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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. Because treatment responses in
clinical depression are heterogeneous, it is crucial to examine treatment responders and nonresponders in preclinical
studies.
METHODS: We used the large variance in behavioral responses to long-term treatment with multiple classes 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 used
virus-mediated gene transfer to induce the gene of interest in specific cell types and performed forced swim, sucrose
preference, social interaction, and open field tests to investigate antidepressant-like and anxiety-like behaviors.
RESULTS: 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 (gamma-aminobutyric acidergic) neurons of the anterior cingulate cortex 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
anterior cingulate cortex is a common molecular mechanism across antidepressant responders and that this pathway
also drives stress resilience.

https://doi.org/10.1016/j.bpsgos.2021.12.009
Typical antidepressants such as tricyclic antidepressants and
selective serotonin and/or noradrenaline reuptake inhibitors,
which are used for treating major depressive disorder (MDD),
target monoamine systems that have widespread effects
throughout the central nervous system. However, approxi-
mately 60% of patients do not respond to a single trial, and
30% to 40% of patients do not remit from depression even
after multiple treatment attempts (1). Treatment responses in
clinical depression vary, and treatment efficacy becomes
evident after weeks or months, which necessitated the devel-
opment 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 (gamma-aminobutyric acid)–related
molecules in MDD pathophysiology and antidepressant ac-
tions (8–11). Preclinical studies indicated that the medial PFC
(mPFC), which includes the prelimbic cortex, infralimbic cortex,
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and anterior cingulate cortex (aCC), is associated with both
depression-like behaviors and induction of antidepressant-like
response in rodents (12–15). Thus, the 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 nonresponders to antidepressant treatments
to better understand the mechanism of action of antidepres-
sant drugs. In addition, the genetic backgrounds of mice in-
fluence 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 antide-
pressant drugs. Therefore, identifying molecules that are
consistently regulated in multiple classes of antidepressant
f Biological Psychiatry. This is an open access article under the
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responders and are commonly regulated in various inbred
mouse strains may provide insight on the molecular mecha-
nisms targeted by both established and experimental
pharmacotherapies.

Herein, we developed an animal-based approach modeling
the heterogeneity in response to long-term treatment with four
classes of antidepressants in three mouse strains. Our data
revealed fundamental differences in molecular signatures be-
tween responders and nonresponders and implicated specific
molecules in the development of antidepressants.

METHODS AND MATERIALS

Additional information is available in Supplement 1.

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 (long-term) or 5 days
(short-term). Vehicle-treated animals received drinking water
regularly.

Social Defeat Stress

Chronic social defeat stress (CSDS) and subchronic and mild
SDS were administered as reported previously (22–24).

Behavioral Tests

All behavioral experiments were performed between 9:00 AM

and 3:00 PM in a blinded fashion as reported previously
(21,23,25).

Forced Swim Test. Mice were placed in a cylinder of water
and allowed to swim around freely for 6 minutes, and their
immobility time was measured.

Sucrose Preference Test. After a 16-hour liquid depriva-
tion, mice were given two bottles, one with 1.5% sucrose and
another with tap water, for 4 hours. The sucrose preference
was calculated as the percentage of sucrose solution
consumed relative to the total intake.

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

Social Interaction Test. Mice were placed in a test
chamber with an empty wire-mesh cage as a first term for 3
minutes, then with an unfamiliar CD-1 mouse enclosed in the
wire-mesh cage as a second term for 3 minutes. The time
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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 cortex,
infralimbic cortex, and aCC (bregma 1.98–0.98 mm) was
extracted using the Direct-zol RNA Microprep according to the
manufacturer’s instructions (Zymo Research). An Illumina
HiSeq system was used for RNA sequencing (RNA-seq). Raw
data were deposited in the Gene Expression Omnibus
(GSE168172). The sequences of all primers used in quantita-
tive polymerase chain reaction (Q-PCR) are listed in Table S1 in
Supplement 2. 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 Table S2 in
Supplement 3. GraphPad Prism (version 7.0; GraphPad Soft-
ware Inc.) and SPSS Statistics (version 25; IBM Corp.) were
used to perform Student t test, unpaired t test, Wilcoxon test,
Kruskal-Wallis test, and one- or two-way analysis of variance
as appropriate to determine statistical differences. For analysis
of variance, significant effects were followed by Tukey’s post
hoc comparison. For multiple comparisons, Dunnett’s test was
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 signif-
icant at p , .05. All data are presented as mean 6 SEM.

RESULTS

Modeling Heterogeneity in Antidepressant
Treatment Response

We aimed to identify molecule(s) promoting behavioral re-
sponses to antidepressants regardless of 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 long-term treatment
with IMI, MPR, SRT, and DLX as a tricyclic antidepressant,
tetracyclic antidepressant, selective serotonin reuptake inhib-
itor, and selective noradrenaline reuptake inhibitor, respec-
tively. We performed the forced swim test (FST), which is
commonly used to assess the efficacy of antidepressant
response in rodents (26–29), and measured immobility time on
the day before treatment (FST-1) (Figure 1A). Mice were then
treated with antidepressants or vehicle via drinking water for
21 days and subsequently subjected to a second FST (FST-2).
The antidepressant response was determined as the per-
centage change in immobility time from baseline (FST-1). We
found a strain difference in antidepressant response
(Figure 1B–D). In BALB mice, IMI and SRT had a significant
effect on percentage change in immobility time (Figure 1B),
whereas in B6 and DBA mice, MPR and DLX had significant
effects (Figure 1C, D).

Because there was a large individual difference in antide-
pressant response (Figure 1B–D), we estimated the response
ratio by dividing the immobility time of FST-1 by that of FST-2
www.sobp.org/GOS
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Figure 1. Identification of subgroups of re-
sponders and nonresponders to antidepressant
treatments in inbred strains of mice. (A) Experimental
design. Mice were tested using the FST-1 before a 3-
week treatment with either tap water (V), IMI, MPR,
SRT, or DLX. After long-term treatment with the an-
tidepressant, a second FST (FST-2) was performed.
(B–D) Immobility time in the FST-2 (% FST-1) in
BALB/c (BALB) (B), C57BL/6J (B6) (C), and DBA/2
(DBA) (D)mice. n = 36–40 in each group. *p , .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 1 2 SD
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 antide-
pressants. n = 36–40 in each group. All data are
presented as mean 6 SEM. DLX, duloxetine; FST,
forced swim test; IMI, imipramine; MPR, maprotiline;
SRT, sertraline; V, vehicle.
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and identified a treatment responder or nonresponder mouse
with a cutoff value using a traditional mean 6 2 SD method.
Mice with response ratios larger than the cutoff values (i.e.,
mean 1 2 SD) in each strain were defined as responders
(Figure 1E–G). The distribution pattern of the response to an-
tidepressants significantly differed among strains, with overall
22.5% to 45% of the mice being responders to long-term
antidepressant treatment (Figure 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

We performed RNA-seq to compare genome-wide transcrip-
tional changes in responders and nonresponders. We selected
the BALB strain because previous reports showed that this
strain could be a stress-vulnerable model (21,23,31). In addi-
tion, 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 (Figure 2A; Table S3 in
Supplement 4; Table S4 in Supplement 5; Table 5 in
Supplement 6; Table S6 in Supplement 7; Table S7 in
Biological Psychiatry: Glob
Supplement 8). 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 (Figure 2B; Table S3a in Supplement
4). This result was validated using Q-PCR (Figure 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 (Figure 2J–M; Table S3b in Supplement 4). The Gene
Ontology 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 (Figure S1 in
Supplement 1; Table S4 in Supplement 5).

Identification of Consistently Regulated Genes

A total of 65 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)
(Figure 3A, B; Table S5a in Supplement 6). A total of 53 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) (Figure S2 in
Supplement 1; Table S5b in Supplement 6). Gene Ontology
enrichment analysis revealed that genes that were consistently
regulated in SRT and DLX responders were significantly
enriched for the neuropeptide signaling pathway (Figure 3C, E),
and network graphs showed that the gene encoding Cartpt
al Open Science January 2023; 3:87–98 www.sobp.org/GOS 89
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Figure 2. RNA sequencing reveals transcriptional alterations in the medial prefrontal cortex of antidepressant responders and nonresponders. (A) Heatmap
representation of differentially expressed genes (fold change.1.3 and false discovery rate p, .1) in the responder and nonresponder groups to treatment with
SRT and DLX (three replicates per group). (B) Heatmap representation of differentially expressed genes (fold change .1.3 and false discovery rate p , .1) that
were commonly upregulated in both responders and nonresponders to treatment with SRT and DLX. (C–I) Real-time polymerase chain reaction validation of
the alterations in gene expression identified in the differentially expressed gene analysis presented in (B). n = 6 in each group. *Adjusted p, .05 vs. the vehicle.
(J–M) MA plot of the results of the differential expression analysis in SRT-R (J), SRT-NR (K), DLX-R (L), or DLX-NR (M). (N) Gene Ontology profile analysis
(biological process) of differentially expressed genes (p , .05) between the vehicle and SRT-R, SRT-NR, DLX-R, or DLX-NR (red, upregulated genes; blue,
downregulated genes). The x-axis displays the number of differentially expressed genes, and the y-axis indicates the Gene Ontology terms. All data are
presented as mean6 SEM. DLX-NR, DLX nonresponders; DLX-R, duloxetine responders; mRNA, messenger RNA; SRT-NR, sertraline nonresponders; SRT-R,
sertraline responders.
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was commonly implicated in SRT and DLX responders
(Figure 3D, F). We then validated the messenger RNA (mRNA)
expression of Cartpt, Npas4, Col1a2, Col4a3, Creb3l4,
CXCL16, Epn3, and Rsph6a, which were DEGs consistently
90 Biological Psychiatry: Global Open Science January 2023; 3:87–98
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,
www.sobp.org/GOS
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Col1a2, Epn3, and Rsph6a in antidepressant-responder BALB,
B6, or DBA mice (Figure 3G–I; Figure S3 in Supplement 1);
among them, Cartpt expression was consistently and signifi-
cantly upregulated in all antidepressant responders but not in
nonresponders (Figure 3G–I). These findings suggest that
neuropeptide signaling via CART peptides is associated with
antidepressant response.

We also examined the effect of short-term antidepressant
treatment on Cartpt mRNA expression in the aCC of B6 mice.
After 5 days of DLX treatment, FST-2 was performed
(Figure S4A in Supplement 1). There was no significant differ-
ence in immobility time between vehicle- and DLX-treated
mice (Figure S4B in Supplement 1), and only 5 of 44 mice
(11.4%) treated with DLX were responders (Figure S4C in
Supplement 1). DLX-R mice exhibited a significantly higher
Cartpt mRNA expression relative to vehicle-treated mice
(Figure S4D in Supplement 1), suggesting that Cartpt induction
promotes a behavioral response to antidepressants.

Ketamine, a fast-acting non–monoamine-based antide-
pressant, 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), FST
immobility time was significantly decreased 24 hours after
ketamine treatment (Figure S5A–C in Supplement 1). Cartpt
mRNA expression was significantly higher in ketamine treat-
ment responders (48 hours after the ketamine injection) than
that in the saline control (Figure S5D in Supplement 1).
Collectively, these data suggest that CART peptide promotes
the behavioral effects of traditional antidepressants and is
associated with the antidepressant-like effects of ketamine.

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 popu-
lation 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
enhanced green fluorescent protein (EGFP)–tagged ribosomal
protein L10a (EGFP-L10a) to establish vGat-TRAP and vGlut-
TRAP mice. These mice expressed EGFP-L10a in GABAergic
=

Figure 3. Identification ofCartpt consistent upregulation across different types of a
number of differentially expressed genes across four comparisons SRT-R, SRT-NR,
showingthe68differentially regulatedgenes (foldchange.1.3andp, .05) thatwerec
treatment nonresponders. (C–F)GOenrichment analysis (C,E) andnetworkgraph visu
andDLX (E,F) treatmentresponders.TopfivesignificantGOtermsassociatedwithdiffe
are associated with the neuropeptide signaling pathway (i.e., Cartpt) in responders t
revealing theupregulationofCartpt in themedialprefrontal cortexof IMI-,MPR-,SRT-, a
(G), C57BL/6J (B6) (H), and DBA/2 (DBA) (I)mice. n = 4–6 in each group. *Adjusted p
purified to enrich for glutamatergic or GABAergic neuron-specific, polysome-bound, tr
Cartpt expression in vGat-TRAP (K) and vGlut-TRAP (L) samples (relative to the vehicl
(8–10 pairs of medial prefrontal cortex). *Adjusted p, .05. (M) RNAscope revealing th
(magenta) but not in the Camk2a1 glutamatergic neurons (red) in the anterior cingu
GABAergic neurons and Camk2a1 glutamatergic neurons, respectively. Scal
duloxetine nonresponders; DLX-R, duloxetine responders; EGFP, enhanced green fl

acidergic; GO, Gene Ontology; IMI-NR, imipramine nonresponders; IMI-R, imiprami
MPR-R, maprotiline responders; mRNA, messenger RNA; SRT-R, sertraline respo
purification.
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and glutamatergic neurons, respectively, enabling the identifi-
cation of the cell type in which Cartpt expression is altered in
responders (Figure 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 (Figure 1). Subse-
quently, EGFP-labeled polysomes from mouse mPFC tissue
punches were affinity-purified to enrich cell-specific, poly-
some-bound, translating mRNAs. Q-PCR revealed that vGat-
TRAP mice had significantly elevated Cartpt expression in
GFP-immunoprecipitated samples in antidepressant re-
sponders, but not in nonresponders, when compared with
vehicle-treated mice (Figure 3K). vGlut-TRAP mice did not show
a significantly elevated Cartpt expression in GFP-
immunoprecipitated samples in antidepressant responders
(Figure 3L). These results suggest that Cartpt expression is
induced in GABAergic neurons in antidepressant responders.
For confirmation, we assessed Cartpt mRNA expression histo-
logically 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 neu-
rons, with few Cartpt-expressing cells overlapping with Camk2a-
positive glutamatergic neurons (Figure 3M). These results sug-
gest that CART peptide signaling in GABAergic neurons of the
aCC is associated with antidepressant response.

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 AAV (adeno-associated
virus) expressing Cartpt (AAV-Cartpt) or control tdTomato (AAV-
tdTomato) into the bilateral aCC of vGat-Cre or vGlut-Cre mice
(C57BL/6J background) (Figure 4A). These mice were tested
using FST under nonstress conditions and subjected to CSDS
for 10 days; their behaviors were tested via the social interaction
test (SIT), sucrose preference test, and open field test
(Figure 4B). Histological analysis confirmed successful trans-
gene expression in the aCC of vGat-Cre and vGlut-Cre mice
(Figure 4C). Behaviorally, CART peptide overexpression in
GABAergic neurons led to significantly decreased FST
ntidepressant responders in three strains ofmice. (A)Venndiagram indicating the
DLX-R, and DLX-NR and the overlap between the sets of genes. (B) Heatmap
onsistently regulated inSRTandDLXtreatment responders,butnot inSRTorDLX
alization (D, F)of differentially expressed genes that were regulated inSRT (C,D)
rentiallyexpressedgenes inSRT-RandDLX-R.Note that thesignificantGOterms
o both antidepressant treatments. (G–I) Quantitative polymerase chain reaction
ndDLX responders,butnot in their nonrespondercounterparts inBALB/c (BALB)
, .05 vs. the vehicle. (J) TRAP strategy. EGFP-labeled polysomes were affinity-
anslatingmRNAs. (K, L)Quantitative polymerase chain reaction quantification of
e). n = 4–5 samples in each group, and each sample was pooled from 4 to 6mice
at Cartpt expression (green) was enriched in the Slc32a11 GABAergic neurons
late cortex (Cg1/Cg2) of mice. The arrowheads and arrows indicate Slc32a11
e bar = 100 mm. All data are presented as mean 6 SEM. DLX-NR,
uorescent protein; FDR, false discovery rate; GABAergic, gamma-aminobutyric
ne responders; IP, immunoprecipitation; MPR-NR, maprotiline nonresponders;
nders; SRT-NR, sertraline nonresponders; TRAP, translating ribosome affinity
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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 behav-
ioral testing. (C) AAV microinjection into the aCC.
Region-specific expression of tdTomato in the aCC is
shown. Scale bar = 100 mm. (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 , .05. (H–K) Effects of Cartpt over-
expression 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 , .05. All data are presented as
mean 6 SEM. AAV, adeno-associated virus; aCC,
anterior cingulate cortex; CSDS, chronic social defeat
stress; FST, forced swim test; GABAergic, gamma-
aminobutyric acidergic; inj. injection; NS, nonstress
control; OFT, open field test; SIT, social interaction
test; SPT, sucrose preference test.
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immobility time (Figure 4D). Mice expressing control tdTomato
showed significantly a decreased social interaction (SI) ratio in
SIT, decreased sucrose preference in the sucrose preference
test, and lower percent time spent in the center in the open field
test after CSDS exposure when compared with nonstressed
controls. In contrast, mice overexpressing CART peptide did not
exhibit significant effects of CSDS (Figure 4E–G). Mice over-
expressing 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, sucrose preference test, and open
field test as animal models of depression (Figure 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/c Mice

We investigated whether the antidepressant response
afforded by CART peptide is independent of mouse genetic
Biological Psychiatry: Glob
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 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 (Figure 5A).
Histological analyses revealed that the majority of mCherry-
positive cells colocalized with GFP-positive GABAergic
neurons (77.8%) in vGat-Cre::GFP-L10a mice, whereas few
mCherry-positive cells colocalized with GFP-positive gluta-
matergic neurons (5.1%) in vGat-Cre::GFP-L10a mice
(Figure 5B, C).

Therefore, we injected either AAV-Gad1-Cartpt or AAV-
Gad1-mCherry into the bilateral aCC region of BALB mice
(Figure 5D). Three weeks after the surgery, the mice were
subjected to FST and SIT in nonstress conditions, fol-
lowed by re-evaluation of their behaviors in SIT after
stress exposure (Figure 5E). Because BALB is susceptible
to stress (21,23), we exposed the mice to a 5-day sub-
chronic and mild SDS regimen, which is an abbreviated
and subthreshold version of CSDS that is sufficient for
al Open Science January 2023; 3:87–98 www.sobp.org/GOS 93
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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 Gad1 promoter in these AAVs, AAV-Gad1-mCherry was injected bilaterally into the aCC region of either vGat-Cre::GFP-L10a mice
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). Colocalization of EGFP and mCherry is seen in vGat-Cre::GFP-L10a, but not in vGlut-Cre::GFP-L10a
mice. Scale bar = 100 mm. (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 formCherry (AAV-control) and Cartpt (AAV-Cartpt) overexpression
under the control of the Gad1 promoter. (E) Experimental paradigm used for behavioral testing. (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 , .05. (G) Mice injected with AAV-Cartpt show a comparable SI
time to that of mice injected with AAV-control in nonstressed conditions. n = 25–27 in each group. *p , .05. (H, I) The SI time of stressed mice injected with
AAV-control was significantly lower than that of nonstressed 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 , .05. All data are presented as mean 6 SEM. AAV, adeno-associated virus; aCC, anterior cingulate cortex; EGFP,
enhanced green fluorescent protein; FST, forced swim test; GABAergic, gamma-aminobutyric acidergic; inj., injection; NS, nonstress control; n.s., not sig-
nificant; SIT, social interaction test; smSDS, subchronic and mild social defeat stress.
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inducing a depression-like phenotype in the BALB strain
(23). We found significantly decreased FST immobility
time (Figure 5F) but comparable SI time in SIT-1
(Figure 5G) in mice injected with AAV-Gad1-Cartpt rela-
tive to AAV-Gad1-mCherry. After subchronic and mild
94 Biological Psychiatry: Global Open Science January 2023; 3:87–98
social defeat stress SDS exposure, mice injected with
AAV-Gad1-mCherry showed a significant reduction in SI
time (Figure 5H), whereas mice injected with AAV-Gad1-
Cartpt showed an SI time that was comparable to that
of nonstressed animals (Figure 5I). These results suggest
www.sobp.org/GOS
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Figure 6. CART peptides in GABAergic neurons
of the aCC have an antidepressant effect in stress-
susceptible mice. (A) AAV-mediated spatiotem-
poral gene expression strategy using a cocktail of
AAV-SynI-Tet3G-2A-mCherrynls, AAV-TRE-FLEX-
Cartpt-2A-EGFP, and AAV-CMV-tTS. (B) Sche-
matic 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 specif-
ically 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 mm for low-
magnification images (GFP and DAPI) and 50 mm
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 10-day CSDS and were
tested by SIT-1, followed by the administration of
dox for 3 days (twice per day). Mice were tested
using a SIT-2. (E) SI ratio after CSDS exposure (SIT-
1). The CSDS group was divided into two groups
(RES and SUS groups) based on their SI ratios. n =
32 for NS and 39 for CSDS (both RES and SUS). (F)
SI ratio before (SIT-1) and after (SIT-2) dox admin-

istration in NS and SUS mice. CART peptide induction did not affect the SIT in nonstressed conditions, whereas the reduced SIT in SUS mice was rescued by
CART peptide induction with dox. n = 10–14 in each group. *p , .05. All data are presented as mean 6 SEM. AAV, adeno-associated virus; aCC, anterior
cingulate cortex; CSDS, chronic social defeat stress; dox, doxycycline; EGFP, enhanced green fluorescent protein; GABAergic, gamma-aminobutyric acid-
ergic; inj., injection; NS, nonstress control; RES, resilience; SIT, social interaction test; SUS, susceptible.
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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
(Figures 4 and 5), we tested whether CART peptide over-
expression 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 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 (Figure 6A). In
this system, tTS represses TRE-mediated gene expression
(i.e., Cartpt and Egfp) in the absence of doxycycline (dox),
whereas in the presence of dox, Tet3G activates TRE-
mediated gene expression specifically in Cre-expressing
Gad1 neurons (Figure 6B). For verification, we performed his-
tological analysis; a GFP signal was observed in mCherry-
positive neurons in a dox-dependent manner (Figure 6C). We
then subjected AAV-injected mice to CSDS, performed SIT,
Biological Psychiatry: Glob
and classified them as susceptible (SUS) and resilient mice
(Figure 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 resilient, as reported previously (24) (Figure 6E).
After CSDS exposure, SUS and nonstressed mice were treated
with dox for 3 days to induce transgene expression, followed
by SIT (Figure 6D). We found that CART peptide induction by
dox treatment in SUS mice after CSDS episodes showed
significantly increased SI time in SIT-2, when compared with
saline-treated SUS mice (Figure 6F). These data suggest that
CART peptide induction in Gad1 neurons of the aCC is suffi-
cient for inducing 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 signa-
tures 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 antidepres-
sants in mice (17–19). Although responses to antidepressants
in clinical depression vary (1), a limited number of preclinical
studies have mentioned the issue of heterogeneity observed in
antidepressant responses (16,36). Herein, we used an experi-
mental strategy to identify a specific molecule responsible for
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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 antidepressant response, sug-
gesting that it is a strong candidate for use in treating
depression.

We investigated whether a common set of genes is regu-
lated in the same way in BALB mice treated with two classes of
antidepressants (i.e., selective serotonin reuptake inhibitors
and selective noradrenaline reuptake inhibitors). 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 consis-
tently upregulated in responders and nonresponders to SRT
and DLX (Figure 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 antide-
pressants. 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, upregu-
lated Cartpt mRNA and protein expression in the nucleus
accumbens of rats (45). Our study provides previously missing,
precise, and cell type–specific roles of CART peptides in
behavioral regulation, such as anxiety, SI, 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 pro-
moted antidepressant-like behavioral response, suggesting a
possible contribution of the aCC to the behavioral response to
antidepressants. It is important to compare homologous sites
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
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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 re-
sponses 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 path-
ophysiology (8,9,54), supporting a recent single-nucleus tran-
scriptomics 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, repetitive transcranial
magnetic stimulation, and electroconvulsive therapy (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, abundant evidence supports the notion
that the cortical GABAergic system is a key regulator of stress-
induced behavioral changes and antidepressant-like behav-
iors. Although how CART peptides modulate GABA neuro-
transmission 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 fe-
male mice. Given that previous evidence suggests sex-specific
transcriptome changes in MDD and differences in antide-
pressant 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 anti-
depressant 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 spec-
ulate 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 environ-
mental 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. How-
ever, 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 G protein–coupled receptors 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.

In conclusion, our data suggest that CART peptide signaling
in GABAergic neurons of the aCC might be a common
www.sobp.org/GOS
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molecular mechanism across antidepressant responders in-
dependent 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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