST Drd2+ neu-

rons in the SPT or FST (Figures 4E–4H). Consistent with PWSI

rats, GH rats also displayed a positive correlation between the

excitability of dBNST Drd2+ neurons and animals’ behavioral

scores in the EPM (Figures 4I–4N). These results indicate that

the excitability of dBNST Drd2+ neurons is specifically positively

correlated with the anxiety-like phenotypes in both PWSI and

GH rats.

Moreover, to investigate the association of these three pheno-

types in PWSI male rats, we plotted the linear correlations be-

tween the EPM and FST score, EPM and SPT score, and SPT

and FST score. Notably, the results showed that these three

scores in PWSI rats did not display any significant linear correla-

tion (Figures S11A–S11C). Taken together, the above results

indicate that the level of anxiety-like phenotypes, but not social

preference or passive coping phenotypes, of PWSI rats was spe-

cifically positively correlated with the degree of hyperactivation

of dBNST Drd2+ neurons.

Chemogenetic activation of dBNST Drd2+ neurons is
sufficient to induce anxiety-like behavior
Given that the excitability of dBNST Drd2+ neurons is positively

correlated with the anxiety-like phenotype of PWSI male rats,

we tested whether manipulation of the activity of dBNST Drd2+

neurons can regulate the anxiety-like phenotype of rats. Toward

this aim, at day P42, GH Drd2::Cre transgenic male rats were

injected with Cre-dependent AAV-DIO-hM3D or AAV-DIO-

mCherry viruses into the dBNST, and behavioral tests were per-

formed after day P56 (Figures 5A and 5B). First, we verified the
f Drd1+ and Drd2+ neurons in dBNST

WSI groups.

ST Drd1+ neurons from GH and PWSI rats.

ns fromGH and PWSI groups (Mann-WhitneyU test, p = 0.5722 and p = 0.1179,

SI groups.

T Drd1+ neurons from GH and PWSI rats.

rons from GH and PWSI groups (Student’s t test, p = 0.083 and p = 0.9605,

SI groups.

T Drd2+ neurons from GH and PWSI rats.

rons of rats from GH and PWSI groups (Student’s t test; K: p = 0.0249; L: p =

WSI groups.

T Drd2+ neurons from GH and PWSI rats.

ns of rats from GH and PWSI groups (O: Mann-Whitney U test, p = 0.0031; P:

y-2A-TVA-2A-RvG virus; the right three panels show retrogradely labeled GFP+

ry-2A-TVA-2A-RvG virus; the right four panels show retrogradely labeled GFP+

al CeA; CeC, capsular CeA; BLA, basolateral amygdala; st, stria terminalis; opt,

(starter cells) from oval BNST and ad-BNST, AHC and CeA (inputs). Data are

t.
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Figure 4. Excitability level of dBNST Drd2+ neurons is positively correlated with its anxiety-like phenotypes in both PWSI and GH male rats

(A) Timeline showing the procedures of PWSI modeling, virus injection, behavioral tests, and whole-cell patch-clamp recording.

(B) Schematic of in vitro patch-clamp recording on dBNST Drd2+ neurons labeled by injection of AAV-EF1a-DIO-eYFP.

(C and D) Distribution of the time spent in open arms in the EPM (C) of PWSI rats (n = 11), and step current-induced action potential number (D) of Drd2+ neurons

from less time andmore time spent in open arms groups (n = 3 for both) of PWSI rats. Red dots represent the three rats that spent the most time in the open arms,

while the blue dots represent the three rats that spent the least amount of time in the open arms. Two-way RMANOVA, open arms avoidance level3 step current

interaction effects: F15,832 = 0.6614, p = 0.8235; step current effects: F15,832 = 9.334, p < 0.0001; open arms avoidance level effects: F1,832 = 27.69, p < 0.0001.

(E and F) Distribution of the swim distance in the FST (E) of PWSI rats (n = 11), and step current-induced action potential number (F) of Drd2+ neurons from shorter

and longer swim distance groups (n = 3 for both) of PWSI rats. Red dots represent the three rats that swam the most, while the blue dots represent the three rats

that swam the least. Two-way RM ANOVA, struggling level 3 step current interaction effects: F15,832 = 0.8235, p = 0.6518; step current effects: F15,832 = 9.192,

p < 0.0001; struggling level effects: F1,832 = 1.067, p = 0.3020.

(G and H) Distribution of social preference ratio in SPT (G) of PWSI rats (n = 11) and step current-induced action potential number (H) of Drd2+ neurons from high

and low social preference groups (n = 3 for both) of PWSI rats. Red dots represent the three rats that had the highest social preference ratio, while the blue dots

(legend continued on next page)
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expression specificity of the AAV-DIO-hM3D virus and

confirmed by ex vivo brain slice recording that application of clo-

zapine-N-oxide (CNO) was sufficient to activate the correspond-

ing neurons (Figures 5C and 5D). Then we performed the behav-

ioral tests. We found that rats in the hM3D-expressing group

showed less time spent in the open arms in EPM, but no signif-

icant change was noted in open arm entry number or total mov-

ing distance (Figures 5E and 5F) after CNO treatment compared

with themCherry-expressing group. Consistent with the EPM re-

sults, we also found that the hM3D-expressing group spent less

time in the center and had fewer center entries in the OFT but did

not display a difference in the total distance that rats moved

(Figures 5G and 5H). Taken together, these results indicate

that activation of dBNSTDrd2+ neurons could specifically induce

anxiety-like behavior. However, we did not observe a significant

effect of activation of Drd2+ neurons on passive coping behavior

or social preference, as indicated by the results of the FST and

SPT (Figures S12A and S12B). Consistent with the results for

male rats, we found that activation of dBNST Drd2+ neurons

also has the tendency to increase the anxiety-like behavior in fe-

male rats (Figures S13A and S13B).

Hyperfunction of dBNST Drd2 receptors displays an
anxiolytic effect
The Drd2 receptor is a G protein-coupled, inwardly rectifying po-

tassium channel,28 activation of which hyperpolarizes neurons.

Thus, we examined whether application of a Drd2 agonist in

the dBNST could hyperpolarize the Drd2+ neurons therein and

result in an anxiolytic effect. We first labeled the dBNST Drd2+

neurons by injection of AAV-DIO-EYFP into the dBNST of

Drd2::Cre rats and confirmed the effect of a Drd2 agonist, quin-

pirole, on dBNST Drd2+ neurons at the cellular level by patch-

clamp recording (Figure 6A). As expected, we found that local

application of quinpirole in dBNST indeed hyperpolarized

Drd2+ neurons (Figure 6B). Then, we examined the effect of quin-

pirole to dBNST on the behavior of GH rats (Figure 6C). Our re-

sults showed that intra-dBNST infusion of quinpirole increased

the time that GH rats spent in the open arms compared with sa-

line-treated rats but did not affect the total distance that rats

moved in the EPM (Figures 6D–6F and S14A). Consistently, we

also found that the quinpirole-treated group showed increased

time in the center compared with the saline-treated group in

the OFT (Figures 6G and 6H). These results indicated that activa-

tion of the Drd2 receptor decreased the excitability of Drd2+ neu-

rons and induced an anxiolytic effect, further supporting the find-

ings from neuronal manipulation. However, in the SPT, the social
represent rats with the lowest social preference ratio. Two-way RM ANOVA, s

p > 0.9999; step current effects: F15,896 = 12.86, p < 0.0001; social preference le

(I and J) Distribution of the time spent in open arms in the EPM (I) of GH rats (n = 1

less time andmore time spent in open arms groups (n = 3 for both) of GH rats. Two

F15,464 = 0.3955, p = 0.9801; step current effects: F15,464 = 3.429, p < 0.0001; op

(K and L) Distribution of the swim distance in FST (K) of GH rats (n = 15) and step

longer swim distance groups (n = 3 for both) of GH rats. Two-way RM ANOVA, stru

current effects: F15,448 = 4.789, p < 0.0001; struggling level effects: F1,448 = 0.55

(M andN) Distribution of social preference ratio in SPT (M) of GH rats (n = 15) and s

low social preference groups (n = 3 for both) of GH rats. Two-way RM ANOVA, s

0.5944; step current effects: F15,464 = 3.231, p < 0.0001; social preference le

****p < 0.0001; n.s., not significant.
preference ratio was comparable between quinpirole- and sa-

line-treated groups (Figure S14B).

The above results suggest that Drd2 signaling in dBNST neu-

rons has anxiolytic effects. Then, we examined the modulation

effects of Drd2 signaling on neuronal excitability between GH

and PWSI rats. We first labeled the dBNST Drd2+ neurons by in-

jection of AAV-DIO-EYFP into the dBNST of Drd2::Cre rats and

performed patch-clamp recording (Figure 6I). The results

showed that the number of action potentials of dBNST Drd2+

neurons was decreased by quinpirole in both GH and PWSI

male rats. However, the negative modulation effects were

smaller in the PWSI group (Figure 6J), suggesting that Drd2+

neurons are less sensitive to quinpirole, i.e., there is a functional

impairment in dBNST Drd2 receptors in PWSI male rats. Taken

together, these results indicate that hyperfunction of Drd2 recep-

tors in the dBNST is sufficient for an anxiolytic effect, implying

that the functional impairment of dBNST Drd2 receptors in

Drd2+ neurons underlies the PWSI-induced anxiety-like

behavior. Interestingly, consistent with the effect of PWSI stress

on the behavioral phenotype of female rats, the negative modu-

lation effects of quinpirole on the function of Drd2 receptors of

dBNST Drd2+ neurons were comparable in GH and PWSI female

rats (Figure 6K).

Chronic inhibition of dBNST Drd2+ neurons ameliorated
anxiety-like behaviors of PWSI rats
As described above, we found that dBNST Drd2+ neurons were

hyperactive in PWSI rats (Figure 2), and activation of Drd2+

neurons was sufficient to induce anxiety-like behavior (Figure 5).

We then tested whether the PWSI-induced anxiety-like behav-

ioral phenotype could be reversed through manipulation of the

activity of dBNST Drd2+ neurons. We found that overexpres-

sion of an inward rectifying potassium channel (Kir4.1), which

hyperpolarizes and inactivates cells, indeed hyperpolarized

dBNST Drd2+ neurons (Figures 7A–7D). Furthermore, chronic

inhibition of Drd2+ neurons by overexpression of Kir4.1

increased the time that PWSI rats spent in the open arms

and the number of open arms entries but had no significant ef-

fect on the total distance that rats moved in the EPM

(Figures 7E and 7F). The results of the OFT test also showed

that chronic inhibition of Drd2+ neurons in PWSI rats could in-

crease the time that rats spent in the center, number of center

entries, and total distance traveled (Figures 7G and 7H). We

also found that chronic inhibition of dBNST Drd2+ neurons in

PWSI rats increased the time that rats spent in the light box

and the number of light box entries in the L-D box test
ocial preference level 3 step current interaction effects: F15,896 = 0.04977,

vel effects: F1,896 = 0.01057, p = 0.9181.

5) and step current-induced action potential number (J) of Drd2+ neurons from

-way RMANOVA, open arms avoidance level3 step current interaction effects:

en arms avoidance level effects: F1,464 = 59.26, p < 0.0001.

current-induced action potential number (L) of Drd2+ neurons from shorter and

ggling level3 step current interaction effects: F15,448 = 1.662, p = 0.0554; step

82, p = 0.4554.

tep current-induced action potential number (N) of Drd2+ neurons from high and

ocial preference level 3 step current interaction effects: F15,464 = 0.8736, p =

vel effects: F1,464 = 0.05381, p = 0.8167. Data are shown as mean ± SEM;
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Figure 5. Chemogenetic activation of dBNST Drd2+ neurons are sufficient to induce anxiety-like behavior

(A) Timeline shows the procedures of virus injection and behavioral tests.

(B) Schematic of bilateral injection of virus into dBNST of Drd2::Cre rats.

(C) Left is the expression pattern of AAV-hSyn-DIO-hM3D-mCherry in Drd2+ neurons in the dBNST of Drd2::Cre rats; red represents the AAV-hSyn-DIO-hM3D-

mCherry, green represents Drd2 mRNA, and blue represents nuclei stained with DAPI; scale bar represents 50 mm. The windowed area is enlarged; white arrows

indicate the mCherry and Drd2 mRNA colabeled neurons. The right panel shows the statistics of the co-labeling rate of mCherry and Drd2 mRNA.

(D) Left is an example of the CNO-induced neuronal response of hM3D-expressing neurons in the dBNST in vitro. Right is the comparison of membrane potentials

of hM3D-expressing neurons before and after CNO delivery (paired Student’s t test, p = 0.0003).

(E) Examples of locomotion trajectory of mCherry-expressing and hM3D-expressing rats in EPM after intraperitoneal (i.p.) injection of CNO.

(F) Statistics of results from EPM test of mCherry-expressing and hM3D-expressing rats after i.p. injection of CNO. The left, middle, and right panels respectively

show the time rats spent in open arms, the number of open arm entries, the total distancemoved in EPM test (Student’s t test, left, p = 0.0432; middle, p = 0.1226;

right, p = 0.6195).

(G) Examples of locomotion trajectory of mCherry-expressing and hM3D-expressing rats in OFT after i.p. injection of CNO.

(H) Statistics of results from OFT of mCherry-expressing and hM3D-expressing rats after i.p. injection of CNO. The left, middle, and right panels, respectively,

show the time the rat spent in the center, the number of center entries, and the total distance that rats moved in the OFT (Mann-WhitneyU test, p = 0.0149; Mann-

WhitneyU test, p = 0.0432; Student’s t test, t = 0.344, p = 0.7343). Data are shown asmean ±SEM; *p < 0.05, ***p < 0.001, ****p < 0.0001, Student’s t test; n.s., not

significant; #p < 0.05, Mann-Whitney U test.
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(Figures 7I and 7J). Together, the results of the EPM, OFT, and

L-D box demonstrated that chronic inhibition of Drd2+ neurons

in the dBNST did ameliorate the PWSI-induced anxiety-like
10 Cell Reports 42, 112799, July 25, 2023
behavior. However, we did not observe any significant differ-

ence between Kir4.1- and eGFP-expressing PWSI rats in the

FST and SPT (Figures 7K and 7L).



(legend on next page)
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DISCUSSION

We found that the excitability of dBNST Drd2+ neurons displayed

a sex-specific increase and was positively correlated with the

level of anxiety-like behavior of PWSI male rats. The sufficiency

and necessity of these neurons in mediating PWSI-induced anx-

iety-like behaviors in male rats were demonstrated by the results

of activation and chronic inhibition of Drd2+ neurons. The results

of our pharmacological studies indicate that the dysfunction of

Drd2 receptors of Drd2+ neurons underlies the hyperactivation

of Drd2+ neurons in the dBNST of PWSI male rats. Our findings

suggest that dBNST Drd2+ neurons are a potential target

for therapeutic intervention to treat social isolation-induced

disorders.

Social stimuli are considered a factor that plays a key role in

the maintenance of homeostasis, and a long-lasting deterio-

rating social environment could impair the homeostatic regula-

tion of a social network.29,30 The adolescent period is sensitive

to external stressors, and our PWSI model—with the time win-

dow of P21 to P56—coincides with the adolescent period of ro-

dents.31 Anxiety-like behavior and social withdrawal phenotypes

were clearly observed in our experiments (Figure 1). The sex-

specific influence of PWSI stress on the anxiety-like behavior

and stressful state present in our results was consistent with pre-

vious work,32 which found that male, but not female, rats dis-

played anxiety-like behavior after PWSI. Notably, inconsistent

with some previous studies,33,34 we did not observe the hyper-

locomotion of PWSI rats. On the contrary, the locomotion of

PWSI male rats exhibited a decrease in the OFT (Figure 1E),

which may have resulted from the different protocols of social

isolation procedures. Consistent with the results of Kinley

et al.,35 we also found that the sociality of PWSI male rats

decreased (Figures 1H and 1I). However, decrease of sociality

was also observed in female mice by other groups.36,37 We

speculated this inconsistency may attribute to the difference of

species. In contrast to the results of previous studies,38,39 we

did not find that social isolation in adulthood (P56-P91) had sig-
Figure 6. Sex-specific correlation of functional impairment of dBNST D

(A) Left panel: schematic of bilateral injection of AAV-EF1a-DIO-eYFP into the d

neurons.

(B) Application of quinpirole decreased the excitability of Drd2+ neurons in vitro

quinpirole, and the right panel shows the comparison of membrane potentials of

0.0022).

(C) Timeline shows the procedures of cannula implantation and behavioral tests.

(D) Left panel: schematic of cannula implantation; right panel: example of cannu

(E) Example of locomotion trajectory of rats from saline- and quinpirole-treated G

(F) Comparison of the time spent in the open arms and total distance moved in

0.0417; for total distance: Mann-Whitney U test, p = 0.8683).

(G) Example of locomotion trajectory of saline- and quinpirole-treated GH rats in

(H) Comparison of time spent in the center and total distance traveled in the OFT b

total distance: Student’s t test, p = 0.6906).

(I) Top panel: schematic of bilateral injection of AAV-EF1a-DIO-eYFP into dBNST o

(J) Comparison of the decrease in current injection-induced action potentials of

tration (two-way RM ANOVA, housing [GH vs. PWSI] 3 step current interaction e

0.5045; housing [GH vs. PWSI] effects: F1,350 = 7.353, p = 0.007).

(K) Comparison of the decrease in current injection-induced action potentials

administration (two-way RM ANOVA, housing [GH vs. PWSI]3 step current intera

p < 0.0001; housing [GH vs. PWSI] effects: F1,448 = 1275, p = 0.7212). Data are sho

Mann-Whitney U test.
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nificant influence on the anxiety-like behaviors (Figure S2). We

speculate that this is possibly caused by the difference of dura-

tions of social isolation manipulation and rearing conditions.

DA systems, which are highly involved in the regulation of

reward and motivation,40–42 display dysfunction in chronic

stress-related animal models—including chronic social isola-

tion.6,15 However, the relationship between the dysfunction of

DA systems and social isolation-induced behavioral deficits,

especially emotional disorders, remains unclear. In the present

study, we found that a major type of DA receptor—Drd2—

showed functional impairment (Figure 6J), potentially underlying

the hyperactivity of dBNST Drd2+ neurons (Figure 2). In fact, pre-

vious studies found that social isolation had no effect on the

expression or activity of Drd2 receptors in the nucleus accum-

bens, prefrontal cortex, hippocampus, or amygdala of male

rats.43 Thus, the Drd2 receptors in the dBNST may be a specific

target for DA systems to play their role in regulating social isola-

tion-induced emotional disorders. Notably, since Drd2 receptors

show a higher affinity than Drd1 receptors for dopamine in the

brain,44 the dopamine level in the dBNST is highly likely to be

significantly influenced by the PWSI stress. However, since we

could not exclude the function of presynaptic Drd2 receptors

in dBNST, the role of dBNST presynaptic Drd2 receptors in

PWSI-induced anxiety-like behavior remain to be fully

understood.

The results of mEPSC and mIPSC recording of Drd1+ and

Drd2+ neurons indicate that the net excitatory input of dBNST

Drd2+, but not Drd1+, neurons of PWSI male rats is specifically

increased (Figure 3). As a result, the increased excitability com-

bined with increased net excitatory input exacerbated the hy-

peractivity of Drd2+ neurons in PWSI male rats. Furthermore,

the specific increase of net excitatory input may result from

the specific plasticity change of the afferents of dBNST

Drd2+, but not Drd1+, neurons, implying that the specific affer-

ents of Drd2+ neurons of the dBNST may also serve as a poten-

tial target to alleviate the anxiety-like behaviors induced by

PWSI stress.
2 receptor to PWSI-induced anxiety-like behavior

BNST of Drd2::Cre rats; right panel: schematic of in vitro recording of EYFP+

. The left panel shows examples of inhibitory responses of Drd2+ neurons to

Drd2+ neurons before and after quinpirole delivery (paired Student’s t test, p =

la implantation locus; scale bar represents 500 mm.

H rats in the EPM.

the EPM by saline- and quinpirole-treated GH rats (Mann-Whitney U test, p =

the OFT.

y saline- and quinpirole-treated GH rats (Mann-Whitney U test, p = 0.0331; for

f Drd2Cre rats; bottom panel: schematic of in vitro recording of EYFP+ neurons.

dBNST Drd2+ neurons from GH and PWSI male rats after quinpirole adminis-

ffects: F13,350 = 0.1131, p > 0.9999; step current effects: F13,350 = 0.9467, p =

of dBNST Drd2+ neurons from GH and PWSI female rats after quinpirole

ction effects: F13,448 = 0.2714, p = 0.9951; step current effects: F13,448 = 4.564,

wn as mean ± SEM; **p < 0.01, Student’s t test; n.s., not significant; #p < 0.05,



(legend on next page)

Cell Reports 42, 112799, July 25, 2023 13

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Previous studies have found that there are significant differ-

ences between males and females in the neuroanatomy and

release properties of dopamine systems. These sex-specific dif-

ferences may mediate the distinct susceptibility of males and fe-

males tomental illness.45–47Moreover, BNST, which is a sexually

dimorphic nucleus48,49 and a pivotal nucleus that regulates the

stress response,16 also expresses DA receptors.27 Indeed, the

results of our work demonstrate that the different influence of

PWSI stress on the excitability of dBNST Drd2+ neurons in

male and female rats underlies the sex-specific anxiety-like

phenotype (Figures 2 and 7). Furthermore, this is likely mediated

by the functional change in dBNST Drd2 receptors (Figure 6).

These functional changes may include that the expression level

or the sensitivity of dBNST Drd2 receptor was decreased in

PWSI male rats, or the dynamics of dBNST dopamine turnover

have sex-differences and which in turn results in sex-specific in-

fluence of PWSI stress on male and female Drd2+ neurons.

These plausible mechanisms remain to be well studied.

PWSI is a chronicmodeling protocol,50 so changes in neuronal

plasticity in the dBNSTmay also be a chronic process. We found

that chemogenetic activation of dBNST Drd2+ neurons in GH

rats only partially recapitulated the anxiety-like behaviors

observed in PWSI rats in the OFT and EPM (Figures 5F and 5H

vs. 1C and 1E). We speculate that this is likely due to the inability

of the CNO-mediated chemogenetic activation in our protocol to

fully reproduce the chronic stress of PWSI. For this reason,

chronic inhibition of dBNST Drd2+ neurons in PWSI rats showed

significant alleviation of anxiety-like behaviors in all three tests of

anxiety-like behavior (Figure 7). Since our results showed that

dBNST Drd2+ neurons only mediate the PWSI stress-induced

anxiety-like behavior but not social deficits, we speculate that

these phenotypes may be mediated by different neuronal popu-

lations. Moreover, as the results showed in Figures 1C, 5F, and

7F, the baseline levels of anxiety-like behavior in the EPM test

are different. This may be attributed to the different experimental

conditions and manipulations on control rats. For instance, the

animals in Figure 1C are wild-type rats and did not undergo sur-

gery, while the animals in Figure 5F are surgically operated and

injected with virus. The animals in Figure 7F are PWSI-treated,

surgically operated, and injected with virus. Taken together,
Figure 7. Chronic inhibition of Drd2+ neurons in the dBNST of PWSI m

(A) Timeline shows the procedures of PWSI modeling, virus injection, and behav

(B) Schematic of bilateral injection of virus into dBNST of Drd2::Cre rats.

(C) Left is the expression pattern of AAV-EF1a-DIO-Kir4.1-eGFP in Drd2+ neurons

red represents Drd2 mRNA, and blue represents nuclei stained with DAPI. The wi

colabeled neurons; scale bar represents 50 mm; right panel shows the colabel ra

(D) Comparison of membrane potential of eGFP- and Kir4.1-expressing Drd2+ n

(E) Example of locomotion trajectory of eGFP- and Kir4.1-expressing PWSI rats

(F) Statistic of results from EPM of eGFP- and Kir4.1-expressing PWSI rats; left pa

open arm entries, and right panel shows the total distance traveled (Mann-Whitn

(G) Example of locomotion trajectory of eGFP- and Kir4.1-expressing PWSI rats

(H) Statistics fromOFT of eGFP- and Kir4.1-expressing PWSI rats; left panel shows

and right panel shows the total distance traveled (Student’s t test, left, p = 0.042

(I) Schematic of L-D box test.

(J) Comparison of the time rats spent in light box and number of light box entries

0.0088 for corresponding tests).

(K) Comparison of total swimming distance of eGFP-expressing and Kir4.1-expr

(L) Comparison of social preference ratio of eGFP- and Kir4.1-expressing rats in

*p < 0.05, Student’s t test; n.s., not significant; #p < 0.05, ##p < 0.01, Mann-Wh
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the difference in surgery states and PWSI-treatments might

change the baselines of behavioral results.

Limitations of the study
In this study, we used the behavioral tests that merely scored the

anxiety-like, depression-like, and social preference level of rats,

so we could not exclude whether other functions of animals were

impaired by PWSI stress. Moreover, due to the limitation of

behavioral tests that we used to evaluate the function of dBNST

Drd2+ neurons, functions of this population of neurons may not

just mediate the anxiety-like behavior after PWSI stress. Finally,

since we did not dissect the plastic change of specific upstream

of dBNST Drd2+ neurons, e.g., AHC andCeA, it is of great impor-

tance to investigate the role of these inputs in PWSI-induced

sex-specific anxiety-like behavior.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP ABCAM Cat# ab13970; RRID: AB_300798

Goat-anti-chicken,Alexa Fluor 488 Jackson ImmunoResearch Laboratories Cat# 103-545-155; RRID: AB_2337390

Rabbit polyclonal anti-dsRed Takara Bio Cat# 632496; RRID: AB_10013483

Goat-anti-rabbit, Alexa Fluor 568 Life Technologies Co. Cat# A11011; RRID: AB_143157

Bacterial and virus strains

AAV2/9-EF1a-DIO-EYFP-WPRE-HGHpA Shanghai Taitool Bioscience Co., Ltd. Cat# S0178-9-H20

AAV2/9-hSyn-DIO-hM3D(Gq)-mCherry-

WPRE-pA

Shanghai Taitool Bioscience Co., Ltd. Cat# S0192-9

AAV2/9-hSyn-DIO-mCherry-WPRE-pA Shanghai Taitool Bioscience Co., Ltd. Cat# S0240-9

AAV2/9-EF1a-DIO-Kir4.1-eGFP-WPRE-

HGHpA

Shanghai Taitool Bioscience Co., Ltd. Cat# S0454-9-H50

AAV2/9-hEF1a-DIO-EGFP-WPRE-pA Shanghai Taitool Bioscience Co., Ltd. Cat# S0270-9

AAV2/9-hSyn-FLEX-mCherry-2A-TVA-2A-

RvG-WPRE-pA

Shanghai Taitool Bioscience Co., Ltd. Cat# S0380-9

RV-ENVA-DG-EGFP Brain VTA [Wuhan] Co., Ltd. Cat# R01001

Chemicals, peptides, and recombinant proteins

TTX Tocris Cat# 1078/1

AP5 Tocris Cat# 0106/10

Bicuculline Tocris Cat# 2503/10

CNQX Sigma-Aldrich C127-5MG

Clozapine-N-oxide ENZO Cat# BML-NS105-0025

DAPI CST Cat# 4083S

ProLong Gold Life Technologies Co. Cat# P36930

Critical commercial assays

ELISA Shanghai Univ-biotechnology Co., Ltd. N/A

Experimental models: Organisms/strains

Rat: Sprague Dawley (SD) Slac Laboratory Animal N/A

Rat: Drd1-Cre Beijing Biocytogen Co., Ltd. N/A

Rat: Drd2-cre Beijing Biocytogen Co., Ltd. N/A

Oligonucleotides

probe-CRE-C1 ACD Cat# 312281

Rn-Drd1a-C2 ACD Cat# 317031-C2

Rn-Drd2-C3 ACD Cat# 315641-C3

Software and algorithms

MATLAB MathWorks N/A

Adobe Illustrator CC Adobe N/A

ImageJ NIH N/A

GraphPad Prism 8 GraphPad N/A

Clampfit 10.7 Molecular Devices Co. N/A

Mini Analysis Synaptosoft N/A

Other

Digidata 1332 Axon N/A

MultiClamp 700B Axon N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Zuo-RenWang (zuorenwang@

ion.ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data are available upon request from the lead contact. This paper does not report original code. Any additional information

required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type (male and female), Drd1::Cre (male), andDrd2::Cre (male and female) transgenicSD ratswere used in this study.Wild-typeSD

rats, aged three weeks, were purchased fromShanghai SLAC Laboratory Animal Co., Ltd. The Drd1::Cre and Drd2::Cre transgenic rats

were generated byBeijing BiocytogenCo., Ltd. At postnatal day 21 (P21), ratswere divided into group-housedor single-housed groups,

according to experimental needs. Rats were reared following a standard 12 h light/dark cycle (lights on at 07:00). Water and food were

supplied ad libitum. All animals were used and operated on in accordance with the regulations of the Institutional Animal Care and Use

Committee of the Center for Excellence in Brain Science and Intelligent Technology of the Chinese Academy of Sciences.

METHOD DETAILS

PWSI modeling procedure
Rats were normally reared for the first three weeks and then randomly assigned to the experimental or control group at P21. Rats in

the experimental group (PWSI) were single-housed separately, while rats in the control group were group-housed (GH; 2–3 rats per

cage). The PWSI procedure was completed when the rats in both groups were aged 8 weeks. During the PWSI process, aside from

the necessary provision of water and food, contact between rats and feeders was reduced as much as possible. Behavioral tests,

measurement of corticosterone, and patch-clamp recordings were performed after the PWSI model was established. The PWSI rats

in our experiments were maintained in a socially isolated state during the whole behavioral test periods.

Behavioral tests
Before behavioral tests, each rat was handled for 5–10 min at a time, twice a day, for a total of two days. The behavioral tests in our

experiment were performed sequentially with an interval of one day. In the chemogenetic manipulation experiments, rats expressing

human muscarinic receptor 3 (hM3D) and mCherry were intraperitoneally injected with clozapine-N-oxide dihydrochloride (CNO,

3mg/kg, ENZO Life Sciences) 30min before the behavioral tests. All of the virus expression sites were validated post hoc after behav-

ioral tests. In the pharmacological manipulation experiments, rats with abnormalmotor responses after cannula implementation were

excluded. For the intra-dBNST infusion of quinpirole (D2 agonist, MedChemExpress), 500 nL quinpirole (1 mg/mL) was infused to each

side of the dBNST within 5 min. Five minutes after removing the injection tube, behavioral tests were performed. Quinpirole or saline

was randomly administered to rats of the same batch in a counter-balanced manner in the behavioral tests. For all behavioral tests,

we used Noldus EthoVision (Noldus Information Technology, Netherlands) to track the center of gravity of rats to acquire the specific

parameters of each behavioral test.

Open field test (OFT)
The open field arena measured 60 cm3 60 cm3 45 cm. The central area was 900 cm2. In the OFT, the locomotion distance, number

of center entries, and total time that rats spent in the center zone were analyzed. The entire test lasted 15 min.

Elevated plus maze (EPM) test
The EPMwas fixed on a cross platform 54 cmabove the ground. Each armmeasured 50 cm3 10 cm.One of the two pairs of opposite

arms was closed by a wall, and the other was open. The height of the wall was 40 cm. At the beginning of the test, rats were first

placed at the distal end of an open arm, facing away from the center of the elevated plus maze. Video recording was started

when the center of gravity of the rat entered the central zone, and the test ended 10 min later. In this test, the number of entries

into the open arms, the duration spent in each arm, and the total distance traveled in the EPM were analyzed.

Light-dark box test (L-D box)
The L-D box consisted of two chambers, one of which was a large chamber with a lid and the other a small chamber without a lid. The

dark and light boxes measured 30 cm 3 30 cm 3 30 cm and 20 cm 3 30 cm 3 30 cm, respectively. There was a small opening
18 Cell Reports 42, 112799, July 25, 2023
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(10 cm3 10 cm) between the two chambers. In this test, activity was recorded for 10 min after rats were placed in the light box, and

the duration spent in the light box was measured to reflect the anxiety level of the rats.

Forced swim test (FST)
The FST is used as ameasurement of depression-like behavior in mice. In this test, the time that mice spend floating onwater without

struggling reflects passive coping. However, we observed the movement of rats (SD rats) in water in containers of different sizes and

found that each rat kept swimming for different durations and would sink into the water if they stopped swimming. Thus, we used the

total distance the rats swam in thewater as an index of passive coping of SD rats. The container used for the FSTwas a cylinder with a

diameter of 30 cm, and the wall height was 50 cm. During the test, the water level was adjusted to approximately 40 cm high, and the

temperature was set to 25�C. The whole test lasted for 6 min, and the data from 3 to 6 min were analyzed.

Three-chamber social preference test (SPT)
The SPTwas used to examine the sociality of rats. Rats were placed on one side of a lidless rectangular box, and a toy rat was placed

on the other side as an exploration object for the subjects. The three-chambered box measured 90 cm 3 45 cm 3 30 cm, with

30 cm 3 45 cm 3 30 cm for each chamber. The SPT was divided into two sessions, and each session lasted for 10 min. In the first

session, two empty cages were placed on both sides of the test box to allow the subjects to adapt to the context. In the second ses-

sion, a live rat or a toy rat was randomly placed in the cages on both sides of the box. Rats placed within the cage in the box had

acclimated to the cage for 4–5 min one day before testing to reduce their stress response. Rats were placed in the middle zone

of three-chambered box at the beginning of the test. Then, their exploratory activities were immediately recorded. The total duration

subjects spent exploring the rat and toy sides was calculated. In addition, the ratio of social preference was calculated as (time spent

on the rat side � time spent on the toy rat side)/(time spent on the rat side + time spent on the toy rat side) 3 100%.

Measurement of corticosterone
An enzyme-linked immunosorbent assay (ELISA) was used to measure the serum concentration of corticosterone in group-housed

(GH) and PWSI rats. Approximately 1.6–1.7mL of blood was collected from each rat. After standing for 2 h, the collected whole blood

was centrifuged at 4�C and 2000 g for 20 min, and supernatant was extracted. Measurement of serum corticosterone concentration

was performed by Shanghai Univ-biotechnology Co., Ltd.

Electrophysiology
The solution formulations for in vitro electrophysiological recordings were as follows: artificial cerebrospinal fluid (ACSF) contained (in

mM) NaCl 118, KCl 2.5, glucose 10, NaHCO3 26, NaH2PO4 1, CaCl2 4, andMgCl2 4. Cutting solution contained (inmM) NMDG90, KCl

2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, D-glucose 25, sodium ascorbate 5, thiourea 2, sodium pyruvate 3, NAC 5, MgSO4$7H2O

and CaCl2 0.5. ACSF and cutting solution was adjusted to PH 7.3, 290 mOsm, and internal solution to PH 7.3, 275 mOsm.

High-potassium internal solution (K+) contained (in mM) K-gluoconate 126, HEPES 10, KCl 2, MgCl2 2, Na2ATP 4, Na3GTP 0.4,

EGTA 0.2, and creatine phosphate 10; high-cesium internal solution (Cs+) contained (in mM) CsMeSO4 130, HEPES 10, CsCl 5,

MgATP 4, Na3GTP 0.3, EGTA 0.5, and creatine phosphate 10. High-cesium internal solution was used for recording mEPSCs and

mIPSCs.

Rats weighing 350–450 g were anesthetized and perfused with ice-cold cutting solution. Then, rats were decapitated, and brain

tissue was placed into an ice-cold slicing solution. Brain tissue was cut into 350 mm-thick slices using a Leica VT1200S vibratory

slicer. The brain slice was kept at room temperature (25�C) ACSF for �1 h before use. All solutions above were oxygen-saturated

solutions, and brain slices were recorded at 32�C. Electrophysiological signals were sampled at 10 kHz by an analog-to-digital con-

verter (Digidata 1332) andwere low-pass filtered at 2 kHz. Samples with Ra of less than 25MU and holding current of less than 100 pA

were analyzed. The analysis of electrophysiological recording data was performed using Clampfit 10.7 (Molecular Devices Co.), Mini

Analysis (Synaptosoft), and MATLAB software.

In the threshold measurement experiment, the amplitude of the action potential was recorded by whole-cell patch-clamp

recording, with neurons recorded in a current clamp configuration. Then, a series of depolarized step currents (�10 pA–220 pA),

with a duration of 500 ms, was injected into the neuron in a current clamp mode to induce an action potential. In the measurement

of neuronal electrophysiological response type, the range of depolarization step currents was �100 pA to 150 pA. In the experiment

measuring input resistance (Rin), neurons were also recorded in current clamp configuration. Then, the cell was stimulated with an

outward current of�20 pA for a duration of 500ms to hyperpolarize themembrane potential, and changes in themembrane potential

were recorded. Hyperpolarization stimuli were repeated 10 times. In order to calculate the Rin, mean membrane potentials of 100 ms

before and after the stimuli were used (Rin =DV/DI). Themean values of membrane potentials within the 100ms period before the first

sweep stimulation in the recorded data of each cell were taken as the value of the resting membrane potential (RMP). The action po-

tential threshold was identified by finding the point in the rising stage of first action potential of the first sweep, which showed that

DV/DI = 20 v/s was the action potential threshold.51

For classifying the different types of dBNST Drd1+ and Drd2+ neurons based on their electrophysiological properties, the re-

sponses to a gradient depolarizing and hyperpolarizing current injection were used as the standard.52,53 Low-threshold bursting

(LTB) neurons exhibited a depolarizing sag in the condition of hyperpolarization and a rebound spike on the offset of hyperpolarized
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current injection. In the depolarization condition, even though LTB neurons exhibited an initial burst of spikes, the following traces

showed a regular spike pattern. Regular spiking (RS) neurons exhibited a depolarizing sag in the condition of hyperpolarization; how-

ever, they did not have a burst of rebound spikes on the offset of hyperpolarized current injection. Neurons with fast inward rectifying

K+ conductance (fIR) showed fast anomalous rectification in the condition of gradient hyperpolarizing current injection. Late-firing

neurons exhibited a long latency to burst spikes in the condition of depolarized current injection. Spontaneously active (SA) neurons

exhibited spontaneous bursting of spikes without depolarized current injection.

In theminiature excitatory postsynaptic current (mEPSC) recording experiment, Cs+ internal solution was used, andmEPSCswere

recorded in the voltage clamp configuration. The membrane potential was held at�70 mV during recording, and TTX (0.5 mM), AP-5

(50 mM, NMDA receptor antagonist), and bicuculline (10 mM, GABA-A receptor antagonist) were applied into ACSF. In the miniature

inhibitory postsynaptic current (mIPSC) recording experiment, Cs+ internal solution was used, and the membrane potential was held

at 0mV in the voltage clamp configuration. TTX (0.5 mM) and CNQX (10 mM, AMPA receptor antagonist) were applied into ACSF. Each

cell was recorded for 20–30 sweeps, with each sweep lasting for 10 s. The frequency and amplitude of mEPSCs and mIPSCs were

analyzed using Mini Analysis software.

In the experiment of functional validation of the chemogenetic system, the response of hM3D-expressed Drd2+ neurons to cloza-

pine-N-oxide dihydrochloride (CNO) in the dBNST was examined. In detail, cells were recorded under a current clamp configuration,

and thenCNO (10 mM)was applied into the ACSF. Changes inmembrane potentials and action potentials before and after CNO appli-

cation were analyzed.

Viruses
The viruses and their titers were as follows: AAV2/9-EF1a-DIO-EYFP-WPRE-HGHpA = 1.15 3 1013, AAV2/9-hSyn-DIO-hM3D(Gq)-

mCherry-WPRE-pA = 1.70 3 1013, AAV2/9-hSyn-DIO-mCherry-WPRE-pA = 1.13 3 1013, AAV2/9-EF1a-DIO-Kir4.1-eGFP-WPRE-

HGHpA = 2.21 3 1013, AAV2/9-hEF1a-DIO-EGFP-WPRE-pA = 1.78 3 1013, AAV2/9-hSyn-FLEX-mCherry-2A-TVA-2A-RvG-

WPRE-pA = 4.583 1012, and RV-ENVA-DG-EGFP = 2.003 108. All of the viruses were purchased from Shanghai Taitool Bioscience

Co., Ltd., except the RV-ENVA-DG-EGFP (Brain VTA [Wuhan] Co., Ltd.).

Stereotaxic surgery and microinjection
Rats were anesthetized with isoflurane. The position coordinates used to determine the location of the dBNST were AP �0.2 mm,

ML ± 1.3 mm, and DV 5.9 mm. The injection volume of virus was 0.3 mL, with the exception of 1 mL for AAV2/9-EF1a-DIO-EYFP-

WPRE-HGHpA. After surgery, rats recovered for 2 weeks before behavioral tests. In the retrograde tracing experiment, the AAV2/

9-hSyn-FLEX-mCherry-2A-TVA-2A-RvG-WPRE-pA was first unilaterally injected into dBNST at P64, and then the RV-ENVA-DG-

EGFPwas also injected dBNST at P78. After one week’s expression of RV-ENVA-DG-EGFP, the brain tissue was collected for micro-

scopic observation. In the pharmacological experiments, quinpirole was injected into the dBNST via a cannula (RWD Life Science,

China), followed by the behavioral tests. The cannula implantation procedure was similar to the virus injection procedure, except that

the tip of the cannula was placed 0.15 mm above the dBNST region. Three nails were first immobilized on the skull, then the dental

cement was used to secure the cannula on the skull. After surgery, rats were returned to their cages and allowed to recover for one

week before drug administration and behavioral tests.

Immunohistology and imaging
First, brain slices were soaked in phosphate buffer solution (PBS; 5 min, twice), and then DAPI (1:1000; CST, #4083S) was added.

After 5 min, slices were washed with PBS to remove DAPI (5 min, twice) and then mounted with 75% glycerin. Brain slices were then

imaged using an Olympus VS.120 high-through fluorescence microscopic imaging system (103 air objective).

To verify the expression specificity of AAV2/9-EF1a-DIO-EYFP-WPRE-HGHpA, we performed an in situ hybridization and immu-

nohistochemistry experiment. For the in situ hybridization experiment (RNAscope), the protocol provided by the manufacturer was

followed. Probes were purchased from Advanced Cell Diagnostics, USA. The probes used in this study were as follows: probe-CRE-

C1 (#312281), Rn-Drd1a-C2 (#317031-C2), and Rn-Drd2-C3 (#315641-C3). For the immunohistochemistry experiment, slices were

first incubated in 2.5% BSA (PBS; Sigma, #V900933-100G) solution at room temperature for 1 h, and then primary antibody (chicken

polyclonal anti-GFP, ABCAM, #ab13970 or rabbit polyclonal anti-dsRed, Takara Bio, #632496; 1.25% BSA, 1:500) was applied and

incubated with the sections at 4�C overnight. Secondary antibody (goat-anti-chicken, Alexa Fluor 488, Jackson ImmunoResearch

Laboratories, #103-545-155 or Goat-anti-rabbit, Alexa Fluor 568, Life Technologies Co., #A11011) in 1.25% BSA was applied for

2 h at room temperature. After two PBS washes (15 min per wash), the sections were mounted for imaging using anti-fade reagent

(Life Technologies Co., #P36930). Sections obtained after RNAscope and immunohistochemistry were imaged using an Olympus

FV3000 laser scanning confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of immunofluorescence
Quantification of immunofluorescence (EYFP, mCherry, EGFP and mRNA) was performed by using ImageJ. For each animal, 3 sec-

tions randomly selected from dBNST were used to quantify the expression of corresponding fluorescence protein or mRNA.
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Quantification of retrograde labeling
To quantify the input of dBNST Drd1+ and Drd2+ neurons, the serial coronal brain slices of 50 mm thickness were imaged using an

Olympus VS.120 high-through fluorescence microscopic imaging system (103 air objective). The retrograded GFP+ neurons of re-

gion of interests were manually counted. The input of dBNST Drd1+ and Drd2+ neurons were normalized by the number of starter cell

(both express GFP and mCherry) in dBNST of each animal.

Statistics
For comparisons between two groups, Student’s t test or the Mann-Whitney U test was used. The criterion for selection of the sta-

tistical method was that, if the sample number from both groups was less than 20, a normality test was performed first. In sample

numbers from two groups, where both met the assumption of normality, Student’s t test was used. Otherwise, the Mann-Whitney

U test was used. However, if the sample number of one group was greater than 20, Student’s t test was used without a normality

test. Unpaired and two-tailed Student’s t tests were used for all statistical analyses, with the exception of paired and two-tailed tests

used for the results of the effects of the CNO and quinpirole on neuronal excitability. A two-way analysis of variance (ANOVA) with

Bonferroni correction was used to analyze the effect of step-current injection on the action potential numbers of neurons in two

groups.
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