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Abstract 
Background: 

A key challenge in the understanding and treatment of depression is identifying 

cell types and molecular mechanisms that mediate behavioral responses to 

antidepressant drugs. As treatment responses in clinical depression are 

heterogeneous, it is crucial to examine treatment responders and 

nonresponders in preclinical studies. 

Methods: 

We utilized the large variance in behavioral responses to chronic treatment with 

multiple class of antidepressant drugs in different inbred mouse strains and 

classified the mice into responders and nonresponders based on their response 

in the forced swim test. Medial prefrontal cortex tissues were subjected to RNA 

sequencing to identify molecules that are consistently associated across 

antidepressant responders. We developed and employed virus-mediated gene 

transfer to induce the gene of interest in specific cell types and performed 

forced swim test, sucrose preference, social interaction, and open field tests to 

investigate antidepressant-like and anxiety behaviors. 

Results: 
Cocaine- and amphetamine-regulated transcript peptide (Cartpt) expression 

was consistently upregulated in responders to four types of antidepressants but 

not in nonresponders in different mice strains. Responder mice given a single 

dose of ketamine, a fast-acting non-monoamine-based antidepressant, 

exhibited high CART peptide expression. CART peptide overexpression in the 

GABAergic neurons of the anterior cingulate cortex (aCC) led to antidepressant-

like behavior and drove chronic stress resiliency independently of mouse 

genetic background. 

Conclusions: 

These data demonstrate that activation of CART peptide signaling in GABAergic 

neurons of the aCC is a common molecular mechanism across antidepressant 

responders and that this pathway also drives stress resilience.  
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Introduction 
Typical antidepressants such as tricyclic antidepressants and selective 

serotonin and/or noradrenaline reuptake inhibitors (SSRIs/SNRIs), which are 

used for treating major depressive disorder (MDD), target monoamine systems 

that have widespread effects throughout the central nervous system. However, 

approximately 60% of patients do not respond to a single trial, and 30%–40% of 

patients do not remit from depression even after multiple treatment attempts (1). 

Treatment responses in clinical depression vary, and the treatment efficacy 

becomes evident after weeks or months, which necessitated the development 

of more effective treatments. 

The prefrontal cortex (PFC) has emerged as a key brain region in MDD 

pathophysiology and in depression treatment (2-4). Neuroimaging studies of 

MDD have reported altered activity in the PFC (3, 5-7). Clinical evidence 

suggests the involvement of PFC GABA-related molecules in MDD 

pathophysiology and antidepressant actions (8-11). Preclinical studies indicated 

that the medial PFC (mPFC), which includes the prelimbic, infralimbic, and 

anterior cingulate cortices, is associated with both depression-like behaviors as 

well as with induction of antidepressant-like response in rodents (12-15). Thus, 

mPFC may exert strong regulation over mood-related behaviors. 

A key challenge in understanding and ultimately treating depression is 

identifying molecular mechanisms that mediate behavioral responses to 

antidepressants (16). As mentioned above, given that antidepressant responses 

vary widely among humans, it is important to stratify animals into subgroups of 

responders and those of non-responders to antidepressant treatments, to better 

understand the mechanism of action of antidepressant drugs. In addition, the 

genetic backgrounds of mice influence their sensitivity to antidepressants (17-

19), whereas the common molecular mechanisms driving antidepressant-like 

behaviors across inbred mice strains remain unknown. Furthermore, it remains 

unclear whether there are common transcriptional signatures across multiple 

types of antidepressant drugs. Therefore, identifying molecules that are 

consistently regulated in multiple classes of antidepressant responders and are 

Jo
urn

al 
Pre-

pro
of



4 

commonly regulated in various inbred mouse strains may provide insight on the 

molecular mechanisms targeted by both established and experimental 

pharmacotherapies. 

Herein, we developed an animal-based approach modeling the 

heterogeneity in the response to chronic treatment with four classes of 

antidepressants in three mouse strains. Our data revealed fundamental 

differences in molecular signatures between responders and nonresponders 

and implicated specific molecules in the development of anti-depression drugs. 

 

Materials and Methods 
Additional information is available in the Supplement. 

Animals 
All procedures were performed according to the Guide for Animal Care and Use 

of Yamaguchi University and Kyoto University and were approved by the 

Institutional Animal Care and Use Committees of Kyoto University and 

Yamaguchi University. 

Antidepressant treatment 
For continuous treatment with imipramine hydrochloride (IMI), maprotiline 

hydrochloride (MPR), sertraline hydrochloride (SRT), and duloxetine 

hydrochloride (DLX), the drugs were dissolved in tap water to a concentration of 

160 mg/L (17, 20, 21) and administered for 3 weeks (chronic) or 5 days 

(subchronic). Vehicle-treated animals received drinking water regularly. 

Social defeat stress (SDS) 
Chronic SDS (CSDS) and subchronic and mild SDS (smSDS) were 

administered as reported previously (22-24). 

Behavioral tests 
All behavioral experiments were performed between 9:00 and 15:00 in a blinded 

fashion as reported previously (21, 23, 25). 
Forced swim test (FST). Mice were placed in a cylinder of water, they 

were allowed to swim around freely for 6 min, and their immobility time was 
measured. 

Sucrose preference test (SPT). After a 16-h liquid deprivation, mice were 
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given two bottles, one with 1.5% sucrose and another with tap water for 4 h. 
The sucrose preference was calculated as the percentage of sucrose solution 
consumed relative to the total intake. 

Open field test (OFT). Mice were individually placed in the center of an 
open field box and allowed to explore the arena freely for 5 min. The 
percentage of time spent in the center area was measured automatically using 
an ANY-maze video-tracking system. 

Social interaction test (SIT). Mice were placed in a test chamber with an 
empty wire-mesh cage as a first term for 3 min, then with an unfamiliar CD1 
mouse enclosed in the wire-mesh cage as a second term for 3 min. The time 
spent in the area surrounding the wire-mesh cage was measured in both 
sessions automatically using an ANY-maze tracking system. 
RNA analysis 
Total RNA from mPFC regions, including the prelimbic, infralimbic, and anterior 

cingulate cortices (bregma 1.98–0.98 mm) was extracted using the Direct-zol 

RNA Microprep according to the manufacturer’s instructions. An Illumina HiSeq 

system was used for RNA-seq. Raw data were deposited in GEO (GSE168172). 

The sequences of all primers used in quantitative PCR (Q-PCR) are listed in 

Supplementary Table S1. RNAscope from brain sections (anterior part of 

Cg1/Cg2, bregma 1.70–1.18 mm) was performed as described previously (23). 

Statistical analysis 
Complete statistical summaries are provided in Supplementary Table S2. 

GraphPad Prism 7.0 and SPSS Statistics 25 were used to perform Student’s t-

tests, unpaired t-test, Wilcoxon test, Kruskal–Wallis test, and one- or two-way 

analysis of variance (ANOVA) as appropriate to determine statistical differences. 

For ANOVA, significant effects were followed by Tukey’s post-hoc comparison. 

For multiple comparisons, Dunnett’s test were used and adjusted P-values were 

adopted. To assess data normality, Kolmogorov–Smirnov and/or Shapiro–Wilk 

tests were used. In all cases, comparisons were considered significant at P < 

0.05. All data are presented as means ± SEM. 

 

Results 
Modeling heterogeneity in antidepressant treatment response 
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We aimed to identify molecule(s) promoting behavioral responses to 

antidepressants regardless of the genetic background and antidepressant class. 

Therefore, we characterized antidepressant-like behaviors in BALB/c (BALB), 

C57BL/6J (B6), and DBA/2 (DBA) inbred mice after chronic treatment with IMI, 

MPR, SRT, and DLX, as a tricyclic antidepressant, tetracyclic antidepressant, 

SSRI, and SNRI, respectively. We performed the FST, which is commonly used 

to assess the efficacy of antidepressant response in rodents (26-29), and 

measured the immobility time on the day before treatment (FST-1) (Fig. 1A). 

Mice were then treated with antidepressants or vehicle via drinking water for 21 

days and subsequently subjected to a second forced swim test (FST-2). The 

antidepressant response was determined as the percentage change in 

immobility time from baseline (FST-1). We found a strain difference in 

antidepressant response (Fig. 1B-D). In BALB mice, IMI and SRT had a 

significant effect on percentage change in immobility time (Fig. 1B), whereas in 

B6 and DBA mice, MPR and DLX had significant effects (Fig. 1C and D). 

As there was a large individual difference in antidepressant response 

(Fig. 1B-D), we estimated the response ratio by dividing the immobility time of 

FST-1 by that of FST-2 and identified a treatment responder or nonresponder 

mouse with a cutoff value using a traditional mean ± 2SD method. Mice with 

response ratios larger than the cutoff values (i.e., mean + 2SD) in each strain 

were defined as responders (Fig. 1E-G). The distribution pattern of the 

response to antidepressants significantly differed among strains, with overall 

22.5%–45% of the mice being responders to chronic antidepressant treatment 

(Fig. 1H). In previous studies, nearly 30% of patients with MDD achieved 

remission after their first course of typical antidepressant pharmacotherapy (1, 

30), suggesting that our models could help provide translational and 

mechanistic insights into the mechanism of behavioral responses to 

antidepressants. 

 

Differential expression signatures of antidepressant responders and 
nonresponders 
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We performed RNA-seq to compare genome-wide transcriptional changes in 

the responders and nonresponders. We selected the BALB strain, as previous 

reports showed that this strain could be a stress-vulnerable model (21, 23, 31). 

In addition, we selected SRT and DLX for RNA-seq due to their increasing 

prescription worldwide (32, 33). mPFC tissue punches from five BALB mouse 

groups were subjected to RNA-seq: SRT-responders (SRT-R), SRT-

nonresponders (SRT-NR), DLX-responders (DLX-R), DLX-nonresponders 

(DLX-NR), and vehicle-treated mice. Differentially expressed genes (DEGs) 

were profiled in these conditions (Fig. 2A, Tables S3-S7). We identified few 

common DEGs that were consistently upregulated in the SRT-R, SRT-NR, DLX-

R, and DLX-NR groups relative to the vehicle. RNA-seq revealed that seven 

genes (Nab2, Egr1, Egr2, Per1, c-fos, Otud1, and Dusp6) were upregulated in 

both responders and nonresponders treated with SRT and DLX (Fig. 2B and 

Table S3a). This result was validated using Q-PCR (Fig. 2C–I). We next 

identified DEGs that were upregulated/downregulated in either SRT-R, SRT-NR, 

DLX-R, or DLX-NR relative to the vehicle (Fig. 2J–M and Table S3b). The Gene 

Ontology (GO) profile analysis results at the biological process level of DEGs in 

each subgroup are shown in Figure 2N. Finally, we identified DEGs that were 

uniquely regulated in responders and nonresponders treated with SRT or DLX 

(Fig. S1 and Table S4). 

 

Identification of consistently regulated genes 
Sixty-five DEGs were commonly regulated by SRT and DLX in responders 

(upregulated/downregulated in both SRT-R and DLX-R but not in SRT-NR or 

DLX-NR, relative to the vehicle) (Fig. 3A,B, Table S5a). Fifty-three DEGs were 

commonly regulated by SRT and DLX in nonresponders 

(upregulated/downregulated in both SRT-NR and DLX-NR but not in SRT-R or 

DLX-R, relative to the vehicle) (Fig. S2, Table S5b). GO enrichment analysis 

revealed that genes that were consistently regulated in SRT and DLX 

responders were significantly enriched for the neuropeptide signaling pathway 

(Fig. 3C,E), and network graphs showed that the gene encoding cocaine- and 
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amphetamine-regulated transcript (Cartpt) was commonly implicated in SRT 

and DLX responders (Fig. 3D and 3F). We then validated the mRNA expression 

of Cartpt, Npas4, Col1a2, Col4a3, Creb3l4, Cxcl16, Epn3, and Rsph6a, which 

were DEGs consistently upregulated by SRT and DLX in responders in the 

RNA-seq analysis and were protein coding, mPFC-expressed genes (Allen 

Brain Atlas: http://mouse.brain-map.org/). Q-PCR results revealed the 

significantly altered expression of Cartpt, Npas4, Col1a2, Epn3, and Rsph6a in 

antidepressant-responder BALB, B6, or DBA mice (Figs 3G-I and S3); among 

them, Cartpt expression was consistently and significantly upregulated in all 

antidepressant responders but not in nonresponders (Fig. 3G-I). These findings 

suggest that neuropeptide signaling via CART peptides is associated with 

antidepressant response. 

We also examined the effect of subchronic antidepressant treatment on 

Cartpt mRNA expression in the aCC of B6 mice. After subchronic DLX 

treatment, FST-2 was performed (Fig. S4A). There was no significant difference 

in immobility time between vehicle- and DLX-treated mice (Fig. S4B), and only 5 

out of 44 mice (11.4%) treated with DLX were responders (Fig. S4C). 

Importantly, DLX-responder mice exhibited a significantly higher Cartpt mRNA 

expression relative to vehicle-treated mice (Fig. S4D), suggesting that Cartpt 

induction promotes a behavioral response to antidepressants. 

Ketamine, a fast-acting non-monoamine-based antidepressant, has 

emerged as a novel therapeutic agent. We tested whether ketamine 

upregulated Cartpt mRNA expression in the aCC of B6 mice. Consistent with a 

previous report (26), the FST immobility time was significantly decreased 24 h 

after ketamine treatment (Fig. S5A-C). Cartpt mRNA expression was 

significantly higher in ketamine treatment responders (48 h after the ketamine 

injection) than that in the saline control (Fig. S5D). Collectively, these data 

suggest that CART peptide promotes the behavioral effects of traditional 

antidepressants and is associated with the antidepressant-like effects of 

ketamine. 
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CART peptide induction in GABAergic neurons of the aCC of 
antidepressant responders 
To identify specific cell types in which Cartpt expression is altered in 

antidepressant responders, we used the translating ribosome affinity 

purification (TRAP) technique, which enables identification of all proteins 

synthesized in a target cell population and alterations of this translational profile 

in response to pharmacological perturbations (34, 35). vGat-Cre and vGlut-Cre 

mice were bred with transgenic mice expressing EGFP-tagged ribosomal 

protein L10a (EGFP-L10a) to establish vGat-TRAP and vGlut-TRAP mice. 

These mice expressed EGFP-L10a in GABAergic and glutamatergic neurons, 

respectively, enabling the identification of the cell type in which Cartpt 

expression is altered in responders (Fig. 3J). vGat-TRAP and vGlut-TRAP mice 

were administered IMI, MPR, SRT, or DLX for 3 weeks and then divided into 

two groups (responders and nonresponders) based on their response ratio in 

the FST (Fig. 1). Subsequently, EGFP-labeled polysomes from mouse mPFC 

tissue punches were affinity-purified to enrich cell-specific, polysome-bound, 

translating mRNAs. Q-PCR revealed that vGat-TRAP mice had significantly 

elevated Cartpt expression in GFP-immunoprecipitated samples in 

antidepressant responders, but not in nonresponders, when compared to 

vehicle-treated mice (Fig. 3K). vGlut-TRAP mice did not show a significantly 

elevated Cartpt expression in GFP-immunoprecipitated samples in 

antidepressant responders (Fig. 3L). These results suggest that Cartpt 

expression is induced in GABAergic neurons in antidepressant responders. For 

confirmation, we assessed Cartpt mRNA expression histologically using 

RNAscope. Cartpt mRNA was enriched in the aCC but was low or undetectable 

in the prelimbic and infralimbic areas (data not shown); moreover, in the aCC, 

the majority of Cartpt-expressing cells were Slc32a1-positive GABAergic 

neurons, with few Cartpt-expressing cells overlapping with Camk2a-positive 

glutamatergic neurons (Fig. 3M). These results suggest that CART peptide 

signaling in GABAergic neurons of the aCC is associated with antidepressant 

response. 

Jo
urn

al 
Pre-

pro
of



10 

 

Effects of CART peptide overexpression in antidepressant-like behavior 
and behavioral response to chronic stress 
To assess whether CART peptide induction in GABAergic neurons of the aCC is 

sufficient to induce an antidepressant-like behavior, we injected a Cre-

dependent adeno-associated virus (AAV) expressing Cartpt (AAV-Cartpt) or 

control tdTomato (AAV-tdTomato) into the bilateral aCC of vGat-Cre or vGlut-Cre 

mice (C57BL/6J background) (Fig. 4A). These mice were tested using FST 

under non-stress conditions and subjected to chronic CSDS for 10 days; their 

behaviors were tested via the SIT, SPT, and OFT (Fig. 4B). Histological analysis 

confirmed successful transgene expression in the aCC of vGat-Cre and vGlut-

Cre mice (Fig. 4C). Behaviorally, CART peptide overexpression in GABAergic 

neurons led to significantly decreased FST immobility time (Fig. 4D). Mice 

expressing control tdTomato showed significantly a decreased social interaction 

(SI) ratio in SIT, decreased sucrose preference in SPT, and lower percent time 

spent in the center in OFT after CSDS exposure when compared to 

nonstressed controls. In contrast, mice overexpressing CART peptide did not 

exhibit significant effects of CSDS (Fig. 4E-G). Mice overexpressing CART 

peptide in glutamatergic neurons showed comparable behaviors to those of 

mice expressing control tdTomato in FST, and CART peptide overexpression did 

not affect any behavior in SIT, SPT, and OFT as animal models of depression 

(Fig. 4H-K). These results suggest that CART peptide induction in GABAergic 

neurons of the aCC is sufficient for inducing an antidepressant-like behavior 

and chronic stress resiliency. 

 

Behavioral effects of CART peptide induction in GABAergic neurons of 
the aCC in BALB mice 
We investigated whether the antidepressant response afforded by CART 

peptide is independent of mouse genetic background. First, we developed a 

novel inhibitory neuron-specific promoter, with a length of 1.3 kb of the Gad1 

gene promoter and validated the specificity of this AAV. We injected AAVs 
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expressing mCherry under the control of Gad1 promoter (AAV-Gad1-mCherry) 

into the aCC of vGlut-Cre::GFP-L10a and vGat-Cre::GFP-L10a mice (Fig. 5A). 

Histological analyses revealed that the majority of mCherry-positive cells co-

localized with GFP-positive GABAergic neurons (77.8%) in vGat-Cre::GFP-

L10a mice, whereas few mCherry-positive cells co-localized with GFP-positive 

glutamatergic neurons (5.1%) in vGat-Cre::GFP-L10a mice (Fig. 5B and C). 

Therefore, we injected either AAV-Gad1-Cartpt or AAV-Gad1-mCherry 

into the bilateral aCC region of BALB mice (Fig. 5D). Three weeks after the 

surgery, the mice were subjected to FST and SIT (SIT-1) in non-stress 

conditions, followed by re-evaluation of their behaviors in SIT (SIT-2) following 

stress exposure (Fig. 5E). Because BALB is vulnerable to stress (21, 23), we 

subjected the mice to a 5-day smSDS regimen, which is an abbreviated and 

subthreshold version of CSDS that is sufficient for inducing a depression-like 

phenotype in the BALB strain (23). We found significantly decreased FST 

immobility time (Fig. 5F) but comparable social interaction time in SIT-1 (Fig. 

5G) in mice injected with AAV-Gad1-Cartpt relative to AAV-Gad1-mCherry. 

Following smSDS exposure, mice injected with AAV-Gad1-mCherry showed a 

significant reduction in SI time (Fig. 5H), whereas mice injected with AAV-Gad1-

Cartpt showed a SI time that was comparable to that of non-stressed animals 

(Fig. 5I). These results suggest that CART peptide induction in the GABAergic 

neurons of the aCC drives antidepressant-like behavior and stress resilience 

independently of genetic background. 

 

Antidepressant-like effect of CART peptide induction in an animal model 
of stress-induced depression 
Because CART peptide induction before and during stress episodes prevented 

stress-induced depression-like behaviors (Figs 4 and 5), we tested whether 

CART peptide overexpression after stress induction reversed depression-like 

behaviors. We used a tetracycline system to overexpress CART peptides after 

the termination of CSDS episodes. We injected a cocktail of AAVs expressing a 

tetracycline-dependent transcription activator (Tet3G) under the control of the 
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SynI promoter (AAV-SynI-tet3G-2A-mCherrynls), together with a Cre- and 

tetracycline-dependent AAV expressing CART peptide and EGFP (AAV-TRE-

FLEX-Cartpt-2A-EGFP) and an AAV expressing a tetracycline-dependent 

transcription silencer (AAV-CMV-tTS), into the aCC of vGat-Cre mice (Fig. 6A). 

In this system, tTS represses TRE-mediated gene expression (i.e., Cartpt and 

Egfp) in the absence of Dox, whereas in the presence of Dox, Tet3G activates 

TRE-mediated gene expression specifically in Cre-expressing Gad1 neurons 

(Fig. 6B). For verification, we performed histological analysis; a GFP signal was 

observed in mCherry-positive neurons in a Dox-dependent manner (Fig. 6C). 

We then subjected AAV-injected mice to CSDS, performed SIT (SIT-1), and 

classified them as susceptible (SUS) and resilient (RES) mice (Fig. 6D) based 

on their SI ratio with a cutoff value: mice with an SI ratio of <1 were labeled as 

SUS and those with an SI ratio of >1 as RES, as reported previously (24) (Fig. 

6E). After CSDS exposure, SUS and non-stressed mice were treated with Dox 

for 3 days to induce transgene expression, followed by SIT (SIT-2) (Fig. 6D). 

We found that CART peptide induction by dox treatment in the SUS mice after 

CSDS episodes showed significantly increased SI time in SIT-2, when 

compared to saline-treated SUS mice (Fig. 6F). These data suggest that CART 

peptide induction in Gad1 neurons of the aCC is sufficient for inducing the 

antidepressant response. 

 

Discussion 
Investigating antidepressant-induced transcriptional changes in responders and 

nonresponders can help distinguish drug-induced therapeutic changes from off-

target effects (16, 36). We found fundamental differences in the transcription 

signatures of antidepressant responders and nonresponders. In addition to the 

individual differences within a given genetic background, it is known that 

phenotypic responses often vary depending on genetic backgrounds (37) and 

that the genetic background influences a behavioral response to 

antidepressants in mice (17-19).  Although responses to antidepressants in 

clinical depression vary (1), a limited number of preclinical studies have 
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mentioned the issue of heterogeneity observed in antidepressant responses (16, 

36). Herein, we used an experimental strategy to identify a specific molecule 

responsible for antidepressant responses among multiple antidepressant drugs 

that is independent of genetic background; this approach may be informative in 

terms of translational research and drug development. We identified the CART 

peptide as a common molecule underlying the antidepressant response, 

suggesting that it is a strong candidate for anti-depression treatment. 

We investigated whether a common set of genes is regulated in the 

same way in BALB mice treated with two classes of antidepressants (i.e., SSRI 

and SNRI). Most of the regulated genes differed between these classes and 

between responders and nonresponders. Only seven genes, including 

immediate early genes (c-fos, Egr1, and Egr2), were consistently upregulated in 

responders and nonresponders to SRT and DLX (Fig. 2B). Because enhanced 

immediate early gene expression is thought to be associated with high neuronal 

activity, our data suggest that certain cell populations within the mPFC respond 

to antidepressants regardless of behavioral alterations. 

We found that, unlike the expression of immediate early genes, Cartpt is 

a common gene upregulated in antidepressant responders of multiple strains 

and different types of antidepressants. Thus, Cartpt expression could be a 

molecular marker for antidepressant-like behavioral effects, instead of c-fos 

expression, at least in the aCC region. CART peptides are implicated in a wide 

range of physiological and behavioral functions, including stress response, 

appetite, sexual behavior, sleep, reward, autonomic regulation, and endocrine 

control (38-41). Deficits in these functions are often associated with depression 

symptoms, suggesting the key role played by CART peptides in depression. In 

humans, a small cohort with the Leu34Phe missense mutation in CARTPT, 

which leads to CART peptide deficiency (42), exhibited higher anxiety and 

depression scores (43). In rodents, exposure to chronic mild stress was 

associated with downregulation of Cartpt mRNA expression in the frontal cortex 

(44), and the electroconvulsive stimulation, used for treatment-resistant 

depression, upregulated Cartpt mRNA and protein expression in the nucleus 
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accumbens of rats (45). Our study provides previously missing, precise, and 

cell-type specific roles of CART peptides in behavioral regulation, such as 

anxiety, social interaction, active escape behavior, and anhedonia, in response 

to antidepressant treatment. Thus, CART peptide could be, at least in the aCC 

area, an endogenous antidepressant. 

Our data indicated that the expression of Cartpt was increased in the 

aCC of antidepressant responder mice and that the aCC-specific 

overexpression of CART peptide promoted antidepressant-like behavioral 

response, suggesting a possible contribution of aCC to the behavioral response 

to antidepressants. It is important to compare homologous sites in order to 

synthesize the findings in rodents and humans, but the most commonly used 

partitioning of the rodent aCC is inconsistent with that of humans (46). In 

addition, there is a discrepancy in the cross-species definition of the aCC (46-

48). Nevertheless, the site we have targeted in this study (corresponding to the 

anterior part of Brodmann area 24 in humans) can be regarded as the ACC by 

any definitions. Multiple clinical studies have suggested that the ACC is involved 

in the pathophysiology of depression (49-52). Preclinical studies also revealed 

that structural plasticity within the aCC plays a critical role in the rapid 

antidepressant-like behavior afforded by ketamine and psilocybin (13, 53). 

These results support our notion that aCC function could be associated with 

promoting behavioral responses to antidepressants and stress resiliency. 

We also identified a GABAergic neuron-specific role of CART peptides in 

antidepressant effects. The involvement of PFC GABA-related genes has been 

suggested in MDD pathophysiology (8, 9, 54), supporting a recent single-

nucleus transcriptomics analysis of the postmortem PFC in MDD, which 

suggests that cortical neuron subtypes are involved in depression (10). 

Enhanced cortical GABA levels in MDD could be a potential mechanism 

underlying the treatment effects of typical antidepressants, ketamine, rTMS, and 

ECT (55-58). Preclinical studies have demonstrated that the regulation of 

depression-related and antidepressant-like behaviors depends on the 

interneuron subtype targeted within the mPFC and/or aCC (59-61). Thus, 
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abundant evidence supports the notion that the cortical GABAergic system is a 

key regulator of stress-induced behavioral changes and antidepressant-like 

behaviors. Although how CART peptides modulate GABA neurotransmission in 

the aCC remains unknown, the interaction between CART peptides and GABA 

signals might provide critical clues regarding the mechanism of action of 

antidepressants. 

This study has several limitations. We used only male mice; therefore, 

our results are not necessarily generalizable to females. Given that previous 

evidence suggests sex-specific transcriptome changes in MDD and differences 

in antidepressant responsiveness between genders (62-64), further studies are 

necessary. Nonetheless, our study provides important information for 

subsequent studies aimed at exploring both male and female antidepressant 

responders. We found individual Cartpt expression differences in the 

antidepressant treatment response, whereas the underlying mechanisms 

remain unclear. Although a genetic component might account for the 

antidepressant response (20, 65), it has been suggested that MDD and 

treatment responses result from genetic and environmental interactions. Such 

interactions could be mediated by epigenetic mechanisms and we speculate 

that differential epigenetic marks on the Cartpt gene, along with environmental 

and genetic factors, might influence its transcription and determine the 

behavioral response to antidepressants. Future work would be required to 

delineate the relative contribution of epigenetic, genetic, and environmental 

factors that might explain together the variations in the role the antidepressants 

play. It will also be important to determine how the CART peptide-dependent 

signal exerts antidepressant-like behaviors. These studies remained limited by 

absence of any identified CART peptide receptors. However, recent reports 

have identified two orphan receptors, GPR68 and GPR160, as putative 

receptors for CART peptides (66, 67). Although it remains unclear whether 

CART peptides can stimulate these GPRs in the brain, understanding these 

receptors, their interaction with CART peptides, and their roles in mood and 

emotion may provide novel insights for the treatment of psychiatric disorders. 
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In conclusion, our data suggest that CART peptide signaling in 

GABAergic neurons of the aCC might be a common molecular mechanism 

across antidepressant responders independent of genetic backgrounds, and 

that this pathway also drives stress resilience. This study may provide a 

strategy for identifying novel drug targets and developing approaches that 

positively modulate CART peptide signaling represents a promising avenue for 

treating depression. 
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Figure 1. Identification of subgroups of responders and nonresponders to 

antidepressant treatments in inbred strains of mice. 
A. Experimental design. Mice were tested using the forced swim test (FST-1) 

prior to a 3-week treatment with either tap water (V), imipramine (IMI), 

maprotiline (MPR), sertraline (SRT), or duloxetine (DLX). After the chronic 

treatment with the antidepressant, a second forced swim test (FST-2) was 

performed. 

B–D. Immobility time in the FST-2 (% FST-1) in BALB (B), B6 (C), and DBA (D) 

mice. n = 36–40 in each group. *p < 0.05 vs. FST-1 in the corresponding 

treatment. 

E–G. Response ratio (immobility time in FST-1 / immobility time in FST-2). The 

responder and nonresponder subgroups were identified by the mean + 2SD 

method with a cutoff value. n = 36–40 in each group. 

H. Distribution of responders and nonresponders in each strain of mice treated 

with specific antidepressants. n = 36–40 in each group. 

All data are presented as the mean ± SEM. 

 

Figure 2. RNA-seq reveals transcriptional alterations in the mPFC of 
antidepressant responders and nonresponders. 
A. Heatmap representation of differentially expressed genes (fold change >1.3 

and FDR P <0.1) in the responder and nonresponder groups to treatment 

with sertraline (SRT) and duloxetine (DLX) (three replicates per group). 

B. Heatmap representation of differentially expressed genes (fold change >1.3 

and FDR P <0.1) that were commonly upregulated in both responders and 

nonresponders to treatment with SRT and DLX. 

C–I. Real-time PCR validation of the alterations in gene expression identified in 

the differentially expressed gene analysis presented in B. n = 6 in each group. 

*Adjusted p < 0.05 vs. the vehicle. 

J–M. MA plot of the results of the differential expression analysis in SRT-

responders (J), SRT-nonresponders (K), DLX-responders (L), or DLX-
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nonresponders (M). 

N. GO profile analysis (biological process) of differentially expressed genes (P < 

0.05) between the vehicle and SRT-responders, SRT-nonresponders, DLX-

responders, or DLX-nonresponders (red, upregulated genes; blue, 

downregulated genes). The X-axis displays the number of differentially 

expressed genes and the Y-axis indicates the GO terms. 

All data are presented as the mean ± SEM.  

 

Figure 3. Identification of Cartpt consistent upregulation across different 
types of antidepressant responders in three strains of mice. 

A. Venn diagram indicating the number of differentially expressed genes across 

four comparisons (SRT-responders, SRT-nonresponders, DLX-responders, 

DLX-nonresponders) and the overlap between the sets of genes. 

B. Heatmap showing the 68 differentially regulated genes (fold change >1.3 and 

P < 0.05) that were consistently regulated in SRT and DLX treatment 

responders, but not in SRT or DLX treatment nonresponders. 

C–F. GO enrichment analysis (C and E) and network graph visualization (D and 

F) of differentially expressed genes that were regulated in SRT (C and D) and 

DLX (E and F) treatment responders. Top-five significant GO terms 

associated with differentially expressed genes in SRT-R and DLX-R. Note 

that the significant GO terms are associated with the neuropeptide signaling 

pathway (i.e., Cartpt) in responders to both antidepressant treatments. 

G-I. Q-PCR revealing the upregulation of Cartpt in the mPFC of IMI-, MPR-, 

SRT-, and DLX-responders, but not in their nonresponder counterparts in 

BALB (G), B6 (H), and DBA (I) mice. n = 4–6 in each group. *Adjusted p < 

0.05 vs. the vehicle. 

J. TRAP strategy. EGFP-labeled polysomes were affinity-purified to enrich for 

glutamatergic or GABAergic neuron-specific, polysome-bound, translating 

mRNAs. 

K and L. Q-PCR quantification of Cartpt expression in vGat-TRAP (K) and 

vGlut-TRAP (L) samples (relative to the vehicle). n = 4–5 samples in each 
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group, and each sample was pooled from 4–6 mice (8–10 pairs of mPFC). * 

Adjusted p < 0.05. 

M. RNAscope revealing that Cartpt expression (green) was enriched in the 

Slc32a1+ GABAergic neurons (magenta), but not in the Camk2a+ 

glutamatergic neurons (red) in the anterior cingulate cortex (Cg1/Cg2) of 

mice. The arrowheads and arrows indicate Slc32a1+ GABAergic neurons 

and Camk2a+ glutamatergic neurons, respectively. Scale bar, 100 μm. 

All data are presented as the mean ± SEM. 

 

Figure 4. CART peptides in GABAergic neurons of the aCC drive 
antidepressant-like behaviors and stress resilience. 

A. AAV vectors used for the control construct (AAV-tdTomato) and Cartpt 

overexpression (AAV-Cartpt). 

B. Experimental paradigm of behavioral testing. CSDS, chronic social defeat 

stress; FST, forced swim test; SIT, social interaction test; SPT, sucrose 

preference test; OFT, open field test; NS, non-stress control. 

C. AAV microinjection into the aCC. Region-specific expression of tdTomato in 

the aCC is shown. Scale bar, 100 μm. 

D–G. Effects of Cartpt overexpression in GABAergic neurons of the aCC on the 

FST (D), SIT (E), SPT (F), and OFT (G). n = 23–24 for FST and n = 11–13 for 

SIT, SPT, and OFT in each group. *p < 0.05. 

H–K. Effects of Cartpt overexpression in glutamatergic neurons of the aCC on 

the FST (H), SIT (I), SPT (J), and OFT (K). n = 23–24 for the FST and n = 

11–14 for the SIT, SPT, and OFT in each group. *p < 0.05. 

All data are presented as the mean ± SEM. 

 

Figure 5. AAV-mediated CART peptide overexpression in aCC GABAergic 
neurons drives antidepressant-like behaviors and stress resilience in 
stress-vulnerable strains. 

A. AAV vectors used for mCherry overexpression under the control of the Gad1 

promoter (AAV-Gad1-mCherry). To validate the cell-type-specificity of the 
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Gad1 promoter in these AAVs, AAV-Gad1-mCherry was injected bilaterally 

into the aCC region of either vGat-Cre::GFP-L10a or vGlut-Cre::GFP-L10a 

mice (as reporter mice). 

B. Fluorescence signals of EGFP (green) and mCherry (red) in the aCC of 

vGat-Cre::GFP-L10a mice (top panels) and vGlut-Cre::GFP-L10a mice 

(bottom panels). Co-localization of EGFP and mCherry is seen in vGat-

Cre::GFP-L10a, but not in vGlut-Cre::GFP-L10a mice. Scale bar, 100 μm. 

C. Quantification of the percentage of mCherry-positive cells (red) in the aCC 

region that overlap with GFP-positive cells (green). mCherry expression 

driven by the Gad1 promoter is enriched in GFP-positive cells of vGat-

Cre::GFP-L10a mice, but not of vGlut-Cre::GFP-L10a mice. n = 4 in each 

group; 425–685 mCherry-positive cells per group were analyzed. 

D. AAV vectors used for mCherry (AAV-control) and Cartpt (AAV-Cartpt) 

overexpression under the control of the Gad1 promoter. 

E. Experimental paradigm used for behavioral testing. smSDS, subchronic, and 

mild social defeat stress; FST, forced swim test; SIT, social interaction test. 

F. Mice injected with AAV-Cartpt show reduced immobility time compared with 

mice injected with AAV-control in the FST. n = 25–27 in each group. *p < 0.05. 

G. Mice injected with AAV-Cartpt show a comparable social interaction time to 

that of mice injected with AAV-control in non-stressed conditions. n = 25–27 

in each group. *p < 0.05. 

H and I. The social interaction time of stressed mice injected with AAV-control 

was significantly lower than that of non-stressed mice injected with AAV-

control (H), whereas this reduction was prevented in mice injected with AAV-

Cartpt (I). n = 12–16 in each group. *p < 0.05. 

All data are presented as the mean ± SEM. 

 

Figure 6. CART peptides in GABAergic neurons of the aCC have an 
antidepressant effect in stress-susceptible mice. 

A. AAV-mediated spatiotemporal gene expression strategy using a cocktail of 

AAV-SynI-Tet3G-2A-mCherrynls, AAV-TRE-FLEX-Cartpt-2A-EGFP, and AAV-
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CMV-tTS. 

B. Schematic representation of Dox- and Cre-dependent regulation of TRE-

mediated gene expression in the inhibitory neurons using both the 

tetracycline-dependent activator (Tet3G) and repressor (tTS). Without Dox, 

tTS represses TRE-mediated gene expression, whereas in the presence of 

Dox, Tet3G activates TRE-mediated gene expression specifically in Cre-

expressing cells. 

C. AAV microinjection into the aCC region of vGat-Cre mice. Region-specific 

and Dox-regulated expression of mCherry in the aCC is shown. Scale bar, 

500 μm for low-magnification images (GFP and DAPI) and 50 μm for high-

magnification images (GFP and mCherry). 

D. Experimental timeline of Cartpt induction in inhibitory neurons of the aCC 

after the termination of CSDS episodes. Mice injected with a cocktail of AAVs 

were subjected to a 10-day CSDS and were tested by social interaction test 

(SIT-1), followed by the administration of Dox for 3 days (twice per day). Mice 

were tested using a social interaction test (SIT-2). 

E. Social interaction ratio after CSDS exposure (SIT-1). The CSDS group was 

divided into two groups [resilience (RES) and susceptible (SUS) groups] 

based on their SI ratios. n = 32 for NS and 39 for CSDS (both RES and SUS). 

F. Social interaction ratio before (SIT-1) and after (SIT-2) Dox administration in 

NS and SUS mice. CART peptide induction did not affect the social 

interaction time in non-stressed conditions, whereas the reduced social 

interaction time in SUS mice was rescued by CART peptide induction with 

Dox. n = 10–14 in each group. *p < 0.05. 

All data are presented as the mean ± SEM.  
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Resource Type Specific Reagent or Resource Source or Reference Identifiers Additional Information

Add additional rows as needed for each 
resource type Include species and sex when applicable.

Include name of manufacturer, company,  
repository, individual, or research lab. Include 
PMID or DOI for references; use “this paper” if 
new.

Include catalog numbers, stock numbers, database IDs 
or accession numbers, and/or RRIDs. RRIDs are highly 
encouraged; search for RRIDs at 
https://scicrunch.org/resources. 

Include any additional information or notes if 
necessary.

Organism/Strain Mouse: C57BL/6J, male Charles River Japan RRID: IMSR_JAX:000664

Organism/Strain Mouse: BALB/c, male Charles River Japan RRID:MGI:6323059

Organism/Strain Mouse: DBA/2, male Charles River Japan RRID:IMSR_CRL:022

Organism/Strain Mouse: CD1, male Charles River Japan RRID:IMSR_CRL:026

Organism/Strain Mouse: vGlut-Cre, male Jackson Laboratory RRID:IMSR_JAX:016963

Organism/Strain Mouse: vGat-Cre, male Jackson Laboratory RRID:IMSR_JAX:016962

Organism/Strain Mouse: EGFP-L10a, male Jackson Laboratory RRID:IMSR_JAX:024750

Chemical Compound or Drug Imipramine hydrochloride Tokyo Chemical Industry Co., LTD I0971

Chemical Compound or Drug Maprotiline hydrochloride Tokyo Chemical Industry Co., LTD M2527

Chemical Compound or Drug Sertraline hydrochloride Tokyo Chemical Industry Co., LTD S0507

Chemical Compound or Drug Duloxetine hydrochloride Tokyo Chemical Industry Co., LTD D4223
Chemical Compound or Drug Doxycycline Sigma D9891

Chemical Compound or Drug Ketamine hydrochloride Daiichi Sankyo Propharma Co., Ltd N01AX03
Commercial Assay Or Kit DAPI Sigma D9542

Commercial Assay Or Kit TRIzol Reagent Thermo Fisher Scientific 15596026
Commercial Assay Or Kit Protein G Dynabeads Thermo Fisher Scientific 10004D
Commercial Assay Or Kit SYBR green PCR Master Mix Thermo Fisher Scientific 4334973
Commercial Assay Or Kit Direct-zol RNA Microprep Zymo research R2060
Commercial Assay Or Kit RNAscope Fluorescent Multiplex 2.0 assay Advanced Cell Diagnostics 320850
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Antidepressant Response and Stress Resilience Are  
Promoted by CART Peptides in GABAergic Neurons  

of the Anterior Cingulate Cortex 
 

Supplementary Information 
 
Supplementary Methods 
Animals 
C57BL/6J, BALB/c, and DBA/2 mice were purchased from Charles River Japan. 
Retired breeder CD1 male mice were purchased (Charles River) for use as 
aggressors in the CSDS and smSDS and in the SIT. The vGluT2-IRES::Cre mice 
(vGlut-Cre mice; JAX stock #016963) or vGat-IRES::Cre mice (vGat-Cre mice; 
JAX stock #016962) were crossed with Cre-dependent GFP reporter mice 
(EGFP-L10a mice; JAX stock #024750) to produce vGlut-Cre;EGFP-L10a (vGlut-
TRAP) or vGat-Cre;EGFP-L10a (vGat-TRAP) mice, respectively. All data 
reported in this study were collected from male mice. All mice were housed under 
a 12-h light/dark cycle (8:00–20:00 light) with food and water available ad libitum. 
Drug treatment 
Imipramine hydrochloride (IMI, Sigma), maprotiline hydrochloride (MPR), 
sertraline hydrochloride (SRT), and duloxetine hydrochloride (DLX) were 
purchased from Tokyo Chemical Industry Co., LTD. For continuous treatments, 
drugs were dissolved in tap water at a concentration of 160 mg/L. This 
concentration was estimated to achieve a final dose of 16–18 mg/kg/day based 
on the average amount of water consumed and the average weight of the mice 
used in this study. Drugs were administered for 3 weeks (chronic) or 5 days 
(subchronic). Drug solutions were protected from light and were replaced every 
other day. Control animals received regular drinking water. Ketamine 
hydrochloride [(R,S)-ketamine] (Ketalar; Daiichi Sankyo Propharma Co., Ltd.; 
Tokyo, Japan) was diluted with saline. Ketamine (20 mg/kg) was administered 
intraperitoneally (i.p.) into mice. Doxycycline hyclate was purchased from Sigma 
and administered i.p. (50 mg/kg of body weight, twice per day) to mice. 
CSDS 
CSDS was performed as previously reported elsewhere and by our group (1, 2). 
Experimental mice were moved into the home cage of an aggressive CD-1 mouse 
for 10 min and were physically defeated. After physical interactions, test mice 
were removed and placed on the opposite side of the perforated divider over the 
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subsequent 24 h period. For 10 days, experimental mice were exposed to a new 
resident home cage daily. Control test mice were group housed at four per cage. 
After the last session, all mice were singly housed and the SIT was conducted. 
Subchronic and mild social defeat stress (smSDS) 
The smSDS, which is a modified version of the CSDS, was performed as 
previously reported (2). In this paradigm, BALB/c mice were subjected to defeat 
stress for a period of five min over five consecutive days, whereas the other 
procedures were the same as those used in the CSDS condition described above. 
Behavioral tests 
All behavioral experiments were carried out between 9:00 and 15:00 and were 
performed in a blinded fashion, as reported previously (2-4). 

FST. Mice were gently placed in a cylinder of water (temperature, 24°C ± 
1°C; 20 cm in diameter, 15 cm in height). The height of the water was set to 
prevent mice from touching the bottom of the cylinder with their limbs. Mice were 
allowed to swim around freely. Each trial lasted for 6 min. Mouse behavior was 
video-tracked from above and the immobility time was analyzed using an 
automated software (ANY-maze, Stoelting). In Figure 1B–D, the antidepressant 
response in the FST-2 was determined as the percentage change in the 
immobility time from the baseline (FST-1), and the percentage relative to the 
vehicle in each strain was shown. In Figure 1E–G, the response ratio was 
estimated by dividing the immobility time of FST-1 by that of FST-2, and 
responder and nonresponder subgroups were identified via the mean + 2SD 
method with a cutoff value that was calculated from the data of the vehicle group 
in each strain. 

SPT. Animals were tested for the preference for sucrose using the two-
bottle choice paradigm. After a 16-h liquid deprivation, mice were given two 
bottles, one with 1.5% sucrose and one with tap water. Mice were free to drink 
liquid from either bottle for 4 h. The right-left position of the two bottles was 
switched every 2 h. After each test, the bottles were weighed to measure 
consumption. The preference for sucrose was calculated as the percentage of 
sucrose solution consumed relative to the total intake. 

OFT. Animals were evaluated for locomotion and explorative behavior in 
an OFT, as reported previously. Mice were individually placed in the center of an 
open field box (42 cm width × 42 cm depth × 42 cm height) and were allowed to 
explore the arena freely for 5 min. All animal activity was recorded continuously 
using a camera placed over the box. Locomotion and the percentage off time 
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spent in the center were measured automatically using a video-tracking system 
(ANY-maze, Stoelting). 

SIT. Mice were placed in a test chamber (42 cm width × 42 cm depth × 42 
cm height) with an empty wire-mesh cage (10 cm width × 6.5 cm depth × 42 cm 
height) as a first term and were explored for 3 min in the chamber (empty session). 
After 3 min, test mice were removed and a novel CD1 mouse enclosed in the 
wire-mesh cage was introduced into the chamber, and the procedure was 
repeated as a second term (target session). The time spent in the area 
surrounding the wire-mesh cage (interaction zone, 24 × 14 cm) was measured in 
both sessions automatically using an ANY-maze tracking system (Stoeling). The 
SI ratio was calculated by dividing the time spent in the interaction zone of the 
target session by that of the empty session. 
Tissue dissection 
Mice treated with IMI, MPR, SRT, DLX or vehicle were euthanized at day 21 (for 
chronic treatment) or day 5 (for subchronic treatment) of drug treatment. Mice 
injected with ketamine were euthanized 48h after the ketamine injection (24h after 
the behavioral test). Mice were anesthetized with isoflurane and whole brains 
were quickly sliced into 1-mm coronal sections (bregma 1.98–0.98 mm) using a 
brain matrix (Bio Research Center Co., Ltd.), then further dissected to isolate the 
medial PFC (mPFC) regions, including the prelimbic, infralimbic, and anterior 
cingulate (anterior part of Cg1/Cg2) cortices, under a stereomicroscope. mPFC 
tissue was harvested using a 2-mm-diameter tissue punch (Stoelting) on freshly 
cut 1-mm-thick coronal sections. Tissues were then snap frozen in liquid nitrogen 
and were stored at −80°C. 
RNA extraction 
Total RNA from dissected tissues was extracted using the Direct-zol RNA 
Microprep (Zymo research), according to the manufacturer’s instructions. The 
quality and concentration of RNA were measured using a NanoDrop (Thermo 
Fisher Scientific) and the A260/A280 ratio was 1.86–2.01 for all RNA preparations. 
RNA sequencing (RNA-seq) 
Total RNA integrity was determined using an Agilent 2100 Bioanalyzer (Agilent 
Technology), and the total RNA obtained from each sample was subjected to a 
sequencing library construction using SureSelect Strand-Specific RNA Library 
Prep for Illumina (Agilent Technologies, Santa Clara, CA), according to the 
manufacturer’s protocols. The quality of the libraries was assessed using an 
Agilent 2200 TapeStation High Sensitivity D1000 instrument (Agilent 
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Technologies, Santa Clara, CA). The pooled libraries of the samples were 
sequenced using the Illumina HiSeq system in 51-base-pair (bp) single-end reads. 
Then, sequencing adaptors, low-quality reads, and bases were trimmed with the 
Trimmomatic-0.32 tool (5). The sequence reads were aligned to the reference 
mouse genome (mm10) using Tophat 2.0.13 (bowtie2-2.2.3) (6). Files required 
for the whole-transcriptome alignment with Tophat were downloaded from the 
Illumina’s iGenomes web site 
(http://support.illumina.com/sequencing/sequencing_software/igenome.html). 
For quantifying the gene expression levels and detect differentially expressed 
genes, the aligned reads were subjected to downstream analyses using the 
StrandNGS 2.6 software (Agilent Technologies, Santa Clara, CA). The read 
counts allocated to each gene and transcript (UCSC version 2013.3.6) were 
quantified using the Trimmed Mean of M-value method (7) implemented in the 
EdgeR package. DEG analyses were performed using the Limma–Voom method 
(8, 9). DEG sets were selected when genes were 1.3-fold up/downregulated and 
the P-value was < 0.05 (Figs 2R, 3A–F, S1, and S2) (10-13) or had a Benjamini–
Hochberg adjusted P-value (FDR P) < 0.1 (Fig. 2A, B, J–Q) for comparisons 
between two groups. A GO profile analysis was applied to DEGs at the biological 
process level between the vehicle control and SRT-responders (SRT-R), SRT-
nonresponders (SRT-NR), DLX-responders (DLX-R), and DLX-nonresponders 
(DLX-NR) using the goProfiles package (14). To determine the 
overrepresentation of biological process GO terms, the clusterProfiler package 
(15) was used with the org.Mm.eg.db annotation package (16). GO terms with a 
FDR P <0.1 were considered to be significantly enriched. The significantly GO 
enriched terms and DEGs were visualized as network graphs using Gephi 
(https://gephi.org/) with the Force Atlas layout algorithm. All DEG and GO 
analyses were performed using the R software, v4.0.5 (http://www.r-project.org/). 
Raw data were deposited in GEO (GSE168172). 
Quantitative PCR (Q-PCR) 
cDNA was synthesized from 500 ng of total RNA using the QuantiTect Reverse 
Transcription Kit (Qiagen), according to the manufacturer’s instructions. We 
performed Q-PCR using the SYBR Green PCR Master Mix (Thermo Fisher 
Scientific) and a StepOnePlus q-PCR device (Thermo Fisher Scientific). The 
primer sequences used here are listed in Supplementary Table S1.β-actin was 
used as an internal control. 
  

https://gephi.org/
http://www.r-project.org/
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GFP immunoprecipitation for Ribo-tag 
Immunoaffinity purification of ribosomal RNA from the mPFC was carried out as 
described previously (17), with minor modifications. Protein G dynabeads 
(Thermo Fischer Scientific) were washed once on a magnetic rack with PBST 
and then incubated with 2 μl of an anti-GFP antibody (Abcam, ab290) in a total 
volume of 200 μl of PBST for at least 30 min at room temperature. After the 
incubation, PBST was removed and the tissue lysates were added to the anti-
GFP-conjugated protein G dynabeads, as described below. Mice were 
anesthetized with isoflurane and mPFC tissues were dissected quickly as 
described above. mPFCs from 4–6 brains were pooled into one tube, transferred 
to a Dounce homogenizer, and manually homogenized in 1 ml of ice-cold IP 
buffer [50 mM Tris, pH 7.5; 1% NP-40; 100 mM KCl; 12 mM MgCl2; 0.5 mM 
DTT;100 μg/ml cycloheximide (Sigma); 1 mg/ml sodium heparin (Sigma);1x 
HALT protease inhibitor EDTA-free (Thermo Fischer Scientific); 0.2 U/μl RNasin 
(Promega)]. Homogenates were transferred to microcentrifuge tubes and clarified 
at 12,000 x g for 10 min at 4°C. Subsequently, 50 μl of the supernatant was taken 
as the “input”, and the remaining supernatant (approximately 1.5 ml) was used 
for immunoprecipitation. IP samples were incubated with the anti-GFP 
conjugated dynabeads for immunoprecipitation (IP fraction) for 2 h at 4°C. Beads 
were washed three times with Wash Buffer containing 50 mM Tris, pH 7.5; 12 
mM MgCl2; 300 mM KCl; 1% NP-40; 0.5 mM DTT; and 100 μg/ml cycloheximide. 
After the last wash, 500 μl of TRIzol (Thermo Fischer Scientific) was immediately 
added to the IP fraction and input samples. Total RNA was purified using the 
Direct-zol RNA Microprep (Zymo research), according to the manufacturers’ 
instructions. 
Viral vector construction 
To generate the pAAV-EF1a-DIO-Cartpt-2A-nls-tdTomato plasmid, a DNA 
fragment encoding GCaMP6f was removed from the pAAV-EF1a-DIO-GCaMP6f-
2A-nls-tdTomato plasmid (a gift from Jonathan Ting; Addgene plasmid #51083) 
and then the Cartpt DNA fragment was inserted. To generate the control pAAV-
EF1a-DIO-nls-tdTomato plasmid, a DNA fragment including GCaMP6f and the 2A 
peptide sequence was removed from the pAAV-EF1a-DIO-GCaMP6f-2A-nls-
tdTomato plasmid. To generate the pAAV-Syn-Tet3G-2A-nls-mCherry plasmid, a 
DNA fragment encoding miniSOG was removed from the pAAV-SYP1-miniSOG-
T2A-nls-mCherry plasmid (modified from the pAAV-SYP1-miniSOG-T2A-
mCherry plasmid, a gift from Roger Tsien; Addgene plasmid #50972) and then 
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the Tet3G DNA fragment was inserted (pRetroX-Tet3G Vector plasmid, Clontech). 
To generate the pAAV-TRE-FLEX-Cartpt-2A-EGFP plasmid, a DNA fragment 
encoding the Cartpt and 2A peptides (from the pAAV-EF1a-DIO-Cartpt-2A-nls-
tdTomato plasmid) was inserted into the pAAV-pTRE-FLEX-EGFP-WPRE 
plasmid (a gift from Hongkui Zeng; Addgene plasmid #65449). The pAAV-CMV-
flag-tTS plasmid was generated by insertion of a DNA fragment encoding tTS 
(pTet-tTS plasmid, Clontech) into the pAAV-CMV-MCS plasmid (Agilent). The 
pAAV-Gad1-mCherry plasmid was generated by replacing the DNA fragment of 
the Camk2a promoter in the pAAV-Camk2a-mCherry plasmid (2) with a 1.3 kbp 
of DNA fragment of the mouse Gad1 promoter (GenBank accession no. 
Z49978.1). To generate the pAAV-Gad1-Cartpt-2A-mCherry plasmid, the DNA 
fragment of the Camk2a promoter in the pAAV-Camk2a-TARPγ8-2A-mCherry 
plasmid (2) was replaced with the DNA fragment of the mouse Gad1 promoter 
(from the pAAV-Gad1-mCherry plasmid). Then, the DNA fragment of TARPγ8 in 
the resulting plasmid (pAAV-Gad1-TARPγ8-2A-mCherry) was further replaced 
with the Cartpt fragment. The genomic titer of each virus was determined using 
Q-PCR: AAV5-EF1a-DIO-Cartpt-2A-nls-tdTomato (1.1 × 1013 vector genomes 
(vg)/ml), AAV5-EF1a-DIO-nls-tdTomato (1.5 × 1013 vg/ml), AAV8-Syn-Tet3G-2A-
nls-mCherry (2.8 × 1013 vg/ml), AAV5-TRE-FLEX-Cartpt-2A-EGFP (4.1 × 1013 
vg/ml), pAAV-CMV-flag-tTS (6.6 × 1013 vg/ml), pAAV-Gad1-mCherry (3.2 × 1013 
vg/ml), and pAAV-Gad1-Cartpt-2A-mCherry (6.2 × 1013 vg/ml). 
Stereotaxic surgery 
Mice were anesthetized with isoflurane (Pfizer; induction, 2%; maintenance, 
1.5%) and fixed in a stereotaxic frame (Kopf Instruments). Glass needles were 
filled with virus solutions. Mice were injected with 0.5 μl of AAVs to the aCC 
bilaterally at 0.1 μl/min. The needle was left in the injection site for 5 min, for 
complete diffusion, and was withdrawn slowly. The injection coordinates were: 
1.42 mm from Bregma, 0.35 mm lateral from the midline, and 2.3 mm vertical 
from the cortical surface. The mice were allowed to incubate for at least 3 weeks 
before experiments. 
Histology 
Mice were deeply anesthetized with Avertin and transcardially perfused with ice-
cold PBS (pH 7.4), followed by a 4% paraformaldehyde (PFA) solution (4°C). 
Brains were post-fixed in 4% PFA at 4°C for overnight and cryoprotected in 30% 
PBS-buffered sucrose solution for 48-72 h. The brains were cut into 20-μm thick 
coronal slices on a cryostat (Leica). Free-floating sections were rinsed in 1x PBS 
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and mounted on slides and coverslipped with Vectashield (Vector Labs). Images 
were acquired using a fluorescence microscope (Keyence BZ-X800) and 
processed with BZ-X800 analyzer software (Keyence), ImageJ, and Adobe 
Photoshop CS. 
RNAscope 
Mice were euthanized and brains were dissected, immediately flash-frozen in 
isopentane chilled with dry ice, and stored at −80°C. Coronal brain slices (20 µm, 
targeted areas were ranging at bregma 1.70–1.18 mm) were sectioned on a 
cryostat (Leica) at −20°C, mounted directly onto slides, and stored at −80°C until 
RNAscope processing. FISH of Cartpt and vGat (Slc32a1) mRNAs was 
performed using the RNAscope Fluorescent Multiplex 2.0 assay (Advanced Cell 
Diagnostics), according to the manufacturer’s instructions. Briefly, slides were 
fixed in 4% PFA and were incubated with protease IV solution and then incubated 
with appropriate probes for 2 h at 40°C. All probes used in this study were 
commercially available from Advanced Cell Diagnostics: Cartpt (cat#432001-C1), 
Camk2a (cat#411851-C2), and Slc32a1 (cat#319191-C3). After washing, the 
signal was amplified by incubating the sections in amplification buffers at 40°C. 
Slides were coverslipped and images were acquired under a fluorescence 
microscope (Keyence). 
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Supplementary Figures 
 

 
Figure S1. Heatmap of RNA-seq data. 
Heatmap showing differentially regulated genes (fold change >1.3 and p < 0.05) 
that were specifically regulated in SRT or DLX treatment responders or 
nonresponders. 
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Figure S2. Differentially expressed genes in antidepressant treatment 
nonresponders. 
A. Heatmap showing the differentially expressed genes (fold change >1.3 and p 

< 0.05) that were consistently regulated in SRT and DLX treatment 
nonresponders, but not in SRT or DLX treatment responders. 

B and C. GO enrichment analysis (B) and network graph visualization (C) of 
differentially expressed genes that were regulated in SRT or DLX treatment 
nonresponders. Top-five significant GO terms associated with differentially 
expressed genes in SRT-NR and DLX-NR. 
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Figure S3. Q-PCR validation of RNA-seq data. 
A. Q-PCR analysis of Npas4, Col1a2, Col4a3, Creb3l4, Cxcl16, and Epn3, and 
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Rsph6a in the mPFC of IMI-, MPR-, SRT-, and DLX-responders and 
nonresponders in BALB mice. n = 4–6 in each group. *Adjusted p < 0.05 vs. 
the vehicle. 

B. Q-PCR analysis of Npas4, Col1a2, and Epn3 mRNA expression in the mPFC 
of IMI-, MPR-, SRT-, and DLX-responders and nonresponders in B6 mice. n 
= 6 in each group. *p < 0.05 vs. the vehicle. 

C. Q-PCR analysis of Npas4 mRNA expression in the mPFC of IMI-, MPR-, SRT-, 
and DLX-responders and nonresponders in DBA mice. n = 6 in each group. 
*p < 0.05 vs. the vehicle. 

The bar graphs show the mean ± SEM. 
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Figure S4. Effects of subchronic treatment with duloxetine on immobility 
duration in the FST and Cartpt expression in B6 mice 
A. Experimental design. B6 mice were tested by forced swim test (FST-1) prior to 

a 5-day treatment with either tap water (V) or duloxetine (DLX). After the 
treatment with antidepressants, a second forced swim test (FST-2) was 
performed. 

B. Immobility time in the FST-2 (% FST-1) in B6 mice is shown. n = 16–44 in each 
group. *p < 0.05 vs. FST-1 in the corresponding treatment. 

C. Response ratio (immobility time in FST-1 / immobility time in FST-2) is shown. 
The responder and nonresponder subgroups were identified by the mean + 
2SD method with a cutoff value. n = 60 in total. 

D. Q-PCR revealed the upregulation of Cartpt in the mPFC of DLX-responders, 
but not in nonresponders. n = 5–6 in each group. *p < 0.05 vs. the vehicle. 

Bar graphs show the mean ± SEM.  
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Figure S5. Ketamine increased Cartpt expression in the mPFC. 
A. Experimental design. BALB mice were tested by forced swim test (FST-1) prior 

to a single treatment with ketamine or saline. After the treatment with ketamine, 
a second forced swim test (FST-2) was performed. 

B. Immobility time in the forced swim test was reduced at 24 h after ketamine 
treatment in BALB mice. n = 20 in each group. *p < 0.05. 

C. The response ratio (immobility time in FST-1 / immobility time in FST-2) is 
shown. The responder and nonresponder subgroups were identified by the 
mean + 2SD method with a cutoff value. 

D. Q-PCR quantification of Cartpt expression in the mPFC of ketamine 
responders. n = 6 samples in each group. *p < 0.05. 

Bar graphs show the mean ± SEM. 
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Legends of Supplementary Tables (see Excel files) 
Table S1. List of primer sequences used for Q-PCR. 
Table S2. Complete statistical analysis. 
Table S3. Differentially expressed genes that were (a) commonly regulated in 

sertraline (SRT) and duloxetine (DLX) treatment responders and 
nonresponders and (b) regulated in SRT or DLX treatment responders or 
nonresponders. 

Table S4. Differentially expressed genes that are uniquely regulated in sertraline 
(SRT) or duloxetine (DLX) treatment responders or nonresponders. 

Table S5. Differentially expressed genes that are (a) commonly regulated in 
sertraline (SRT) and duloxetine (DLX) treatment responders, as represented 
in Figure 3B, and (b) commonly regulated in SRT and DLX treatment 
nonresponders. 

Table S6. Differentially expressed genes that are regulated in sertraline (SRT) or 
duloxetine (DLX) treatment responders but not in the corresponding 
nonresponders. 

Table S7. Differentially expressed genes that are regulated in sertraline (SRT) or 
duloxetine (DLX) treatment nonresponders but not in the corresponding 
responders. 

 




