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Altered activity of the ventral pallidum (VP) underlies disrupted motivation in stress and drug exposure. The VP is a very heterogene-
ous structure composed of many neuron types with distinct physiological properties and projections. Neuronal PAS 1-positive
(Npas1™) VP neurons are thought to send projections to brain regions critical for motivational behavior. While Npas1 ™ neurons have
been characterized in the globus pallidus external, there is limited information on these neurons in the VP. To address this limitation,
we evaluated the projection targets of the VP Npasl” neurons and performed RNA-sequencing on ribosome-associated mRNA from
VP Npasl™ neurons to determine their molecular identity. Finally, we used a chemogenetic approach to manipulate VP Npasl™ neu-
rons during social defeat stress (SDS) and behavioral tasks related to anxiety and motivation in Npasl-Cre mice. We used a similar
approach in females using the chronic witness defeat stress (CWDS). We identified VP Npasl™ projections to the nucleus accumbens,
ventral tegmental area, medial and lateral habenula, lateral hypothalamus, thalamus, medial and lateral septum, and periaqueductal
gray area. VP Npasl® neurons displayed distinct translatome representing distinct biological processes. Chemogenetic activation of
hM3D(Gq) receptors in VP Npasl' neurons increased susceptibility to a subthreshold SDS and anxiety-like behavior in the elevated
plus maze and open field while the activation of hM4D(Gi) receptors in VP Npasl ™ neurons enhanced resilience to chronic SDS and
CWDS. Thus, the activity of VP Npasl” neurons modulates susceptibility to social stressors and anxiety-like behavior. Our studies
provide new information on VP Npasl™ neuron circuitry, molecular identity, and their role in stress response.
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The ventral pallidum (VP) is a structure connected to both reward-related and aversive brain centers. It is a key brain area that signals
the hedonic value of natural rewards. Disruption in the VP underlies altered motivation in stress and substance use disorder.
However, VP is a very heterogeneous area with multiple neuron subtypes. This study characterized the projection pattern and molecu-
lar signatures of VP Neuronal PAS 1-positive (Npasl ) neurons. We further used tools to alter receptor signaling in VP Npas1* neu-
rons in stress to demonstrate a role for these neurons in stress behavioral outcomes. Our studies have implications for understanding
brain cell type identities and their role in brain disorders, such as depression, a serious disorder that is precipitated by stressful events. /
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Introduction

The ventral pallidum (VP) is an important structure within the
reward circuitry that has a prominent role in the processing of
reward information and execution of motivated behaviors (Root
et al,, 2015; Wulff et al., 2019). From a circuit standpoint, the VP
is a structure that is closely connected to the ventral tegmental
area (VTA) and the nucleus accumbens (NAc), which are two of
the best characterized areas of the reward circuitry. VP neurons
also project to aversive centers such as lateral habenula (LHD).
These circuit features make the VP a key structure for encoding
hedonic value and control of motivated and aversive behaviors
(Faget et al,, 2018; Khan et al.,, 2020). Thus, it is not surprising
that altered VP activity is shown to affect both anhedonia and
social aversion (Knowland and Lim, 2018). Specifically, pharma-
cogenetic and optogenetic inhibition of VP parvalbumin-positive
(PV™") neurons projecting to VTA or LHb has been shown to
improve depressive-like behaviors in mice (Knowland et al.,
2017). In humans, atrophy or lesions in the pallidal regions are
related to depression symptoms such as anhedonia and social
withdrawal (Miller et al., 2006; Onyewuenyi et al., 2014; Moussawi
et al, 2016; Stuke et al, 2016), and VP serotonin binding is
reduced in depressed patients (Murrough et al., 2011).

The VP is a highly heterogeneous brain area, composed of
diverse neuronal phenotypes and innervated by numerous brain
areas that release many neurotransmitters (Root et al., 2015),
intrinsically implicated in its role of controlling complex behav-
iors. The N'Ac is the major input source, innervating the VP with
GABAergic and peptidergic synapses, which primarily target
pallidal GABAergic and, to a lesser extent, cholinergic neurons
(Kupchik et al., 2015; Root et al., 2015). The VP neurons also
send projections back to the NAc, which is classically known to
be GABAergic (Kuo and Chang, 1992; Churchill and Kalivas,
1994). Dopaminergic projections to the VP arise mainly from
the VTA (Klitenick et al., 1992; Stout et al., 2016). The VTA
also sends glutamatergic and GABAergic signals to the VP
(Taylor et al., 2014; Breton et al,, 2019). Both GABAergic and
glutamatergic projections from the VP to the VTA are described,
while only glutamatergic projections are reported in the VP-to-
LHb connections (Knowland et al., 2017; Tooley et al., 2018).

The Npasl (Neuronal PAS 1) protein is a transcriptional
repressor that has been demonstrated to play an important role
in neuronal differentiation (Stanco et al., 2014). It is increased in
the brains of rodent embryos and reaches stable levels after the
maturation of the nervous system (Teh et al., 2006). In the globus
pallidus external (GPe), the Npasl-positive (Npasl™) neurons
are a distinct class of neurons from the more abundant PV" neu-
rons (Hernandez et al, 2015; Abrahao and Lovinger, 2018;
Abecassis et al., 2020), and they strongly project to striatal regions
(Glajch et al., 2016). They also receive inputs from diverse brain
regions related to stress response, especially from the central amyg-
dala (Hunt et al.,, 2018). In the GPe, these neurons account for
~30% of the neurons, being an expressive neuronal subpopulation
within this region (Hernandez et al., 2015; Abrahao and Lovinger,
2018; Abecassis et al., 2020). Although the Npas1™ neurons in the
VP have not been characterized yet, similarities between the GP
and VP can be useful for understanding the properties of these cells
in the VP. Literature findings also show that GPe Npasl * neurons
could be involved in Parkinson’s disease, a neuropsychiatric disor-
der in which GPe plays an important role (Hernandez et al., 2015;
Cui et al., 2021).

Given the importance of the VP in motivated behaviors and
its anatomic position, and the role of GPe Npasl™ neurons in
other psychiatric disorders, the VP Npasl™ neurons are likely

Morais-Silva, Campbell et al. ® VP Activity Underlies Stress Susceptibility

important to the development of behavioral alterations related to
stress exposure. Thus, our current work aims to evaluate basic
projection patterns and molecular properties in VP Npas1™ neu-
rons, while also characterizing their role in stress-related and in
emotion-related behaviors.

Materials and Methods
Animals
All procedures regarding animal use in this study were approved by the
University of Maryland School of Medicine (UMSOM) Institutional
Animal Care and Use Committee. Mice were given food and water ad
libitum, and were housed in UMSOM animal facilities on a 12 h light/
dark cycle (experiments performed during the light phase).
Npasl-Cre-2A-tdTomato hemizygotes (Npasl-Cre) and Npasl-
Cre-2A-tdTomato-RiboTag (RT; Npasl-Cre-RT) mice were used as ex-
perimental mice. The Npasl-Cre strain was generated as previously
described (Hernandez et al., 2015) on a C57BL/6 background. NpaslI-
Cre-RT mice were generated by breeding Npas1-Cre mice with RT*/*
mice (Rpl22"™1F5™; Sang et al., 2009) on a C57BL/6 background.
Male CD-1 retired breeders (age, >4 months; Charles River) were used
as aggressors in social defeat stress (SDS) experiments. Experimental
mice were 8 weeks of age at the time of viral injections.

Drugs

Clozapine-N-oxide (CNO; Cayman Chemical) was used to activate the
designer receptors exclusively activated by designer drugs (DREADDs),
diluted in saline (0.1 mg/ml), and injected in a dose of 1 mg/kg (0.1 ml/

10 g, i.p.).

Viral vectors and stereotaxic surgery

Adeno-associated viruses (AAVs) with a double inverted open reading
frame containing the DREADD:s fused to mCherry hM3D(Gq)-mCherry
(AAV5-hSyn-DIO-hM3Dq-mCherry; plasmid #44362, Addgene) or the
DREADD:s fused to mCherry hM4D(Gi)-mCherry (AAV5-hSyn-DIO-
hM4Di-mCherry; plasmid #44361, Addgene) were used for chemogenetic
manipulation of Npasl™ neurons. AAV5-hSyn-DIO-eYFP (UNC Vector
Core Facility) was used in control groups, and the animals were used for
tracing of projection targets. For RiboTag control samples, RT*'* mice
(RplZZtml‘lpsam/ ) Sanz et al,, 2009) were bilaterally injected with AAV5-
Cre viruses (AAV serotype 5 AAV5.hSyn.HL.eGFPCre. WPRE.SV40; cata-
log #105540, Addgene) into the VP (VP-Cre-RT).

For viral infusions, mice were anesthetized with isoflurane (3%
induction, 1.5% maintenance) and had their head fixed in a stereotaxic
(Kopf Instruments) for targeting off the VP bilaterally (positions from
the bregma: anteroposterior, +0.9 mm; mediolateral, +2.2 mm; dorso-
ventral, —5.3 mm). The virus (300 nl) was infused with 33 gauge Neuros
syringes (Hamilton) at a rate of 0.1 pul/min, and the needle was left in
place for 12 min following the infusion. Mice were allowed to recover for
2 weeks before the beginning of the experiments.

Immunohistochemistry

Animals were deeply anesthetized with isoflurane and transcardially per-
fused with 0.1 m PBS followed by 4% paraformaldehyde (PFA). Brains
were removed and postfixed in PFA for 24 h, and 40 pm sections were
collected in PBS using a vibratome (Leica VT1000S, Leica Biosystems).
Slices were washed with PBS and blocked in 3% normal donkey serum
and 0.3% Triton X-100 in PBS for 30 min. After that, slices were incu-
bated in a blocking buffer containing the primary antibodies rabbit
anti-mCherry (1:1500; catalog #632496, Takara Bio USA) and chicken
anti-GFP (1:1500; catalog #GFP-1020, Aves Labs) at 4°C overnight.
Slices were washed again then incubated in PBS containing the second-
ary antibodies donkey anti-chicken Alexa Fluor 488 (1:1000; catalog
#703-545-155, Jackson ImmunoResearch) and donkey anti-rabbit
Cy3 (1:1000; catalog #711-165-152, Jackson ImmunoResearch) at
room temperature for 2 h. Slices were washed then mounted with
Vectashield mounting media with DAPI (Vector Laboratories). Images
were captured at 2.5x or 20 x magnification on a laser-scanning confo-
cal microscope (Leica SP8, Leica Microsystems).
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Cell type-specific RNA sequencing

Immunoprecipitated polyribosomes were prepared from the VP of
Npasl-Cre-RT or VP-Cre-RT mice according to our previous protocol
(Chandra et al., 2019; Engeln et al.,, 2021). VP punches were collected
and pooled from five animals. Pooling animals was necessary because of
technical limitations since RNA sequencing requests a specific amount
of mRNA that is impossible to obtain without from individual animals.
Then the samples were homogenized, and 800 ul of the supernatant
was incubated in HA-coupled magnetic beads (catalog #100.03D,
Thermo Fisher Scientific) overnight at 4°C. Then the magnetic beads
were washed in high-salt buffer, and RNA was extracted with the
RNeasy Micro Kit (catalog #74004, Qiagen). For RNA sequencing, sam-
ples were checked for RNA quality, and only the ones with an RNA in-
tegrity number >8 were used. Samples were submitted in biological
triplicates for RNA sequencing at the UMSOM Institute for Genome
Sciences and processed as described previously (Engeln et al, 2021).
Libraries were prepared from 10 ng of RNA from each sample using the
NEBNext Ultra Kit (New England BioLabs). Samples were sequenced
(HiSeq 4000 System, Illumina) with a 75bp paired-end read. A total of
75-110 million reads were obtained for each sample. Reads were aligned
to the mouse genome using TopHat (Kim et al., 2013), and then the num-
ber of reads that aligned to the predicted coding regions was determined
using HTSeq (Anders and Huber, 2010). Significant differential expression
was assessed using Limma where genes with the absolute value of log fold
change > 1 and an uncorrected p-value < 0.05 in the pairwise compari-
sons were considered to be differentially expressed (Extended Data Fig.
3-1). Transcriptional regulator network was obtained with the iRegulon
app (Janky et al,, 2014) using Cytoscape 3.7.2 software (Shannon et al.,
2003), and Gene Ontology functional enrichment analysis using the
PANTHER Classification System website (Mi et al,, 2013) and BiNGO
app (Maere et al., 2005) on Cytoscape software (Extended Data Fig. 3-2).
Top GO terms were selected based off on highest -log;o(adjusted-p-value),
and Top upstream regulators were selected from the iRegulon-generated
list if it contained the highest number of predicted differentially expressed
genes (DEGs). To validate enrichment of the NPAS1 gene, we synthe-
sized cDNA using immunoprecipitated samples from Npasl-Cre-RT
and RT mice (see above for detailed procedure) using the iScript
c¢DNA Synthesis Kit (BIO-RAD). ¢cDNA was preamplified using the
TagMan Gene Expression Assay system (Thermo Fisher Scientific) as
previously described (Liu et al., 2014). FAM probe for npasl and gadph
(20x TagMan Gene Expression Assay, Thermo Fisher Scientific) was
used to amplify the products, and then a quantitative real-time PCR
was run with TagMan Gene Expression Master Mix (2x; Thermo
Fisher Scientifidc) on a CFX-384 Touch (BIO-RAD). Quantification
of mRNA changes was performed using the AACT method (Chandra
etal, 2015). To examine enriched genes in Npasl™ neurons, we com-
pared the immunoprecipitated mRNA from the VP of Npas1-Cre-RT
to the VP-Cre-RT condition. RNA-sequencing data are available
through the Gene Expression Omnibus database (accession number:
GSE218580).

Whole-cell patch clamp

Npas1-Cre mice were deeply anesthetized with ketamine and xylazine, and
300-pum-thick coronal brain sections containing the VP were prepared
according to the methods previously described (Ting et al., 2014). For re-
cording, slices were transferred to a submersion chamber and continuously
perfused with artificial CSF containing the following (in mm): 119 NaCl, 2.5
KCl, 1.2 NaH,PO,, 24 NaHCO3, 12.5 glucose, 2 MgSO,7H,0, and 2
CaCl,2H,0. Npasl™ neurons expressing either hM3D(Gq)-mCherry or
hM4D(Gi)-mCherry were identified using LED illumination (CoolLED pE-
100, CoolLED) and whole-cell recordings in bridge mode obtained using
patch pipettes containing the following (in mwm): 120 K-gluconate, 10 KCl,
10 HEPES, 1 MgCl2, 2.5 ATP-Mg, 0.5 EGTA, and 0.2 GTP-Tris. The effect
of CNO on cell excitability was measured by comparing the response of
each neuron to identical depolarizing current steps before and after bath
application of 1-5 um CNO.

Social defeat stress
SDS was performed as previously done by our laboratory (Chandra et
al,, 2017; Nam et al,, 2019; Fox et al., 2020a,b) using a well established
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protocol (Golden et al., 2011). Briefly, experimental mice were placed in
hamster cages with perforated clear dividers containing an aggressive
resident mouse (retired CD1 breeder). In chronic SDS (CSDS), mice
were physically attacked by a resident for 10 min, then housed opposite
the resident on the other side of the divider for 24 h sensory interaction.
The defeat session was repeated with a novel resident each day for 10
consecutive days. For subthreshold SDS (SSDS; Chandra et al., 2017;
Nam et al,, 2019; Fox et al., 2020a), experimental mice were exposed to
three defeat sessions for 2.5min each on a single day, separated by
15 min of sensory interaction. Twenty-four hours after the final session,
mice were tested for social interaction (SI).

For evaluation of female stress responses, we used a vicarious defeat
stress paradigm, which is a modified version of SDS to incorporate an
emotional stress component to a female mouse by being allowed to wit-
ness the defeat of a male counterpart (Ifiguez et al, 2018). In this
chronic witness defeat stress (CWDS), CSDS is performed as above for
10 min in each session, but with a female mouse on the other side of the
divider opposite the side where physical attack is taking place. Following
the defeat session, the female mouse is moved to a new cage and housed
on the other side of the divider opposite from a novel resident, while the
male counterpart is housed opposite the resident for sensory interaction,
as with CSDS. During the entire CWDS session, female subjects are only
allowed vicarious experience without any physical interactions with
male counterparts or the resident CD1s. The defeat session was repeated
with a novel resident and a novel female counterpart each day for 10
consecutive days. Twenty-four hours after the final session, female mice
were tested for a three-chamber social preference test.

The CSDS, SSDS, and CWDS protocols were conducted in a quiet
room (<40 dB).

Behavioral tests

Social interaction test. Mice were placed in an open arena (42 x
42 cm, white walls, and floor) containing a perforated acrylic box (inter-
action box) centered on one wall. The SI test was conducted first without
a social target for 2.5 min, and then for another 2.5 min immediately af-
ter with a novel CD1 mouse serving as a social target. Time spent in the
interaction zone (virtual area, 9 cm surrounding the interaction box)
and in the corner zone (corners of 9 cm opposite from the interaction
zone) were measured using a video-tracking software (TopScan Lite 2.0,
CleverSys).

Three-chamber social preference test. Mice were placed in a rectangu-
lar arena (60 x 40 cm, white walls and floor) divided into three chambers
(20 x 40 cm) by perforated clear acrylic dividers. The two outer cham-
bers contain wire mesh cups, while the central chamber is empty. The
experimental mouse is first placed in the central chamber of the arena
with two empty wire mesh cups and allowed to explore for 5 min. Then
the experimental mouse is allowed to explore the arena for an additional
5 min, this time with unfamiliar sex-matched and age-matched mouse in
one of the wire mesh cups. The amount of time spent in the chamber
containing the cups (empty or novel mouse) is measured using video-
tracking software (TopScan Lite).

Forced swim test. Mice were placed in a glass cylinder (diameter,
20cm) three-quarters filled with water at 25 = 1°C and recorded for
6 min. Time spent immobile was scored by a blinded experimenter using
X-PloRat 2005 software (developed by the research team of Silvio Morato,
Universidade de Sio Paulo, Sio Paulo, Brazil).

Splash test. Mice were placed in an empty glass cylinder (diameter,
20 cm) and had their dorsal coat sprayed three times with a viscous su-
crose solution (10% sucrose v/v). Behavior was recorded for 5min to
evaluate the time spent grooming by a blinded experimenter using the
X-PloRat 2005 software.

Elevated plus maze. The elevated plus maze (EPM) apparatus is a
plus-shaped acrylic apparatus, elevated 50 cm above floor level with two
open arms (length, 30 cm; width, 5cm) and two opaque closed arms
(length, 30 cm; width, 5 cm; height, 15 cm) connected by a common cen-
tral platform (length, 5 cm; width, 5 cm). Mice were placed in the center
of the apparatus, facing an open arm, and their behavior was recorded
over 5min to evaluate spatiotemporal measures [i.e., the number of
entries (arm entry = four paws in the arm)] into the closed arms, the
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Figure 1.

Representative images of the injection site in the VP. 4, The first column (from the left) shows the expression of the eYFP (in green), while the second column shows the expres-

sion of the tdTomato in Npas1 neurons (in red). The third column shows the merged images. B, Representative of the injection site in the VP at low magnification (2.5x). Scale bar, 1 mm.

ac, Anterior commissure; lv, lateral ventricle; 3v, third ventricle.

percentage of entries into the open arms, the percentage of time spent in
the open arms, and risk assessment behaviors (i.e., the frequency of head
dips and stretch attend posture; Morais-Silva et al., 2016). Behavioral
analyses were performed by a blinded experimenter using the X-PloRat
2005 software.

Open field. To evaluate the locomotor activity and anxiety-like
behavior, mice were put in the same open arena used for SI (missing the
interaction box), virtually divided into a peripheral zone and a central
zone (center square, 15 x 15cm), for 5min for the time spent and the
distance traveled in each zone. Behavioral analyses were performed using
TopScan Lite.

Sucrose preference test. This protocol lasted for 3 d and was performed
as follows. On the first day, mice were given two conical 50 ml tubes with
sipper tops containing water for 24 h. The next day, bottles were substi-
tuted with one filled with a 1% sucrose solution and one with water for
48 h. Bottles were rotated daily to account for side preference. Sucrose
preference (the amount of sucrose solution consumed over water) was
determined by weighing the tubes right before being offered to the ani-
mals and after the end of the experiment. The amount of solution lost by
leakage or evaporation was determined by a tube placed in an empty box
at the same time as the solution was offered to the animals.

Statistical analyses

Data were expressed as the mean * SEM, and statistical analysis was per-
formed using Statistica 7 (StatSoft) and GraphPad Prism 6. Depending on
the experiment, data were analyzed by two-way ANOVA considering the
factors virus [enhanced yellow fluorescent protein (eYFP) or DREADDs]
and defeat (control or defeat), by repeated-measures ANOVA considering
the repeated factor session (no target or target) or by Student’s ¢ test. The
test used is identified in the results section for each experiment. In cases
where ANOVA showed significant differences (p < 0.05), the Newman-
Keuls post hoc test was performed. Samples were excluded if animals had

an inappropriate viral placement or if they failed the Grubbs outlier test.
Sample sizes were determined from previous studies (Nam et al., 2019;
Fox et al., 2020a).

Results

Viral tracing of ventral pallidum Npas1* neuron projection
targets

To identify projection targets of Npasl™ neurons, we infused
AAV-DIO-eYFP into the VP of Npasl-Cre male and female
mice, which contain TdTomato fluorophores within Npas1™
cells. After confirming the injection site in the VP [Fig. 1A (also
available in low magnification in Fig. 1B)], we were able to iden-
tify eYFP" neuronal fibers in multiple brain regions. eYFP" neu-
ronal fibers were observed within the NAc, medial and lateral
septum, medial and lateral habenula, lateral hypothalamus, tha-
lamic nuclei (mediodorsal, paraventricular, and centrolateral),
VTA, periaqueductal gray area, and within the medial anterior
olfactory nucleus (AOM) and lateral anterior olfactory nucleus
(AOL; Fig. 2). Among these regions, fibers were found to be close
to Npasl " neurons within the NAc, the lateral hypothalamus,
the anterior olfactory nucleus, and the lateral septum. Other
regions evaluated here that did not contain eYFP" neuronal
fibers included the medial prefrontal cortex, orbitofrontal
cortex, piriform cortex, insular cortex, dorsal striatum, GPe,
amygdala, hippocampus, and substantia nigra.

Genetic profiling of ventral pallidum Npasl* neurons
Using Npasl-Cre-RT male mice, we isolated ribosome-associ-
ated mRNA from VP Npasl " neurons, which was analyzed for
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Figure 2.

their genetic profile relative to all VP neurons. This approach
allows for cell-type mRNA enrichment (Sanz et al, 2009;
Chandra et al,, 2015), and allowed us to specifically analyze the
genetic profile of the Npasl * neurons. mRNA used for sequenc-
ing was used for validation of Npasl gene enrichment, as it was
confirmed that there was a 4.98-fold enrichment (Fig. 34; ) =
7.881, p<<0.0001). Of 23,843 total genes detected, 2297 genes
were identified as differentially expressed (i.e., DEGs; Fig. 3B), of
which 562 genes were identified as significantly enriched in Npas1™*
neurons compared with nonspecific VP neurons (Extended Data
Fig. 3-1). Top entries from Biological Process GO term analysis
based on p-value were nervous system development and neurogen-
esis, and the top terms from Molecular Function section were pro-
tein binding, cytoskeletal protein binding, and chloride channel
activity (Fig. 3C, Extended Data Fig. 3-2). To further investigate
whether these enriched genes are regulated by a common transcrip-
tion factor in Npasl* neurons within the VP, upstream regulator
prediction analysis was performed. Transcription factors SOX6 and
SMAD?2 had the highest number of predicted DEG targets (Fig.
3D). Several SOX6 and SMAD? targets, including Sema6a and Sox6
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Representative images of DIO-eYFP and tdTomato expression in multiple brain regions of the Npas1-cre mouse. The first and fourth columns (from the left) show the expression of
the eYFP (in green) within the brain regions, while the second and fifth columns show the expression of the tdTomato (in red). The third and sixth columns show the merged images. Scale

bar, 100 pm. ac, Anterior commissure; LS, lateral septum; MS, medial septum; Hb, habenula; MHb, medial habenula; PVT, paraventricular nucleus of the thalamus; LH, lateral hypothalamus;
opt, optical nerve; Thal, thalamus; LV, lateral ventricle; 3V, third ventricle; PAG, periaqueductal gray; Aq, cerebral aqueduct.

were associated with the Top GO terms Neurogenesis and
Development of Nervous System.

Validation of DREADDs activation on Npasl ™ neurons
Using Npas1-Cre male mice, we measured action potentials (APs)
evoked by depolarizing current steps in whole-cell patch clamp to
validate the CNO effects on VP Npasl™ neurons. We observed a
clear inhibition of APs in hM4Di-infected cells after bath applica-
tion of CNO. On the other hand, a mixed effect was seen in
hM3Dgq-infected cells. Some hM3Dg-infected cells had typical
responses, demonstrating an increase in evoked APs together with
increased membrane potentials. However, a subset of hM3Dq-
infected cells had atypical responses. They did not show an increase
in evoked APs but had depolarized membrane potentials, together
with a drop in membrane resistance. Figure 4 summarize the data.

Bidirectional ventral pallidum Npas1™ neuron chemogenetic
manipulation during subthreshold social defeat stress

To evaluate the role of VP Npasl™ neurons in stress behavior,
Npasl-Cre male mice received the excitatory DREADD hM3Dq
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lyzed in VP Npas1™ neurons.

into the VP and, 30 min before the SSDS, received 1mg/kg
CNO, i.p. On the following days, SI was measured followed by
the forced swim test (FST; Fig. 5A4). Chemogenetic activation
of hM3Dq receptors in VP Npasl™ neurons induced social
avoidance in SSDS mice compared with nonstressed mice.
Repeated-measures ANOVA revealed a significant effect of
stress (F(30) = 4.42, p<<0.05), an interaction between virus
and stress (F(; 30y = 10.68, p < 0.01), and an interaction among
virus, stress, and SI session (F(; 30y = 4.25, p <0.05) for time
spent in the interaction zone (Fig. 5B). Using post hoc compar-
isons, the hM3Dq-SSDS group showed a decrease in the time
spent in the interaction zone when the target was present
compared with the eYFP-Control, eYFP-SSDS, and hM3Dq-
Control. Repeated-measures ANOVA revealed a significant
effect of the interaction between virus and stress (F(;30) =
9.66, p <0.01), the SI session (F(; 30y = 10.20, p <0.01), and
the interaction among virus, stress, and SI session (F(;30) =
6.33, p <0.05) for the time spent in the corner zone (Fig. 5C).
The hM3Dgq-SSDS group showed an increase in the time spent
in the corner zone when target was present compared with
eYFP-Control, eYFP-SSDS, and hM3Dgq-Control, and com-
pared with itself when the target was absent.

In the FST, chemogenetic activation of hM3Dq receptors in
VP Npasl™ neurons induced an increase in time spent immobile
in SSDS animals. Two-way ANOVA revealed a significant effect
for virus (F30) = 5.08, p<<0.05) and stress (Fj30) = 17.41,
p<<0.001) in time spent immobile during the FST (Fig. 5D). The
post hoc test showed an increase in time spent immobile in the
hM3Dg-SSDS group compared with eYFP-Control, eYFP-SSDS,
and hM3Dg-Control.

We further evaluated chemogenetic activation of hM4Di
receptors in VP Npasl " neurons during SSDS. Npas1-Cre male
mice received the inhibitory DREADD hM4Di in the VP and,
30 min before the SSDS, received 1 mg/kg CNO, i.p. Chemogenetic

activation of hM4Di receptors in VP Npasl " neurons did not alter
the behavioral response to SSDS in both the SI and FST. Repeated-
measures ANOVA showed a significant effect of the SI session
(Fape) = 1291, p<0.001) for time spent in the interaction zone
(Fig. 5E), indicating an increase in the time spent in the interaction
zone when the target was present in all groups. No significant alter-
ations were found for time spent in the corner zone (p > 0.1; Fig.
5F) and for time spent immobile during the FST (Fig. 5G).

Chemogenetic manipulation of hM4Di receptors in ventral
pallidum Npas1™ neurons during chronic social defeat stress
Since chemogenetic activation of hM3Dq receptors in VP
Npasl™ neurons induced a stress-susceptible outcome after a
subthreshold stress, we next examined whether the chemoge-
netic activation of hM4Di receptors in VP Npasl " neurons
during repeated stress, CSDS, could prevent stress-suscepti-
ble behavior. Npasl-Cre male mice received the inhibitory
DREADD hM4Di into the VP and received 1 mg/kg CNO, i.p.,
30 min before each defeat session during 10d of CSDS. On the
day after the final defeat session of CSDS, SI was performed fol-
lowed by FST 24 h later (Fig. 6A). The chemogenetic activation of
hM4Di receptors in VP Npasl™ neurons blocked stress-induced
social avoidance in CSDS mice. Repeated-measures ANOVA
showed a significant effect of the interaction among virus and SI
session (F(123) = 4.85, p<0.05), stress and SI session (F(13) =
10.89, p < 0.01), and virus, stress, and SI session (F;,3) = 4.22,
p=0.05) for the time spent in the interaction zone (Fig. 6B). The
eYFP-CSDS group spent less time in the interaction zone when
the target was present compared with the eYFP-Control, hM4Di-
Control, and hM4Di-CSDS, and, compared with itself when the
target was absent. No significant alterations were found for time
spent in the corner zone (p > 0.1; Fig. 6C).

Chemogenetic activation of hM4Di receptors in VP Npasl ™
neurons reduced the time spent immobile in the FST after CSDS
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Figure 4. Validation of DREADDs activation on Npas1™ neurons. A, Representative cur-
rent-clamp recordings from VP Npas1™ neurons in vitro expressing the hM4Di (left) or
hM3Dq (right) receptor. Following CNO wash-on, hM4Di cells (n = 4) showed a decrease in
spiking, and hM3Dq cells (n = 3) showed an increase in spiking in response to depolarizing
current steps. B, A subset of hM3Dq cells (n = 8) that did not have an increase in spiking dis-
played enhanced depolarization but also a reduction in membrane resistance. *p << 0.05.

(Fig. 6D). Two-way ANOVA showed a significant effect for
stress (F(; 23y = 33.26, p <0.001) and the interaction between vi-
rus and stress (F 3 = 6.65, p<0.05). The eYFP-CSDS group
spent more time immobile when compared with the eYFP-
Control, hM4Di-Control, and hM4Di-CSDS groups, while the
hM4Di-CSDS group spent more time immobile compared with
the eYFP-Control and hM4Di-Control groups.

Chemogenetic activation of hM3Dq receptors in ventral
pallidum Npas1 " neurons during behavioral tests related to
anxiety and motivation

To characterize baseline behavioral effects of the chemogenetic
activation of hM3Dq receptors in VP Npasl* neurons, Npasl-
Cre male mice received the excitatory DREADD hM3Dq into
the VP and, 30 min before each behavioral test [except for su-
crose preference test (SPT)], 1 mg/kg CNO, i.p. (Fig. 7A). In the
EPM, the number of closed arm entries was not affected by the
chemogenetic activation (t;6) = 0.35, p > 0.5; Fig. 7B), as well as
the percentage of entries (t;5) = 1.29, p> 0.1; Fig. 7C, left) and
time (t46 = 0.77, p>0.1; Fig. 7C, right) in the open arms.
However, activation of the VP Npasl® neurons increased the
frequency of stretch attend postures (6 = 2.31, p <0.05; Fig.
7D, left), decreased the frequency of head dips (f;6 = 2.29,
p <0.05; Fig. 7D, right), and increased the percentage of pro-
tected stretch attend postures (f(;6) = 2.08, p=0.05; Fig. 7E) in
the EPM. In the open field (OF), chemogenetic activation of
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hM3Dq receptors in VP Npasl * neurons decreased the distance
traveled in the center (f(16) = 2.24, p < 0.05; Fig. 7F, left), but not
the total distance traveled (f6) = 1.61, p > 0.1; Fig. 7F, right) or
the time spent in the center (f(;6) = 0.67, p > 0.5; Fig. 7G). Social
interaction was not affected by the chemogenetic activation of
hM3Dq receptors in VP Npasl™ neurons, similar to the non-
stressed animals in Figure 5. There was a significant effect of SI
session for the time spent in the interaction zone (F(,16) = 15.78,
p << 0.01; Fig. 7H) and for the time spent in the corners (F( 6 =
6.99, p < 0.01; Fig. 7I), indicating an increase in the time spent in
the interaction zone when the target was present in all groups.
There was no significant alteration in the time spent grooming in
the splash test (ST; t;6) = 0.97, p > 0.1; Fig. 7]), sucrose prefer-
ence ({6 = 0.13, p>0.5; Fig. 7K), or sucrose consumption in
the SPT (£(16) = 0.43, p > 0.5; Fig. 7L).

Chemogenetic activation of hM4Di receptors in ventral
pallidum Npasl " neurons during the chronic witness defeat
stress in females

To examine the effects of the chemogenetic activation of hM4Di
receptors in VP Npasl™ neurons during chronic social stress in
females, female Npas1-Cre mice received the inhibitory DREADD
hM4Di into the VP and received 1 mg/kg CNO, i.p., 30 min before
each witness defeat session during 10 d of CWDS. On the day after
the final defeat session of CSDS, social preference was tested in the
three-chamber social preference test (Fig. 8A). In this test, female
mice that did not receive an inhibitory DREADD (eYFP) reduced
their social interaction after they underwent CWDS (Fig. 8B).
However, mice that received inhibitory DREADD hM4Di into the
VP were not affected by CWDS and showed similar levels of social
preference compared with the nonstressed control mice. All of the
groups except for the eYFP-CWDS group increased their interac-
tion when the target animals were present (Fig. 8B). The repeated-
measures ANOVA showed a significant effect of the session
(Fa,27) = 21.77, p < 0.0001) but no significant effects of virus treat-
ment or interaction (F3,7 = 2.76 p=0.061 and F,;) = 0.71,
p=0.55, respectively). A post hoc test showed significantly
increased interaction time with the target present in all
groups except for the eYFP-CWDS group.

Discussion

In our study, we identified distinct connections of the VP
Npasl™ neurons. While little information is known about the pro-
jection targets and cellular identity of these VP neuron subtypes,
similarities between the GPe and the VP can aid our understand-
ing of the cellular proprieties of the VP Npasl™ neurons. Both
regions originate from similar progenitors and are composed of
glutamatergic, cholinergic, and GABAergic neurons, the latter
comprising the majority of VP neurons (Root et al., 2015; Ma and
Geyer, 2018). In the GPe, GABAergic neurons are classified into
three subgroups, highly segregated according to their electrical
properties and the expression of genetic markers (Abrahao and
Lovinger, 2018). Among these markers, the Npasl and PV
markers differentiate into two projection patterns. The Npasl "
neurons constitute the principal projection to the dorsal stria-
tum while the PV" neurons project mainly to the subthalamic
nucleus (Hernandez et al., 2015; Glajch et al., 2016). There are
also projections of the GPe Npasl * neurons to the somatosen-
sory, somatomotor, and orbital cortices (Abecassis et al., 2020).
Our results revealed that, compared with the GPe, Npas1 " neu-
rons in the VP have a broader and more ventral pattern of pro-
jection, without projecting to cortical areas. Others have found
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animal (n = 5-9 animals/group). *p << 0.05, **p < 0.01, ***p < 0.001.

similar neuronal projections when examining the entire VP
(Knowland et al., 2017; Faget et al., 2018; Wulff et al., 2019).
This connectivity suggests that these neurons in the VP may
regulate multiple facets of emotional processing through their
various outputs.

We additionally analyzed the cell type-specific translatome of
Npasl ™ neurons within the VP. We identified enriched genes,
biological processes, and transcription factors that may point to
a potential novel function of Npasl™ neurons distinct from
Npasl™ VP neurons. Sox6 being a specific transcription factor is

particularly interesting, as a recent anatomic study using Sox6-
Cre mice suggests that Sox6 " neurons are a distinct type of neu-
rons within the GPe (Abecassis et al., 2020). Furthermore, this
study also revealed that ~93% of Npasl * neurons within the GP
are Sox6 ", suggesting a possible functional relationship between
these transcription factors. Whether such anatomic description
is true for VP Npasl " neurons remains unknown. Cell type-spe-
cific translatome analysis also revealed that VP Npasl ™ neurons
differentially express some genes related to glutamate synthesis
and release, while the expression of genes related to GABA
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neurotransmission are not enriched when compared with total
VP. In this context, we highlight the expression of the slc17a6
gene, which encodes the transcription of the vesicular glutamate
transporter 2 (VGluT2; Hayashi et al., 2001; El Mestikawy et al.,
2011) and the slc38a2 gene, which encodes the sodium-coupled
amino acid transporter 2 (SNAT2; Gonzilez-Gonzalez et al.,
2005). VGIuT?2 is responsible for packing glutamate into vesicles
(Shigeri et al., 2004), while SNAT?2 is important for the gluta-
mine uptake, a glutamate precursor (Andersen et al., 2021).
Corroborating our results, VGluT2" neurons from the VP have
functional projections to the LHb and VTA (Faget et al., 2018;
Tooley et al., 2018; Liu et al., 2020), a projection pattern similar
to those found in our study for VP Npas1 " neurons.

Our data further demonstrate that chemogenetic activation of
hM3Dq receptors in VP Npasl™ neurons increased susceptibility
to social stress in male mice, while the activation of hM4Di
receptors in these neurons increased resilience to social stress in
both male and female mice. The activation of hM3Dq receptors
in VP Npasl ™ neurons also increased some anxiety-like behav-
iors evaluated in the EPM and OF. Overall, the behavioral conse-
quences of manipulating activity in the VP are diverse. Some
studies demonstrate that inhibiting the entire VP, by increasing
GABAergic tonic inhibition in this region, increases FST immo-
bility and reduces sucrose preference (Skirzewski et al., 2011),
while activating orexinergic receptors in GABAergic VP neurons

reduces FST immobility time and enhances sucrose preference
(Ji et al,, 2019). Cell-specific manipulation studies demon-
strate that silencing VP PV™ neurons in socially stressed
mice decreases social avoidance and the increases in immobility
on the tail suspension test (Knowland et al., 2017). Further, the in-
hibition of glutamatergic VP neurons projecting to the LHb blocks
social avoidance induced by social stress (Liu et al., 2020). In our
study, we demonstrate that activation of hM3Dq receptors in VP
Npas1™ neurons increases susceptibility to an SSDS, whereas the
activation of hM4Di receptors causes a stress-resilient response to
a repeated social stressor. Together, such results identify distinct
neuronal types within the VP that differentially control behavioral
responses to stress, similar to other brain regions (Francis and
Lobo, 2017; Fox and Lobo, 2019). These findings extend our
knowledge of specific VP neuron subtypes in behavioral response
to aversive and rewarding stimuli (Wulff et al., 2019).

We observed a reduction in center exploratory behavior in
the OF and an increase in risk assessment (increased stretch
attend postures) in the EPM when activating the hM3Dq recep-
tors in the VP Npasl " neurons in our study, implicating altera-
tions in anxiety-like phenotypes. Distance traveled in the OF
center is often interpreted as anxiety-like behavior instead of
general exploratory behavior (for which total distance traveled or
distance traveled in the arena periphery is used; Gould et al,
2009), as well as the frequency of stretch attend postures are used
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mals/group). *p < 0.05.

to evaluate anxiety-like behaviors in the EPM (Rodgers and
Johnson, 1995; Carola et al., 2002). These behaviors are in line
with our data demonstrating increased susceptibility to stress in
this same condition. In humans, anxiety during young life is cor-
related to increased risk for depression in adulthood (Kalin,
2017), and the prevalence of anxiety and depression is increased
in individuals with a negative coping style in response to stress
(Lew et al., 2019; Xiong et al., 2019). Similar to its role in the be-
havioral responses to stress, different VP neuronal types have op-
posite effects on anxiety-like behaviors. Increasing the activity of
the whole VP with bicuculine (a GABA, receptor antagonist)
enhances exploratory behavior (Reichard et al., 2019). Similar
outcomes are observed on VP GABAergic neuron activation (Li

et al., 2020b). Both neurotensin and substance P, when adminis-
tered in the VP, decrease anxiety-like behaviors (Nikolaus et al.,
2000; Ollmann et al, 2015), while increasing in VP activity
(Napier et al., 1995; Michaud et al., 2000).

It is unlikely that a decrease in overall exploratory activity in
hM3Dq mice affected our results in the SI. Statistical analyses
showed no significant differences in time spent in the interaction
zone during no target session, showing that overall exploration
of the interaction zone was similar between groups. Although
hM3Dq-SSDS mice showed smaller mean values compared with
their control group (eYFP-SSDS), this is not true for hM3Dgq-
control mice, which showed bigger mean values compared
with their control group (eYFP-control). Furthermore, locomotor
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chamber social preference test. Data are presented as the mean plus the individual values obtained for each animal (n = 6-10

animals/group). *p << 0.05.

activity evaluated in the OF and EPM was not affected in the
hM3Dq group.

Because of incorrect injection sites (expression out of VP
boundaries), we have a smaller number of animals in the
hM4Di groups in the SSDS experiment compared with eYFP
or hM3Dq groups. However, since we were not seeing any
evidence supporting the hM4Di effect, we decided to keep
the number to the minimum necessary for statistical analy-
ses, avoiding the unnecessary use of animals. When we look
to compare individual values within the hM4Di groups to
eYFP groups (their counterpart controls for DREADDs expres-
sion), most of the hM4Di animals fall within the values obtained
in the eYFP groups. Thus, it is unlikely that a greater variability
in the hM4Di group is masking a significant effect of hM4Di
manipulation, especially because hM4Di groups showed a similar
increase in time spent in the interaction zone when the target
was present as the eYFP groups.

The DREADDs validation revealed interesting differences.
hM4Di-infected cells showed the expected inhibition of evoked
APs after CNO wash on (typical response for CNO in hM4Di-
infected neurons). However, we found that some hM3Dg-infected
cells displayed an expected increase in evoked APs (typical
response for CNO in hM3Dg-infected neurons), while some
cells fired fewer APs (atypical response), although both cell
subsets had depolarized membrane potentials. This unex-
pected effect of hM3Dq receptors activation in a cell subset
seems to be because of the reduction in their membrane re-
sistance (Fig. 4B), likely preventing these cells from firing
(Paulus and Rothwell, 2016). It is still plausible that the
neurons showing a typical response are driving the behav-
ioral outcomes found in our study. Since Npasl™ neurons
project to multiple region, it is possible that distinct Npasl™
projection populations have these different responses to CNO.

tials of cardiac cells (Kaiser et al., 2019).

The interpretation of the lack of effect
of the activation of hM3Dq receptors
on the VP Npasl ™ neurons in the SPT
should be made with caution. The SPT
was performed during the 48 h between
the EPM, OF test (OFT), and SI, and
the animals did not receive CNO sup-
plementation before the beginning of
the dark phase of the light/dark cycle.
Since the fluid intake of the animals
occurs mostly during the dark phase, it
is unlikely that liquid consumption hap-
pened during the period of hM3Dq re-
ceptor activation. CNO reaches its peak
concentration in CSF within 2 h after
subcutaneous administration in monkeys
(Raper et al.,, 2017) and is already declin-
ing after 60 min of an intraperitoneal administration in mouse
brain tissue (Jendryka et al., 2019).

Among the brain targets of VP Npasl ™ neurons found in our
study, the NAc, the VTA, and the LHb are strongly implicated in
the development of depression (Knowland and Lim, 2018; Fox
and Lobo, 2019). Furthermore, recent results demonstrate that
arkypallidal VP neurons (which resemble arkypallidal neurons
within the GP that are Npasl™) project to the NAc, release
GABA onto medium spiny neurons (MSNs) to promote reward
consumption and amplify hedonic actions to reward (Vachez et
al,, 2021). Thus, investigation into VP Npasl " neuron inputs to
NAc and the role of this population in stress response, reward
consumption, and hedonic behavior is warranted given the
unique properties of arkypallidal neurons. Further, while
evidence suggests that VP equally projects to both MSN
subtypes, those enriched in dopamine receptor 1 versus 2,
in NAc (Gangarossa et al., 2013; Li et al., 2018), it is unclear
whether VP Npasl™ neurons project equally to these two
MSN subtypes. Given the dichotomous role of these NAc
neuron subtypes in social defeat stress outcomes (Francis et
al., 2015), further exploration of Npasl™ VP neuron input
to MSNs may shed light on stress-mediated mechanisms in
these downstream neurons.

VP projections to the LHb are both excitatory and inhibitory
(Wulff et al.,, 2019). Evidence shows that optogenetic activation
of glutamatergic VP neurons induces place aversion (Tooley et
al., 2018) and increases behavioral despair in response to SDS
(Knowland et al., 2017). Considering the possibility that VP
Npasl " neurons release glutamate within the LHb, another
hypothesis is that chemogenetic activation of hM3Dq recep-
tors in the VP Npasl™ neurons is inducing susceptibility to
SDS through increasing LHb activity. This is consistent with
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an increased level of glutamate marker in the VP Npasl™ neurons.
Future studies are needed to confirm the VP Npasl™ projection
neurons that are glutamatergic or whether these neurons primarily
release GABA, similar to these neurons in the GP (Hernandez et al.,
2015; Glajch et al., 2016; Abrahao and Lovinger, 2018).

VTA activity is altered in subjects susceptible to the SDS
(Krishnan et al., 2007; Cao et al.,, 2010; Chaudhury et al., 2013).
Following social stress, these individuals have increased VTA do-
paminergic neuron firing, specifically to the NAc (Chaudhury et
al., 2013). VP activity to VTA is also altered after stress exposure.
VP projections to VTA are both glutamatergic and GABAergic,
and target both dopaminergic and GABAergic interneurons in
the VTA, respectively. Increased activity of VP-projecting neu-
rons to VTA increases the activity of dopaminergic VTA neu-
rons and increase the susceptibility to SDS (Knowland et al,
2017). It is plausible that VP Npasl ™ projections to the VTA
increase the activity of dopaminergic neurons through glu-
tamate release, and thus increase susceptibility to SDS.

Our translatome data may also provide insight into potential
molecular mechanisms involved in VP Npasl ™ neuron stress
response. Smad2 is a transcriptional modulator upstream of
many genes that we found to be enriched in VP Npas1™ neurons
(top GO terms, Neurogenesis and Development of Nervous
System). Interestingly, Smads (including Smad2) are the main
signal transductors activated by the TGF-f signaling (Hiew et
al., 2021), which have being implicated in the effects of stress and
depression. For example, TGF-8 mRNA expression is reduced
in the amygdala of Wistar rats exposed to chronic mild stress
(Bialek et al., 2021). Further, chronic treatment of clinically used
antidepressants in rodents increases TGF-B signaling in the
frontal cortex and hippocampus (Dow et al., 2005; Trojan et al,
2017). Additionally, TGF-B-Smad signaling is involved in the
long-term cellular plasticity in reward circuitry that drives drug-
seeking behavior (Gancarz et al,, 2015). The effects of (R)-ketamine
treatment on reducing behavioral alterations induced by social
defeat stress are blocked when TGF-8 signaling is inhibited
(Zhang et al., 2020). Since Npasl™ neurons have an enrich-
ment in genes related to the TGF-B-Smad signaling, such
mechanisms in these neurons may underlie the effects of
stress response.

We found some genes (Arhgefl0 and Arghgefll) that
encode the Rho guanine nucleotide exchange factors 10 and
11, key regulators of the GTPase RhoA activity (Heasman and
Ridley, 2008; Cook et al., 2014), to be enriched in VP Npas1 "
neurons. RhoA and its effectors are crucial regulators of den-
dritic structure and, therefore, neuronal plasticity (Nakayama
et al., 2000; Newey et al., 2005; Chen and Firestein, 2007).
Dendritic atrophy and alterations in dendritic structural plas-
ticity occur in many brain regions after stress exposure in
rodents and depression in humans (Anacker et al., 2016;
Belleau et al., 2019). Further, our group demonstrated that
RhoA plays a role in SDS-induced dendritic atrophy in D;-
MSNs (Francis et al., 2019; Fox et al., 2020a). Chronic hy-
poxia exposure increases FST immobility and is related to
upregulation of the RhoA signaling pathway (Li et al., 2020a),
while the inhibition of Rho-associated kinases reverses corti-
costerone-induced increase in FST immobility and sucrose
preference decrease (Wrdbel et al., 2018). In rats, the chronic
unpredictable stress induces an increase in RhoA levels in the
hippocampus (Zhu et al., 2018). Those enriched genes related
to the regulation of RhoA activity could also be involved in
the mechanisms underlying stress responses in the Npasl "
neurons.

Morais-Silva, Campbell et al. ® VP Activity Underlies Stress Susceptibility

In conclusion, we have characterized the molecular and circu-
ity projection pattern of VP Npasl™ neurons. We further show
that bidirectional chemogenetic modulation of Npasl ™ neurons
in the VP modulates the outcomes to social defeat stress. The
VP has an established role in stress response, as do many of
the downstream projection targets. Further, enriched mole-
cules in VP Npasl™ neurons are implicated in stress response
and depression in humans. Future studies can elucidate the
VP Npasl " neuron circuitry and the molecular mechanisms
responsible for these stress outcomes.
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