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SUMMARY

Social animals compete for limited resources, resulting in a social hierarchy. Although different neuronal sub-
populations in the medial prefrontal cortex (mMPFC), which has been mechanistically implicated in social
dominance behavior, encode distinct social competition behaviors, their identities and associated molecular
underpinnings have not yet been identified. In this study, we found that mPFC neurons projecting to the nu-
cleus accumbens (MPFC-NAc) encode social winning behavior, whereas mPFC neurons projecting to the
ventral tegmental area (NPFC-VTA) encode social losing behavior. High-throughput single-cell transcrip-
tomic analysis and projection-specific genetic manipulation revealed that the expression level of POU
domain, class 3, transcription factor 1 (Pou3f1) in mPFC-VTA neurons controls social hierarchy. Optogenetic
activation of mPFC-VTA neurons increases Pou3f1 expression and lowers social rank. Together, these data
demonstrate that discrete activity and gene expression in separate mPFC projections oppositely orchestrate

social competition and hierarchy.

INTRODUCTION

Many social animals compete for limited resources such as food
and territory, resulting in a social hierarchy within a group. Anin-
dividual’s social rank determines the behaviors that are appro-
priate for that position.”® For instance, social subordinates
avoid competing with social dominants to prevent physical
harm and energy loss, whereas social dominants engage in
agonistic interactions to obtain easy access to food and sexual
partners. Therefore, social-status-specific behavioral adapta-
tions are advantageous for individuals’ health and survival in
an evolutionary context.” "2

The medial prefrontal cortex (mPFC) is an important hub re-
gion of social competition and hierarchy.'®'” The mPFC neu-
rons are activated by effortful behaviors intended for winning,
such as push and retreat during the social dominance tube
test.’® Modifying the synaptic efficacy or neuronal activity in
the mPFC regulates social dominance.'®?' Recent studies
have revealed that social losing (i.e., retreat) and winning behav-

iors during the tube test activate distinct mPFC neuronal sub-
populations, suggesting that they separately encode opposite
aspects of social competition and hierarchy.?*>*

Although mPFC neurons send their axonal projections to
various brain regions, hypothalamic neural pathways from
the mPFC have previously been reported to be associated
with social competition behaviors.'®?* Evidence shows that
the mPFC neuronal subpopulations that give projections to
different hypothalamic regions separately involve distinct as-
pects of agnostic behaviors.?* These data support the idea
that the mPFC controls specific behavioral features of social
competition at the circuit level. Moreover, the mPFC neuronal
subpopulations defined by connectivity have projection-spe-
cific molecular features.”>*® Together, these results suggest
that the mPFC may orchestrate social competition behaviors
by manipulating gene expression and neuronal activity at the
circuit level. Although molecular candidates in the mPFC
that are involved in social dominance have been identified at
the brain-region level,?>*° the genes differentially expressed
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according to social status and their functions at the level of
mPFC circuits remain unclear.

To address these questions, we identified differently acti-
vated mPFC projections in winner and loser mice using the
tube test. We found that mPFC neurons projecting to the nu-
cleus accumbens (MPFC-NAc) or ventral tegmental area
(mPFC-VTA), which were previously reported to play an oppo-
site role in social competition,>'* were activated in winners
or losers, respectively. These observations were validated
by measuring and manipulating the activities of these two
mPFC projections during social competition. Single-cell RNA
sequencing (scRNA-seq) of the mPFC from social dominants
and subordinates was performed to investigate the projec-
tion-specific transcriptome of the mPFC-NAc or mPFC-VTA
neurons. The subsequent projection-specific validation and ge-
netic manipulation revealed that POU domain, class 3, tran-
scription factor 1 (Pou3f1) in mPFC-VTA neurons was identified
as a crucial factor in social hierarchy determination. Taken
together, these results reveal that different neural circuit activ-
ities and gene expression in separate mPFC projections
conversely control social competition and hierarchy.

RESULTS

Social competition activates the mPFC-NAc or mPFC-
VTA in the winner or loser, respectively
To investigate which mPFC projections are activated in social
winners or losers in the tube test, we traced activated mPFC
neurons and their projections using a targeted recombination
in active population under Fos promoter (FOSTRAP) strat-
egy.®>® We injected AAV1-phSyn1-FLEX-tdTomato-T2A-
SypEGFP-WPRE into the mPFC of Fos®™ER mice to label acti-
vated neurons with tdTomato and activated axon terminals
with synaptophysin-fused EGFP (SypEGFP) (Figures 1A and
1B).% The resultant numbers of activated mPFC neurons in win-
ners and losers were not different, but both were higher than
those in the control group (Figures 1C and 1D). However, the
NAc of the winner and the VTA of the loser received more acti-
vated mPFC projections (Figures 1C and 1E). Other brain areas,
such as the lateral hypothalamus (LH), mediodorsal thalamus
(MDT), basolateral amygdala (BLA), and periaqueductal gray
(PAG), received similar amounts of activated mPFC projections
from winners and losers (Figures S1A-S1C). To clarify whether
mPFC-NAc or mPFC-VTA projection was selectively activated
in winners or losers, we conducted tracing retrogradely the acti-
vated cell ensemble (TRACE) experiments.’® Two viral vectors
that express Cre-inducible EYFP and mCherry retrogradely us-
ing rAAV2-retro serotype (AAVrg)*' were injected into the NAc
and VTA of Fos®™ER mice, respectively (Figure 1F). The animals
were subjected to the tube test and subsequently administered
4-hydroxytamoxifen (4-OHT) 2 h after the test. Consequently,
EYFP-expressing (i.e., NAc-projecting) and mCherry-expressing
(i.e., VTA-projecting) mPFC neurons increased in winners and
losers, respectively (Figures 1G and 1H). These results indicate
that the mPFC-NAc projection is activated by social winning,
whereas the mPFC-VTA projection is activated by social losing.
Next, we tested whether these two mPFC projections were
differentially activated in social dominants (rank 1 [R1]) or subor-
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dinates (rank 4 [R4]) after acquiring stable social ranks. Neuronal
activity measured by c-Fos expression (Figures S1D-S1l) or
intrinsic excitability (Figures S2A, S2B, S2H, and S2I) did not
differ between R1 and R4 in either mPFC projection. c-Fos
expression in the mPFC was similar between R1 and R4 (Fig-
ure S1G). Moreover, intrinsic electrophysiological properties,
such as rheobase current (Figures S2C, S2D, S2J, and S2K),
membrane capacitance (C,,,) (Figures S2E and S2L), resting input
resistance (R),) (Figures S2F and S2M), and resting membrane
potential (Figures S2G and S2N) did not differ between R1 and
R4 in both mPFC projections. These results suggest that the ac-
tivity of mPFC-NAc or mPFC-VTA circuitry is not involved in so-
cial dominance after social rank is formed. Furthermore, the
structural connectivity of the mPFC-NAc or mPFC-VTA projec-
tion between social dominants and subordinates was not
different (Figures STH and S1l). It means that the differences in
mPFC-NAc or mPFC-VTA circuit activity, but not anatomical
changes, affect social competition.

mPFC-NAc or mPFC-VTA projection was activated
during social winning or losing behaviors, respectively
To elucidate when and how the mPFC-NAc or mPFC-VTA pro-
jection was activated during social competition, we measured
the activity of these two mPFC projections during the tube
test using fiber photometry (Figure 2A). AAV9-hSyn1-axon-
GcaMP6s-P2A-mRuby3*? was injected into the mPFC and fiber
optic cannulas were implanted both into the NAc and VTA (Fig-
ure 2B). Fiber photometry recordings were then conducted
during a tube test with multiple pairs of mice. As a result, the
mPFC-NAc, but not mPFC-VTA, projection was activated
when a mouse pushed (Figures 2C-2F) or approached oppo-
nents (Figures 2K-2N) and when a mouse resisted an oppo-
nent’s pushes (Figures 2G-2J). In contrast, the activity of the
mPFC-VTA, but not the mPFC-NAc, projection increased when
an animal retreated during the tube test (Figures 20-2R). These
results suggest that the mPFC-NAc projection encodes active
behaviors to win (i.e., push and approach) or to not lose (i.e.,
resistance) and that social losing behavior, such as retreat, is en-
coded in mPFC-VTA neurons.

Retreat behavior is classified into two types based on its spon-
taneity: active retreat, which is a retreat behavior without the op-
ponent’s pushes or approaches, and passive retreat, which is a
retreat behavior triggered by an opponent’s pushes. Similar to
a previous study,*® we observed more active retreats (46/81 tri-
als, Figures S3A and S3B) than passive retreats (35/81 trials,
Figures S3E and S3F). We then investigated whether active or
passive retreat had a distinct effect on the activity of these two
mPFC projections. Neither active nor passive retreats altered
the activity of mPFC-NAc projection (Figures S3A, S3C, S3D,
S3E, S3G, and S3H). However, both active and passive retreats
increased the activity of mPFC-VTA projections (Figures S3B,
S3C, S3D, and S3F-S3H). These findings demonstrate that all
retreat behaviors, regardless of spontaneity, increase the activity
of the mPFC-VTA projection.

Next, we examined whether there were differences in neural
circuit activity between winners and losers. Our results revealed
that the activity of the mPFC-NAc projection was higher in win-
ners during resistance (Figures S3BM and S3N) and approach
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Figure 1. Social competition activates mPFC-NAc in winners and mPFC-VTA in losers

(A) Schematic illustration of the tube test for FOSTRAP.

(B) Schematic illustration of viral injection for tracing activated mPFC neurons and their projections.

(C) Representative images containing activated neurons in the mPFC (top) and their projections in the NAc (middle) and VTA (bottom) by the tube test. Small
images under images of the NAc or VTA show DAPI and SypEGFP (left) and DAPI and tdTomato (right). Scale bars, 0.1 mm (top); 10 um (magnified images in
middle and bottom).

(D) Quantification of tdTomato-expressing FosTRAPed neurons in the mPFC. Values are mean + SEM (n = 6 mice per group; one-way ANOVA with Tukey’s test;
**p < 0.01, **p < 0.001).

(E) Quantification of SypEGFP-expressing activated projections. Values are mean + SEM (n = 6 mice per group; one-way ANOVA with Tukey’s test; *p < 0.05,
**p < 0.01, **p < 0.001).

(F) Schematic illustration of viral injection for TRACE experiments.

(G) Representative images containing the mPFC from control, winner, or loser mice, and magnified image of the area indicated by a white dashed box. Left
illustration shows the coronal view of the mPFC. Scale bars, 1.0 mm; 0.5 mm (magnified images).

(H) Quantification of EYFP* (or mPFc-NAc) or mCherry* (or mPFC-VTA) neurons in the mPFC from control, winner, or loser. Values are mean + SEM (n = 6 mice per
group; Student’s t test [unpaired, two-tailed]; **p < 0.01, ***p < 0.001).

(Figures S3Q and S3R). However, there was no difference in
mPFC-NAc activity during the push between winners and
losers (Figures S3I and S3J). Furthermore, we observed that
the activity of the mPFC-VTA projection was higher in the loser
during retreat (Figures S3W and S3X), specifically in the cases
of active retreat (Figures S3Wa and Xa) but not passive retreat

(Figures S3Wb and S3Xb). However, mPFC-VTA activity during
the push (Figures S3K and S3L), resistance (Figures S30 and
S3P), and approach (Figures S3S and S3T) did not differ between
winners and losers. These results suggest that there are differ-
ences in the neural circuit activity that trigger specific social
competition behaviors based on social status.
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Figure 2. Different social competition behaviors are separately encoded in mPFC-NAc or mPFC-VTA projections

(A) Schematic illustration of fiber photometry during the tube test.

(B) Schematic illustrations (left) and representative images (right) of viral injection in the mPFC and optic fiber implantation in the NAc and VTA. Inset images
showing magnified yellow boxed area to illustrate the area near the tip of implanted optic fiber. Scale bars, 500 um; 200 um (inset).

(C—F) Heatmap (C and D), peri-event plot (E), and quantification of the area under curve (AUC) per second of Z scored mPFC-NAc or mPFC-VTA activity aligned to
the onset of pushes (F). Shading in (E) means the standard error of the mean (SEM) (n = 15 mice per group; Student’s t test [paired, two-tailed]; **p < 0.001).
(G-J) Heatmap (G and H), peri-event plot (I), and quantification of AUC per second of Z scored mPFC-NAc or mPFC-VTA activity aligned to the onset of
resistances (J). Shading in () means SEM (n = 11 mice per group; Student’s t test [paired, two-tailed]; “p < 0.05).

(K-N) Heatmap (K and L), peri-event plot (M), and quantification of AUC per second of Z scored mPFC-NAc or mPFC-VTA activity aligned to the onset of
approaches (N). Shading in (M) means SEM (n = 11 mice per group; Student’s t test [paired, two-tailed]; *p < 0.05).

(O-R) Heatmap (O and P), peri-event plot (Q), and quantification of AUC per second of Z scored mPFC-NAc or mPFC-VTA activity aligned to the onset of retreats
(R). Shading in (Q) means SEM (n = 14 mice per group; Student’s t test [paired, two-tailed]; ***p < 0.001).
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Manipulating the mPFC-NAc or mPFC-VTA activity
conversely modulates social competition and hierarchy
Next, we investigated whether manipulating the activity of either
the mPFC-NAc or mPFC-VTA projection would regulate social
competition behaviors in an opposing manner. To examine the
behavioral effects of mMPFC-NAc or mPFC-VTA inhibition, a
tube test was performed on multiple pairs of mice, each with a
control and a cagemate mouse that had received viral vectors
that were able to genetically ablate each projection-specific
neuronal subpopulation: AAVrg-mCherry-IRES-Cre into the
NAc or VTA to retrogradely express Cre recombinase and
AAV2-Flex-taCasp3-TEVp into the mPFC to induce Cre-depen-
dent apoptosis (Figures 3A, 3B, 3E, and 3F).** This approach re-
sulted in the ablation of over 60% of the retrogradely labeled
neurons from the NAc or VTA (Figures S4A and S4D). The tube
test results showed that mice with ablating mPFC-NAc projec-
tion were significantly more prone to lose (Figure 3C) and ex-
hibited fewer pushes and more retreats during the tube test (Fig-
ure 3D). Conversely, mice with inhibited mPFC-VTA projection
displayed significantly more wins (Figure 3G), with a decrease
in retreats and an increase in pushes (Figure 3H). We also per-
formed a direct social interaction test and found no difference
in the social interaction time between the control and circuit-in-
hibited mice (Figures S4C and S4F). These results suggest that
the mPFC-NAc and mPFC-VTA circuitries conversely regulate
social competition, which is not associated with sociability.

We found that more mPFC-NAc or mPFC-VTA projection was
activated in social winners or losers, respectively (Figure 1), and
irreversible ablation of these two projections had opposite
effects on social dominance behaviors (Figures 2A-2H). However,
there may be slight differences between FosTRAPed neuronal
populations and those ablated using a combination of retrograde
expression of Cre recombinase and Cre-dependent genetic abla-
tion. To address this, we examined the anatomical and functional
similarities between mPFC neurons and their projections acti-
vated by social competition and retrogradely labeled mPFC-
NAc or mPFC-VTA neurons. We injected AAV5-cFos-ER™-Cre-
ER'™ into the mPFC of Ai6 mice to label activated mPFC neurons
during social competition (Figure S4G).*® The same animal also
received AAVrg-CAG-tdTomato into the NAc and Alexa Fluor
647-conjugated cholera toxin subunit B (CTB-647) into the VTA
to retrogradely label mPFC-NAc and mPFC-VTA neurons with
different fluorophores (Figures S4G-S4l). After the tube test, we
observed more activated mPFC neurons expressing ZsGreen
fluorescent protein in both winners and losers than in control
mice (Figures S4J and S4K), as shown in Figure 1D. Additionally,
the proportion of activated populations among retrogradely
labeled NAc- or VTA-projecting mPFC neurons was higher in win-
ners or in losers, respectively (Figures S4N and S40), consistent
with our observation in Figures 1F-1H. This suggests that more
mPFC-NAc neurons are activated in winners, while more mPFC-
VTA neurons are activated in losers during social competition.
Next, we investigated whether each activated mPFC projection
from the prior tube test regulated social competition behavior.
We injected AAV5-cFos-ER™-Cre-ER™ and AAV5-EF1a-DIO-
eNpHRB3.0-EYFP into the mPFC to express the inhibitory optoge-
netic protein only in activated neurons by prior social competition
and we implanted fiber optic cannulas into the NAc or VTA to

¢ CellP’ress

inhibit NpHR-expressing projections (Figures S4P and S4V). We
performed a tube test with several pairs of mice to determine
winners or losers, followed by an intraperitoneal injection of
4-OHT 2 h after the test to induce FosTRAP (Figure S4Q). After
4 weeks, we conducted another tube test with optogenetic inhibi-
tion of each projection. The results showed that optogenetic
inhibition of activated mPFC-NAc projection in winners signifi-
cantly decreased their social rank and winning behavior
such as push (Figures S4R-S4U). In contrast, optogenetic inhibi-
tion of activated mPFC-VTA projection in losers increased
their wins and decreased losing behaviors such as resistances
(Figures S4W-S4Z). These results suggest that activated and
retrogradely labeled mPFC-NAc or mPFC-VTA projection plays
a similar role in social competition behavior.

We then tested whether the activation of mMPFC-NAc or mPFC-
VTA projection changes social competition and hierarchy. A viral
vector was administered to four cagemates to express channelr-
hodopsin proteins (hChR2) in the mPFC, and a fiber optic can-
nula was implanted into the NAc or VTA to deliver light stimula-
tion (Figures 3I, 3J, 30, and 3P). After confirming stable social
ranks, which were defined as the same ranking in the tube test
for several consecutive days,'®?" blue laser light was delivered
to the mPFC-NAc or mPFC-VTA projection during the next
tube test. The consequent photoactivation of the mPFC-NAc
projection in social subordinates increased their social rank (Fig-
ures 3K-3M and S5A-S5C). The activation of the mPFC-NAc
projection specifically increased the number of pushes and re-
sistances, while decreasing the number of retreats (Figure 3N).
In contrast, the photoactivation of mPFC-VTA projection in social
dominants decreased their social rank (Figures 3Q-3S and S5D-
S5F). Furthermore, the activation of the mPFC-VTA projection
significantly increased the number of retreats (Figure 3T). How-
ever, optogenetic activation of these two projections did not alter
locomotion (Figures S5H-S5L). Furthermore, social competition
behaviors, such as push and retreat, were not affected by the
optogenetic activation of mPFC-NAc or mPFC-VTA projection
during tube tests conducted with an object instead of an animal
(Figures S5M-S5S). Together, these results imply that the
mPFC-NAc or mPFC-VTA projections conversely regulate social
competition and hierarchy without affecting other behaviors.

Single-cell transcriptomic analysis reveals projection-
specific molecular candidates for social hierarchy

To investigate the projection-specific molecular determinants in
the mPFC-NAc or mPFC-VTA neurons participating in social hi-
erarchy, we conducted scRNA-seq of the mPFC of social dom-
inants (R1) and subordinates (R4). The mPFC tissue punches
were collected and dissected, and the resulting cells were
subjected to a 10x Genomics scRNA-seq pipeline (Figure 4A).
After excluding low-quality and doublet cells, the resulting
41,409 cells (15,272 cells from R1 and 26,137 from R4) were
clustered and analyzed (Figure S6A; Tables S1 and S2). Of
these, 14,883 cells (5,325 cells from R1 and 9,558 from R4)
were classified as neurons (Figures 4B and S6B) and were
analyzed separately. Subsequently, we identified mPFC-NAc
and mPFC-VTA neurons using previously reported projection-
specific marker genes.”® A principal component analysis
plot showed a separate expression pattern of mPFC-NAc or
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Figure 3. Manipulation of mPFc-NAc or mPFC-VTA activity oppositely modulates social competition and hierarchy

(A and E) Schematic illustration of genetic strategy to ablate mPFC-NAc (A) or mPFC-VTA (E) projection.

(B and F) Representative images of control (left) or genetic ablation (right) in mPFC-NAc (B) or in mPFC-VTA (F) projection. Scale bars, 1 mm.

(C and G) Genetic ablation of mMPFC-NAc projection decreases (C), but mPFC-VTA projection increases (G) social dominance; n = 18 (C) and 20 (G) pairs; chi-
squared test (two-sided); **p < 0.01, ***p < 0.001.

(D and H) Behavioral performance of the control and mPFC-NAc-inhibited (D) or mPFC-VTA-inhibited (H) mice. Values are mean + SEM; n = 18 (D) and 20 (H) pairs;
Mann-Whitney U test (two-tailed); *p < 0.05, “*p < 0.01.

(I and O) Schematic illustration of optogenetic activation of mMPFC-NAc (l) or mPFC-VTA (O) projection.

(J and P) Representative images of the expression of hChR2 in mPFC (left) and optic fiber implantation in the NAc (J, right) or VTA (P, right) projections. Scale
bars, 1 mm.

(K'and Q) Results of daily tube test conducted on a cage of four mice before and after acute photostimulation of mMPFC-NAc projection of the rank 3 mouse (K) or
mPFC-VTA projection of the rank 1 mouse (Q) on day 0.

(L and R) Rank change following optogenetic stimulation of mPFC-NAc (L) or mPFC-VTA (R) projection in the tube test. One animal is shown on each line. On day
0, photostimulation was applied during the tube test.

(M and S) Optogenetic activation of mPFC-NAc projection increases social ranks (M), but optogenetic activation of mPFC-VTA projection decreases social ranks
(S). Values are mean + SEM; n = 7 mice (M, EYFP), 12 (M, hChR2), 8 (S, EYFP), and 13 (S, hChR2); Mann-Whitney U test (two-tailed); “p < 0.05, **p < 0.01.

(N and T) Behavioral performance of the same hChR2-expressing mice in mPFC-NAc (N) and mPFC-VTA (T) projections, before and after photoactivation; n =12
(N) and 13 (T) mice; Student’s t test (paired, two-tailed); *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. mPFC neurons can be clustered into mPFC-NAc or mPFC-VTA neurons using single-cell transcriptomic analysis

(A) Schematic illustration of scRNA-seq of the mPFC from R1 and R4 mice.

(B) A uniform manifold approximation and projection (UMAP) plot of 5,325 and 9,558 neurons from the mPFC of R1 and R4 mice, respectively (n = 11 mice
per group).

(C) Expression of the projection-specific marker genes reported by Kim et al.?® across identified clusters, with the colors of the clusters the same as in the UMAP in
(B). mPFC-NAc neurons, C1 and C8; mPFC-VTA neurons, CO and C3.

(D and G) Schematic illustration of viral injection in the NAc (D) or VTA (G) for FISH.

(legend continued on next page)
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mPFC-VTA projection-specific marker genes (Figures S6C-S6E).
To verify whether projection-specific marker genes are highly
expressed in each mPFC-projecting neuron, we performed the
single-cell reverse transcription quantitative polymerase chain re-
action (scRT-gPCR) for some projection-specific marker genes in
aspirated intracellular contents of retrogradely labeled mPFC-
NAc or mPFC-VTA neurons (Figure S6G). Expression levels of
Fos and Nm1, marker genes of mPFC-NAc neurons, were signif-
icantly higher in mPFC-NAc neurons than in mPFC-VTA neurons
(Figure S6H). Similarly, the expression of c-Fos protein was higher
in mPFC-NAc neurons than in mPFC-VTA neurons (Figure S1J).
Furthermore, we found that Pou3f7 and Nrip3, marker genes of
mPFC-VTA neurons, were more highly expressed in mPFC-VTA
neurons than in mMPFC-NAc neurons (Figure S6l). It suggests
that mPFC-NAc and mPFC-VTA neurons have different molecular
characteristics.

In the uniform manifold approximation and projection plot, we
found that mPFC-NAc projection marker genes were consistently
enriched in clusters 1 (C1) and C8, while mPFC-VTA projection
marker genes were higher in CO and C3 (Figures 4B, 4C, and
S6F). The remaining clusters showed low overall expression of
marker genes or presented ambiguous cases in which both types
of markers were expressed (Figure 4C). To confirm whether C1and
C8 correspond to mPFC-NAc neurons and CO and C3 correspond
to mPFC-VTA neurons, we examined the expression of projection-
specific marker genes in retrogradely labeled mPFC-NAc or
mPFC-VTA neurons using scRT-gPCR and fluorescence in situ hy-
bridization (FISH). In our scRT-gPCR experiments, mPFC-NAc
neurons could be divided into two groups based on the expression
level of C8-enriched gene Ly6a using K-means clustering (Fig-
ure S6J). Similarly, the expression level of C0O-enriched gene
Nrip3 allowed us to distinguish two groups within mPFC-VTA neu-
rons (Figure S6K). In our FISH experiments, we observed that C1-
enriched gene Nptx2 and C8-enriched gene Ly6a were highly ex-
pressed in retrogradely labeled mPFC-NAc neurons compared
with non-labeled mPFC neurons (Figures 4D-4F). Additionally,
mPFC-NAc neurons that expressed Ly6a rarely expressed C1-en-
riched genes and vice versa (Figures 4E and 4F). Therefore, we
classified retrogradely labeled mPFC-NAc neurons expressing
Ly6a as C8 and retrogradely labeled mPFC-NAc neurons without
Ly6a expression as C1. Similarly, CO-enriched gene Nrip3 and
C3-enriched gene Pou3f1 were highly expressed in retrogradely
labeled mPFC-VTA neurons compared with other mPFC neurons
(Figures 4G-4l). Furthermore, mPFC-VTA neurons that expressed
Pou3f1 rarely expressed CO-enriched genes and vice versa
(Figures 4H and 4l). Thus, we identified retrogradely labeled
mPFC-VTA neurons expressing Pou3f1 as C3 and retrogradely
labeled mPFC-VTA neurons without Pou3f1 expression as CO.

Neuron

Next, we analyzed the candidates of differentially expressed
genes (DEGs) between R1 and R4 in each mPFC projection using
scRNA-seq data. Our analysis revealed that Nptx2, Nrm1, Cnih3,
and Ankrd33b in C1, as well as Mpv17 in C8 of the mPFC-NAc
neurons, exhibited higher expression in social subordinates than
in dominants (Figure 5A). Furthermore, we observed a higher
expression of Pou3f1 in R4 than in R1 in C3, but not in CO, of
mPFC-VTA neurons (Figure 5B). To validate these DEG candi-
dates in each projection, we performed scRT-qPCR and FISH ex-
periments for several candidate genes predicted to be differen-
tially expressed in each mPFC projection and cluster-enriched
genes. Specifically, a retrograde viral vector was injected into
the NAc or VTA to label mPFC-NAc or mPFC-VTA neurons and
the tube test was performed to determine the social status of
the animals (Figures 5C and S7A). Our scRT-gPCR experiments
revealed that the expression of Pou3f7 mRNA in C3, as identified
by the significantly lower expression of Nrip3 (Figure S6J), but not
in CO, was higher in R4 than in R1 mice (Figure 5D). Similarly, our
FISH experiments demonstrated that the mRNA level of Pou3f1 in
C3, distinguished by the absence or significantly lower expression
of Nrip3 and the presence of Pou3f1 among retrogradely labeled
mPFC-VTA neurons, but not in CO, showed higher expression in
R4 than in R1 mice (Figures 5E and 5F). However, the DEG candi-
dates in mMPFC-NAc neurons identified through scRNA-seq data
were not validated by scRT-gPCR (Figure S7B) and FISH
(Figures S7C-S7L). Together, these results suggest that the
expression level of Pou3f1 in mPFC-VTA neurons, especially in
C3, may affect social hierarchy.

Although Pou3f1 controls neurodevelopment and myelina-
tion,*® it remains unclear how this gene in the mPFC-VTA neu-
rons modulates the social hierarchy. Identifying the downstream
genes regulated by the Pou3f1 transcription factor that binds to
the octamer motif (5'-ATTTGCAT-3') would thus be helpful.*®*°
Therefore, we re-analyzed previous chromatin immunoprecipita-
tion sequencing (ChlP-seq) studies using Pou3f1.*°" Gene
ontology (GO) enrichment analysis of genes near the Pou3f1
binding motifs revealed several notable terms on synaptic func-
tion (i.e., glutamatergic synapse, synaptic membrane, presy-
napse, etc.) as well as terms on neurodevelopment (i.e., fore-
brain development and positive regulation of nervous system
development) (Figure S8). This suggests that Pou3f1 expression
in mMPFC-VTA neurons may control social competition and hier-
archy by regulating synaptic functions in the neural circuit.

Manipulating Pou3f1 expression in the mPFC-VTA
regulates social hierarchy

To examine whether the expression level of Pou3f1 in mPFC-VTA
neurons regulates individuals’ social status, we first suppressed

(E) Representative FISH images of mMPFC-NAc neurons, which are retrogradely labeled with tdTomato and are probed for Nptx2 transcripts and Ly6a transcripts.
Nuclei were stained with DAPI. Scale bars, 10 um.

(F) Quantification of Nptx2- or Ly6a-expressing mPFC-NAc (or tdTomato™) or other neurons (or tdTomato ™) (n = 128 cells from 4 mice [Nptx2*/tdTomato™], 52, 4
[Ly6a*/tdTomato™], 21, 4 [both/tdTomato*], 14, 4 [neither/tdTomato™], 16, 4 [Nptx2*/tdTomato~], 12, 4 [Ly6a*/tdTomato~], 11, 4 [both/tdTomato~], 134, 4
[neither/tdTomato 7]).

(H) Representative FISH images of mPFC-VTA neurons, which are retrogradely labeled with tdTomato and are probed for Nrip3 transcripts and Pou3f1 tran-
scripts. Nuclei were stained with DAPI. Scale bars, 10 um.

() Quantification of Nrrip3- or Pou3f1-expressing mPFC-VTA (or tdTomato*) or other neurons (or tdTomato ) (n = 122 cells from 4 mice [Nrip3*/tdTomato*], 74, 4
[Pou3f1*/tdTomato™], 16, 4 [both/tdTomato*], 13, 4 [neither/tdTomato*], 19, 4 [Nrip3*/tdTomato ], 25, 4 [Pou3f1*/tdTomato ], 10, 4 [both/tdTomato ], 194, 4
[neither/tdTomato ).
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Figure 5. Social hierarchy-dependent projection-specific DEGs can be analyzed by scRNA-seq and validated by FISH

(A and B) Social hierarchy-dependent DEG candidates in mPFC-NAc (A) or mPFC-VTA (B) neurons by scRNA-seq analysis; n = 1,331 neurons (A, cluster 1, R1),
n=2,100 (A, cluster 1, R4), n =219 (A, cluster 8, R1), n =308 (A, cluster 8, R4), n = 1,346 (B, cluster 0, R1), n=2,361 (B, cluster 0, R4), n = 449 (B, cluster 3, R1), and
n = 675 (B, cluster 3, R4); Wilcoxon rank-sum test; *p < 0.05, **p < 0.001.

(C) Schematic illustration of scRT-gPCR and FISH experiments to confirm social hierarchy-dependent projection-specific DEG candidates.

(legend continued on next page)
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the expression of Pou3f1 in mPFC-VTA neurons in social subor-
dinates (i.e., R3 or R4) by expressing short hairpin RNA (shRNA)
against Pou3f1 (Figures 6A, 6B, S9A, and S9B). 4 weeks after
the viral injection, the social rank of the social subordinates that
received Pou3fl shRNA in mPFC-VTA neurons increased
(Figures 6C-6E, S9C, and S9D). Similarly, the knockdown of
Pou3f1 in mPFC-VTA neurons of social subordinates reduced re-
treats and increased pushes (Figure 6F). To test whether the
winner effect of the Pou3f1 knockdown in mPFC-VTA neurons
observed in the tube test can be transferred to another social
dominance behavior, we developed a behavioral test named
the wet-bedding avoidance (WBA) test, which permits the inves-
tigation of individuals’ territorial instincts to occupy the platform
for avoiding wet bedding in a cage (Figure S9I). We found that so-
cial ranks in the WBA test, which were determined by how long
each mouse occupied the platform, were well correlated with
the tube test ranks (Figures S9J-SL). The total time on the plat-
form and social ranks of the WBA test also increased after the
knockdown of Pou3f1 in mPFC-VTA neurons, similar to the
tube test (Figure 6G).

Next, we tested whether the overexpression of Pou3f1 in
mPFC-VTA neurons of social dominants (R1 or R2) decreased
their social ranks (Figures 6A, 6H, S9E, and S9F). The overexpres-
sion of Pou3f1 in mPFC-VTA neurons decreased the tube test
ranks (Figures 61-K, S9G, and S9H) and the number of pushes
but increased the number of retreats during the tube test (Fig-
ure 6L). Additionally, the total amount of time occupying the plat-
form and social ranks in the WBA test were reduced by the over-
expression of Pou3f1 in mPFC-VTA neurons (Figure 6M). These
results indicate that the expression level of Pou3f1 in mPFC-
VTA neurons can modulate social competition and hierarchy.

Activation of the mPFC-VTA increases Pou3f1
expression and reduces social dominance

We discovered that the optogenetic activation of mPFC-VTA
projection (Figures 30-3T) or the overexpression of Pou3f1 in
mPFC-VTA neurons (Figures 6H-6M) reduced social rank. These
findings raise the question of whether mPFC-VTA activity and
Pou3f1 expression are correlated with the regulation of the social
hierarchy. To address this question, we directly stimulated
mPFC-VTA neurons by injecting a retrograde viral vector to
express Cre recombinase (AAVrg-CAG-Cre) into the VTA,
as well as Cre-inducible control or hChR2-expressing viral vec-
tors (AAV5-EF1a-DIO-EYFP [or mCherry] or AAV5-EF1a-DIO-
hChR2(H134R)-EYFP [or mCherry]) into the mPFC to determine
whether Pou3f1 expression in these neurons was altered
(Figures 7A and 7B). After confirming stable tube test ranks, op-
togenetic stimulation was applied to the social dominants (R1 or
R2) during the tube test. As shown in Figures 30-3T, the photo-
activation of mPFC-VTA neurons reduced the social rank
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(Figures 7C-7E, S10A, and S10B). Also, this manipulation
decreased pushes and increased retreats (Figure 7F). 3 days af-
ter optogenetic stimulation, we performed scRT-qPCR or FISH
experiments to determine the expression level of Pou3f1. As
similarly observed in Figures 5C-5F, we found that Pou3f1
expression in C3, but not in CO, was higher in social subordinates
without optogenetic activation (R3/R4 + EYFP [or mCherry]) than
in social dominants without optogenetic activation (R1/R2 +
EYFP [or mCherry]) (Figures 7G-71 and S10C). The photoactiva-
tion of mPFC-VTA neurons not only reduced the social rank
(Figures 7C-7F) but also increased the expression level of
Pou3f1 in C3 (Figures 7G-71 and S10C). We also examined the
expression level of this gene immediately after photostimulation
on day 0. Animals that experienced a decrease in social rank due
to optogenetic activation of mPFC-VTA neurons were sacrificed
30 min after photostimulation for FISH experiments (Fig-
ure S10B). As a result, Pou3f1 expression in C3, but not CO, of
the mPFC-VTA neurons from social dominants was increased
by optogenetic activation of mMPFC-VTA neurons (Figures S10D
and S10E). These results suggest that the activation of mPFC-
VTA neurons increases the expression of Pou3f1 in the C3-pro-
jecting subpopulation, thereby reducing the social hierarchy.

DISCUSSION

In this study, we discovered that the mPFC-NAc and mPFC-VTA
projections play opposing roles in social competition and hierar-
chy. This provides compelling evidence that distinct neuronal
populations in the mPFC encode different social competition be-
haviors.'®921-23 Furthermore, our projection-specific transcrip-
tomic analysis with scRNA-seq data using mPFC projection-
specific marker genes®® and subsequent genetic manipulations
uncovered projection-specific molecular determinants for social
dominance. Overall, these findings suggest that prefrontal func-
tions in social dominance behaviors are distributed among highly
specialized mPFC projections (e.g., mPFC-NAc vs. mPFC-VTA)
that contain distinct molecular features or mechanisms for social
competition and hierarchy.

Converse roles of mPFC-NAc and mPFC-VTA in social
competition and hierarchy

We discovered that more mPFC-NAc or mPFC-VTA projection
was activated in social winners or losers, respectively, through
FosTRAP and TRACE experiments (Figures 1 and S1A-S1D).
However, it remained unclear whether winning behaviors, such
as push and resistance, activated the mPFC-NAc projection,
while losing behavior, such as retreat, activated the mPFC-VTA
projection. We directly measured neural circuit activity during
the tube test using fiber photometry to pinpoint the precise
timing of these activations during each social competition

(D) scRT-gPCR validation of Pou3f1 expression in mPFC-VTA neurons between R1 and R4. All the data represented the relative fold change of Pou3f7 mRNA
expression. Values are mean + SEM (n = 9 cells from 3 mice [cluster 0, R1], 7, 3 [cluster 0, R4], 11, 3 [cluster 3, R1], 13, 3 [cluster 3, R4], 18, 3 [clusters 0 and 3, R1],
and 20, 3 [clusters 0 and 3, R4]; Student’s t test [unpaired, two-tailed]; *p < 0.05).

(E) Representative FISH images of retrogradely labeled mPFC-VTA neurons with (cluster 0) or without Nrip3 expression (cluster 3), which are probed for Pou3f1
transcripts from R1 (top) and R4 (bottom). Nuclei were stained with DAPI. Scale bars, 10 um.

(F) Violin plots showing number of Pou3f1 puncta per cell for FISH in (E); n = 178 cells from 4 mice (cluster 0, R1), 197, 4 (cluster 0, R4), 200, 4 (cluster 3, R1), 196, 4
(cluster 3, R4), 378, 4 (clusters 0 and 3, R1), and 393, 4 (clusters 0 and 3, R4); Student’s t test (unpaired, two-tailed); ***p < 0.001.
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Figure 6. Manipulation of Pou3f1 expression in mPFC-VTA neurons bidirectionally regulates social hierarchy

(A) Experimental schedule of behavioral tests for social competition and hierarchy before and after manipulating the expression of projection-specific DEGs.
(B and H) Schematic illustration of the knockdown (B, Pou3f1 K/D) or the over-expression (H, Pou3f1 O/E) of Pou3f1 in mPFC-VTA neurons.

(C and I) Results of a daily tube test performed on a group of 4 mice before and after Pou3f1 K/D in mPFC-VTA neurons of the R4 mouse (C) or Pou3f1 O/E in
mPFC-VTA neurons of the R1 mouse (l).

(D and J) Rank change following Pou3f1 K/D in mPFC-VTA neurons of social subordinates (D) or Pou3f1 O/E in mPFC-VTA of social dominants (J) in the tube test.
One animal is shown on each line. Viral vectors were injected on day O.

(legend continued on next page)
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behavior (Figures 2 and S3). The mPFC-NAc projection was acti-
vated when a mouse pushed another mouse, regardless of the
opponent’s behavior such as resistance or retreat (Figures 2C,
2E, and 2F). In contrast, the mPFC-VTA projection was activated
when a mouse actively (Figures S3B-S3D) or passively retreated
(Figures S3F-S3H) during the tube test. Based on these results,
we conclude that distinct social competition behaviors are en-
coded separately in mPFC-NAc and mPFC-VTA projections.

In the present study, one of our main findings is that the mPFC-
NAc and mPFC-VTA projections conversely control social
competition and hierarchy. This raises a question regarding
whether these two mPFC projections operate independently or
whether one mPFC projection inhibits the other. We can rule
out the possibility that the same mPFC neurons differentially
control the NAc and VTA because the mPFC-NAc and mPFC-
VTA neurons are located in different layers (i.e., mPFC-NAc neu-
rons in layer 2/3-5a and mPFC-VTA neurons in layer 5b-6) and
few mPFC neurons project to both the NAc and VTA
(Figures S1D, S1H, S1l, S4G-S4J, S4L, and S4M).?>?%2% We
found that pushing or retreating enhanced the activity of
mPFC-NAc or mPFC-VTA neurons, respectively, but had no ef-
fect on the activity of another projection (Figures 2C-2F and 20—
2R). This implies that these two projections independently partic-
ipate in social competition behaviors.

Additionally, we discovered that the mPFC-NAc neurons
encode social winning behaviors, such as push and resistance
(Figures 2C-2J), while the mPFC-VTA neurons encode social
losing behaviors, such as retreat (Figures 20-2R). These results
strongly support previous findings that one-third of push-encod-
ing mMPFC neurons are also activated when a mouse resists an
opponent’s pushes'® and retreat behavior is encoded in distinct
neuronal subpopulations in the mPFC.?>® However, a discrep-
ancy exists between our findings and those of previous studies.
Although other researchers have reported that distinct mPFC
neurons encode push and approach,?>?® our findings show
that these two behaviors enhance the activity of mPFC-NAc neu-
rons (Figures 2C-2F and 2K-2N). This may be due to the restric-
tion of fiber photometry, which measures the activity of neuronal
populations without considering cellular heterogeneity. Different
mPFC-NAc neuronal subpopulations may encode a push or an
approach separately.

The NAc and VTA are key components of the mesolimbic sys-
tem, which controls reward and motivation by regulating dopa-
minergic neurotransmission from the VTA to NAc and other brain
areas.””°® These two brain areas conversely control social hier-
archy. Pharmacological lesions or inhibition of the NAc reduces
the social dominance,**® but pharmacological inhibition of the
VTA increases the social dominance.>'** These results are
consistent with the behavioral alterations that occur when the
mPFC projections to these two brain areas are repressed
(Figures 3A-3H).
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Optogenetic activation of mPFC-NAc or mPFC-VTA led to an
increase or decrease in social rank, respectively (Figures 31-3T).
Interestingly, the rank changes induced by these manipulations
persisted for several days, even without light stimulation. This
phenomenon can be attributed to modifications in neural circuit
plasticity or metabolic changes induced by the optogenetic stim-
ulation and/or alterations in social competition behaviors during
the tube test. Social dominants and subordinates exhibit differ-
ences in activation level,*? synaptic function,>® and energy meta-
bolism®*? in the NAc, and manipulating these processes can
modify the social hierarchy.®?**+°° These changes can poten-
tially lead to long-term alterations in social dominance behavior.

The mPFC neurons are connected with many other brain areas
and can modulate social dominance through top-down circuitries
by monitoring ongoing conflicts, evaluating different behavioral
options, and contributing to behavioral responses.’® > In addi-
tion to the mPFC-NAc and mPFC-VTA projections in our study,
the LH-projecting mPFC neurons (mPFC-LH) also encode social
competition behaviors.'®** However, the mPFC-LH projection
was excluded in our study because it was not activated in either
winners or losers in the tube test (Figures S1A-S1C). It suggests
that different mPFC projections are involved, depending on what
animals compete for: mPFC-LH neurons encode social competi-
tion for food, whereas mPFC-NAc or mPFC-VTA neurons encode
social competition for territory.

Role of Pou3f1 in mPFC-VTA in social competition and
hierarchy
Pou3f1, also known as Oct6 (octamer-binding transcription factor
6), Tst-1 (Testes-1), and SCIP (suppressed cyclic AMP [cAMP]
inducible POU), was first identified in the embryonic neural tube
and the adult brain,*® as well as in myelin-forming glia.*” Pou3f1
acts as a transcription factor that regulates the development of
the nervous system in embryonic stem cells*>*6:4849:5961 gng
the myelination of Schwann cells and oligodendrocytes.*>
Pou3f1 is also an mPFC-VTA projection marker gene that is
mostly found in cortical layer 5.2 In our study, Pou3f1 was iden-
tified as an mPFC-VTA projection-specific DEG between social
dominants and subordinates. Social subordinates had greater
expression levels of Pou3f1 than those of social dominants in
the specific subpopulation of mPFC-VTA neurons, C3 (Figure 5).
Although it is technically difficult to manipulate Pou3f1 expression
in C3, we showed that manipulating the expression level of this
gene in whole mPFC-VTA neurons regulates social competition
and hierarchy (Figure 6). Moreover, the expression level of
Pou3f1 in C3 was decreased by the optogenetic activation of
mPFC-VTA neurons (Figure 7). These findings provide compelling
evidence that the activity of mPFC-VTA neurons alters Pou3f1
expression, which, in turn, controls social dominance.

However, how the expression level of Pou3f1 in mPFC-VTA
neurons regulates social dominance behavior remains unclear.

(E and K) Pou3f1 K/D in mPFC-VTA neurons of social subordinates increases (E), but Pou3f1 O/E in mPFC-VTA neurons of social dominants decreases their social
ranks (K). Values are mean + SEM; n = 6 mice (E, Scrambled), 12 (E, Pou3f1 K/D), 6 (K, EGFP), and 12 (K, Pou3f1 O/E); Mann-Whitney U test (two-tailed); *“p < 0.01.
(F and L) Comparison of behavioral performance of same mice before and after Pou3f1 K/D (F) or O/E (L) in mPFC-VTA neurons (n = 12 mice per group; Student’s

t test [paired, two-tailed]; **p < 0.01, ***p < 0.001).

(G and M) Changes in time on the platform (left) and rank (right) in wet bedding avoidance (WBA) test by Pou3f1 K/D (G) or O/E (M) in mPFC-VTA neurons (n =12

mice per group; Student’s t test [paired, two-tailed]; **p < 0.01, ***p < 0.001).
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Figure 7. Optogenetic activation of mPFC-VTA neurons increases Pou3f1 expression and decreases social ranks
(A) Schematic illustration of virus injection for optogenetic manipulation of mPFC-VTA neurons.
(B) Schematic illustration (left) and representative image (right) showing the expression of hChR2 and the implantation of the optic fiber in the mPFC.

(C) Results of a daily tube test conducted on a cage of 4 mice, before and after optogenetic activation of mPFC-VTA neurons of the R1 mouse on day 0.

(D) Rank change following optogenetic activation of mPFC-VTA neurons in the tube test. One animal is shown on each line. Photostimulation was applied during

the tube test on day 0.

(E) Optogenetic activation of mMPFC-VTA neurons of social dominants decreases their social ranks. Values are mean + SEM (n = 8 mice per group; Mann-Whitney

U test [two-tailed]; *p < 0.05, **p < 0.01, **p < 0.001).

(legend continued on next page)
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According to recent scRNA-seq studies using mPFC tissues,
Pou3f1 is a unique marker gene for a subtype of excitatory neu-
rons in layer 5 of the mPFC.%?°° Our GO analysis with Pou3ft
ChIP-seq data from previous literature revealed several notable
terms, such as glutamatergic synapse, synaptic membrane, and
presynapse (Figure S8). These suggest that Pou3f1 expression in
mPFC-VTA neurons controls social competition and hierarchy
by regulating the excitatory synaptic function of the mPFC-VTA
circuitry. Furthermore, Pou3f1 expression can be increased by
intracellular cAMP, a second messenger that is enhanced by
the activation of G-protein coupled receptors coupled to Gs pro-
tein (Gs-GPCRs) and adenylyl cyclase,*’ or estrogen.®® The acti-
vation of Gs-GPCRs raises intracellular cAMP levels, which in
turn increases neuronal activity, and the deletion of a gene en-
coding the estrogen receptor B reduces aggressive behavior.®”
It suggests that Gs-GPCR-activating neuromodulators or estro-
gen can regulate social hierarchy by manipulating mPFC-VTA
circuit activity and Pou3f1 expression.

Limitations of the study

Our study demonstrated that the mPFC orchestrates social
competition behaviors by governing two discrete projections
with opposite functions (i.e., mMPFC-NAc vs. mPFC-VTA) as
working units that perform specific behavioral features of social
competition at the circuit level. As mentioned above, other mPFC
projections may be involved in the regulation of social competi-
tion behaviors according to spontaneity (e.g., active vs. passive
retreats) or reward attributes (e.g., food, territory, or mating).
Additionally, social competition can be controlled by certain
neuronal ensembles in the mPFC at the cell-type®' or circuit
level,"® which requires further study.

We found that distinct social competition behaviors, such as
push or retreat, activated specific mPFC populations (Figures 2
and S3). However, the time kinetics of the GCaMP signals in
our results differ from those reported in previous studies.”’?®
This discrepancy is probably due to differences in experimental
methods, specifically calcium imaging with single-cell resolution
(e.g., miniscope) versus bulk population (e.g., fiber photometry).
Another contributing factor may be the method used to deter-
mine the timestamps of specific behavioral onsets, whether
automatic or manual. Further research will benefit from more
refined techniques for measuring neural activity with higher tem-
poral resolution and analyzing specific behavioral events during
social competition.

Neuron

The two fundamental actions during the tube test are push and
retreat, which oppose each other regarding their net effects. We
observed that the mPFC-NAc or mPFC-VTA circuit selectively
drives push or retreat, respectively. However, manipulating these
circuits also affected other aspects of social competition behav-
iors. For example, optogenetic activation of mMPFC-NAc increased
push and resistance while decreasing retreat (Figure 3N). Future
experiments involving behavioral event-specific manipulation of
neural circuits will be valuable for elucidating the precise neural
circuit mechanisms that underlie social competition behavior.

The projection-specific molecular/physiological underpinning
of social competition behaviors in the mPFC also requires further
investigation. The mechanism by which the neural activity of
mPFC-VTA projections modulates Pou3f1 expression and its
related molecular/physiological mechanisms in mPFC-VTA neu-
rons and vice versa has not been studied. Regarding the mPFC-
NAc projection, the expression levels of Nptx2, Nrn1, Cnih3, and
Ankrd33b in the C1 and Mpv17 in C8, which were identified as
DEG candidates in our scRNA-seq analysis (Figure 5A) but
were not validated by scRT-gPCR (Figure S7B) and FISH
(Figures S7C-S7L), may have relevance to social hierarchy. In
particular, these DEG candidates also served as marker genes
for the mPFC-NACc projection, indicating that their molecular fea-
tures are closely associated with the functions of this projection.
Specifically, Nptx2 (Neuronal pentraxin 2),°®°° Nrn1 (Neuritin
1),%"" and Cnih3 (Cornishon family AMPA receptor auxiliary
protein 3)">"2 are known to be associated with synaptic function.
Further investigation is required to determine whether the synap-
tic function within the mPFC-NAc circuit plays a role in social hi-
erarchy behavior. Furthermore, mPFC-NAc neurons display
functional heterogeneity in response to various social winning
behaviors (Figures 2C-2N), implying the potential for social-hier-
archy-dependent DEG candidates in mPFC-NAc neurons to play
significant roles in distinct mPFC-NAc neuronal clusters that
encode specific social winning behavior. A pivotal step toward
a comprehensive understanding of the prefrontal functions un-
derlying social competition behaviors would be to elucidate the
behavioral/physiological implications of these projection-spe-
cific DEGs.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

(F) Behavioral performance of the same hChR2-expressing mice in mPFC-VTA neurons before and after photoactivation (n = 8 mice; Student’s t test [paired, two-
tailed]; **p < 0.01, ***p < 0.001).

(G) Pou3f1 expression level in mPFC-VTA neurons from social dominants (rank 1 or 2) without or with optogenetic activation of mMPFC-VTA neurons or from social
subordinates (rank 3 or 4) at day 3. Values are mean + SEM (n = 9 cells from 4 mice [cluster 0, R1/R2 + EYFP], 11, 4 [cluster 0, R1/R2 + hChR2], 10, 4 [cluster 0, R3/
R4 + EYFP], 15, 4 [cluster 3, R1/R2 + EYFP], 10, 4 [cluster 3, R1/R2 + hChR2], 13, 4 [cluster 3, R3/R4 + EYFP], 24, 4 [clusters 0 and 3, R1/R2 + EYFP], 21, 4 [clusters
0and 3, R1/R2 + hChR2], and 23, 4 [clusters 0 and 3, R3/R4 + EYFP]; one-way ANOVA with Tukey’s test; *p < 0.05 [R1/R2 + EYFP vs. R3/R4 + EYFP in cluster 3;
#p < 0.05 by Student’s t test; unpaired, two-tailed]).

(H) Representative FISH images of retrogradely labeled mPFC-VTA neurons with (cluster 0) or without Nrip3 expression (cluster 3), which are probed for Pou3f1
transcripts from R1 without (top) or with photostimulation (middle) or R4 without photostimulation (bottom) at day 3. Nuclei were stained with DAPI. Scale
bars, 10 pm.

() Violin plots showing number of Pou3f1 puncta per cell for FISH in (H) (n = 109 cells from 4 mice [cluster 0, R1/R2 + mCherry], 115, 4 [cluster 0, R1/R2 + hChR2],
113, 4 [cluster 0, R3/R4 + mCherry], 109, 4 [cluster 3, R1/R2 + mCherry], 128, 4 [cluster 3, R1/R2 + hChR2], 126, 4 [cluster 3, R3/R4 + mCherry], 218, 4 [clusters
0 and 3, R1/R2 + mCherry], 243, 4 [clusters 0 and 3, R1/R2 + hChR2], and 239, 4 [clusters 0 and 3, R3/R4 + mCherry]; one-way ANOVA with Tukey’s
test; **p < 0.001).
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Cholera Toxin Subunit B, Alexa Invitrogen™ C34778

Fluor™ 647 Conjugated (CTB-647)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ja Wook
Koo (jawook.koo@kbri.re.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o scRNA-seq data is deposited at NCBI’'s Gene Expression Omnibus, and is publicly available through GEO Series accession
number GSE222185.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adult (over 2 months old) male C57BL/6N, Fos®™ER and Ai6 mice were used for experiments. Mice of similar body weight within 10
percent differences and ages within a week of birth date were housed in cages of 2-4 for at least two weeks before surgical manip-
ulations or behavioral experiments, maintained in an animal facility with a specific pathogen-free barrier under a 12-h light/dark cycle
(lights on at 08:00 am), the temperature at 22 + 2 °C and the humidity at 50 + 10%, and given access to food and water ad libitum. All
surgical manipulations and behavioral tests were carried out in the animal facility during their light on period, specifically ZT 04:00
~ ZT 12:00. The Institutional Animal Care and Use Committee (IACUC) at Korea Brain Research Institute authorized all procedures
(IACUC-21-00039). The use of male only mice limits the generalizability of the results. Only health and immunocompetent mice were
used. The health status of mice, including body weight, fur loss, and wounds, were monitored from the beginning to the end of the
experiment. Animals with any health abnormalities were excluded from the experiment. Mice in this study were drug and test naive
and not involved in any previous procedures.

METHOD DETAILS

Stereotaxic surgeries

Mice were deeply anesthetized by an intraperitoneal injection of 0.1M phosphate-buffered saline (PBS) containing ketamine (100 mg/kg)
and xylazine (10 mg/kg). The head of a deeply anesthetized mouse was fixed in a stereotaxic apparatus (Stoelting Co.), and the eyes
were coated with ophthalmic ointment to avoid eye dryness. Scalp hair was removed, and the skin was cleaned with Betadine. Fine
surgical scissors were used to make a midline incision to expose the skull, and a microdrill was used to make the craniotomies above
the locations where viral vectors were injected or fiber optic cannulas were implanted. For all injections, a 5-uL microsyringe (7641-01,
Hamilton) connected with a 33-gauge needle (7762-06, Hamilton) was used. Viral vectors were injected at a rate of 100 nL/min, and the
needle was kept in place for an additional 10 min to allow for viral dispersion before being removed. The scalp incision was closed with a
surgical suture and tissue adhesive (Vetbont, 3M). For implanting fiber optic cannula, dental cement was applied to secure them. All
stereotaxic coordinates were measured relative to bregma. After surgery, mice recovered in a clean cage under a heat lamp until awak-
ening from anesthesia. Before undergoing subsequent operations or behavioral tests, mice were given a minimum of two weeks to
recuperate.

For tracing activated mPFC neurons and their projections (Figures 1A-1E and S1A-S1C), Fos mice were bilaterally injected
with 500 nL of AAV1-phSyn1-FLEX-tdTomato-T2A-SypEGFP into the mPFC (anteroposterior (AP), +2.1 mm; mediolateral
(ML), £0.6 mm; dorsoventral (DV), -2.1 mm; angle, 10°).

For TRACE experiments (Figures 1F-1H), Fos®®ER mice were bilaterally injected 500 nL of AAVrg-EF1a-DIO-EYFP into the NAc
(AP, +1.3 mm; ML, 1.6 mm; DV, -4.6 mm; angle, 10°) and 500 nL of AAVrg-EF1a-DIO-mCherry into the VTA (AP, -3.2 mm;
ML, +1.2 mm; DV, -4.6 mm; angle, 10°).

For retrograde tracing experiments (Figures 5C-5F, S1D-S1J, S2, S6G-S6K, and S7), C57BL/6N mice were bilaterally injected
500 nL of AAVrg-hSyn-EGFP, AAVrg-CAG-tdTomato, AAVrg-hSyn-mCherry, AAVrg-hSyn-TagBFP2 or CTB-647 into the NAc
(AP, +1.3 mm; ML, +1.6 mm; DV, -4.6 mm; angle, 10°) and/or the VTA (AP, -3.2 mm; ML, £1.2 mm; DV, -4.6 mm; angle, 10°).

For fiber photometry experiments (Figures 2 and S3), 500 nL of AAV9-hSyn1-axon-GCaMP6s-P2A-mRuby3 was injected into the
right mPFC (AP, +2.1 mm; ML, +0.3 mm; DV, -2.0 mm; angle, 0°) of C57BL/6N mice. Fiber optic cannula (400 um core diameter, 0.50
NA; RWD Life Science) were implanted into the right NAc (AP, +1.3 mm; ML, +0.8 mm; DV, -4.2 mm; angle, 0°) and VTA (AP, -3.2 mm;
ML, +1.2 mm; DV, -4.4 mm; angle, 10°) on the same day or several days after the virus injection.

CreER
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For genetic ablation experiments (Figures 3A-3H and S4A-S4F), C57BL/6N mice were bilaterally injected 500 nL of AAVrg-EF1a-
mCherry-IRES-Cre into the NAc (AP, +1.3 mm; ML, +1.6 mm; DV, -4.6 mm; angle, 10°) or the VTA (AP, -3.2 mm; ML, +1.2 mm; DV,
-4.6 mm; angle, 10°) and 500 nL of AAV2-EF1a-Flex-taCasp3-TEVp or AAV2-EF1a-DIO-EYFP into the mPFC (AP, +2.1 mm;
ML, £0.6 mm; DV, -2.1 mm; angle, 10°).

For mPFC terminal activation experiments (Figures 3I-3T and S5), C57BL/6N mice were uni- or bilaterally injected 500 nL of AAV5-
CaMKlla-hChR2(H134R)-EYFP or AAV5-CaMKIlla-EYFP into the mPFC (AP, +2.1 mm; ML, +0.3 mm; DV, -2.0 mm; angle, 0°), and
fiber optic cannula (200 um core diameter, 0.22 numerical aperture (NA); RWD Life Science) were implanted into the NAc
(AP, +1.3 mm; ML, +0.8 mm; DV, -4.2 mm; angle, 0°) or VTA (AP, -3.2 mm; ML, +0.4 mm; DV, -4.3 mm; angle, 0°) on the same
day or several days after virus injection.

For labeling activated neurons with retrograde tracing (Figures S4G-S40), Ai6 mice were bilaterally injected 500 nL of AAV5-cFos-
ER™-Cre-ER™ in the mPFC (AP, +2.1 mm; ML, +0.6 mm; DV, -2.1 mm; angle, 10°), AAVrg-CAG-tdTomato in the NAc (AP, +1.3 mm;
ML, +1.6 mm; DV, -4.6 mm; angle, 10°) and CTB-647 in the VTA (AP, -3.2 mm; ML, 1.2 mm; DV, -4.6 mm; angle, 10°).

For inhibition of activated mPFC projections (Figures S4P-S4Z), 600 nL of a mixture of two viruses (AAV5-cFos-ER™-Cre-ER™ and
AAV5-EF1a-DIO-NpHRB3.0-EYFP, ratio, 1:1) was injected into the mPFC (AP, +2.1 mm; ML, +0.3 mm; DV, -2.0 mm; angle, 0° (left) and
AP, +2.1 mm; ML, +0.6 mm; DV, -2.1 mm; angle, 10° (right)), and fiber optic cannula were implanted into the NAc (AP, +1.3 mm;
ML, +0.8 mm; DV, -4.3 mm; angle, 0° (left) and AP, +1.3 mm; ML, +1.6 mm; DV, -4.4 mm; angle, 10° (right)) or VTA (AP, -3.2 mm;
ML, +0.4 mm; DV, -4.3 mm; angle, 0° (left) and AP, -3.2 mm; ML, +1.2 mm; DV, -4.4 mm; angle, 10° (right)) on the same day or several
days after virus injection.

For projection-specific genetic manipulation experiments (Figures 6 and S9), C57BL/6N mice were bilaterally injected 500 nL of
AAVrg-CAG-Cre into the VTA (AP, -3.2 mm; ML, +1.2 mm; DV, -4.6 mm; angle, 10°) and 500 nL of AAV2-CMV-Flex-Pou3f1
shRNA-EGFP-WPRE, AAV2-CMV-Flex-scrambled shRNA-EGFP, AAV2-CMV-Flex-Pou3f1-P2A-EGFP-WPRE, or AAV2-CAG-
Flex-EGFP-WPRE into the mPFC (AP, +2.1 mm; ML, +0.6 mm; DV, -2.1 mm; angle, 10°). A social subordinate (R3 or R4; for
Figures 6B-6G and S9A-S9D) or dominant animal (R1 or R2; for Figures 6H-6M and S9E-S9H), which received viral injections,
was housed together in the same cage with other three cagemates that received control virus. These four mice were co-housed
in a single home cage for four weeks to allow for full expression of the transgenes.

For mPFC-VTA cell body activation experiments (Figures 7 and S10), C57BL/6N mice were bilaterally injected 500 nL of AAVrg-
CAG-Cre into the VTA (AP, -3.2 mm; ML, +1.2 mm; DV, -4.6 mm; angle, 10°) and 500 nL of AAV5-EF1a-DIO-hChR2(H134R)-
EYFP (or mChery) or AAV5-EF1a-DIO-EYFP (or mCherry) into the mPFC (AP, +2.1 mm; ML, +0.6 mm; DV, -2.1 mm; angle, 10°). Fiber
optic cannula were bilaterally implanted 200 pm above the viral injection coordinates of the mPFC on the same day or several days
after the virus injection.

Animals were excluded from the data analysis if the viral vector expresses at an inaccurate location or if the fiber optic cannula is
implanted at an inaccurate location.

Behavioral assays

Tube test

The tube test was conducted as instructed with minor modifications. %" Mice were softly handled for at least 2 days (2 min/day)
before the tube test to acclimate them to the experimenters and minimize stress and then trained to pass through the transparent
acrylic tube with a 3-cm inner diameter and 30-cm length for 10 trials per day. On test days, two mice were released from the opposite
sides of a tube, met at the center, and the mouse who withdrew first from the tube was declared as the “loser”. One more test with the
same pair of mice was conducted after at least 1 min. Mice were released at the opposite ends of the tube. It was considered a draw if
the different mouse alternately wins in two repeated tests of the same pairs. For a set of 4 mice, the 6 pairs of mice were tested daily
using a round-robin design in arandom sequence, and the total number of wins on each test day was used to establish the social rank
of the animals. If the same rank position in a cage did not change for the final two-thirds of the test time, this cage was used for further
manipulation experiments.

For tracing activated mPFC neurons and projections (Figures 1A-1E and S1A-S1C) or TRACE experiments (Figures 1F-1H), three
mice were housed together in a cage for at least two weeks after virus injection and recovery. We conducted the same handling and
tube training procedures (described above) for all mice. The tube test was repeated 10 times with a 1-min interval between the
randomly selected pair of mice in a cage. The control mouse, which remained in the same cage, was permitted to cross the tube
10 times without competition with another mouse. 4-hydroxytamoxifen (H6278, Sigma-Aldrich; 10 mg/kg) was intraperitoneally in-
jected at 2 hours after the tube test.>*“C After the behavioral tests, all mice were kept separately for a further 2 (for TRACE experi-
ments) or 4 weeks (for tracing activated mPFC neurons and projections) to avoid the labeled neurons and projections activated by
various social interactions under group housing and to fully express fluorophore.

For genetic ablation experiments (Figures 3A-3H and S4A-S4F), a mouse that was injected viral vectors for projection-specific
genetic ablation and another one that was injected viral vectors to express projection-specific fluorescent proteins were housed
in a cage for at least 2 weeks after virus injection and recovery, and these 2 mice were conducted the same procedure of the
tube test (described above) for 3 consecutive days to determine winner and loser.

For fiber photometry or optogenetic manipulation experiments, the same diameter and length tube with a 12 mm open slit on the
top was used to pass the mice connected to the patchcords. Patchcords were connected to all mice at least 30 min before the
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training and test. For fiber photometry experiments (Figures 2 and S3), a modified tube with a movable door at the middle of the tube
was used. Mice in the tube started to compete when a door was removed after 10 s delay period to avoid any obstructions from the
uncontrollable moving of mice in the tube or human handling. For optogenetic activation experiments (Figures 31-3T, 7A-7F, S5,
S10A, and S10B), the tube test ranks were verified once again before optogenetic stimulation, and blue light stimulation (473 nm,
1 ~ 20 mW (for hChR2 experiments of Figures 3|1-3T and S5A-S5G) or 10 mW (for control experiments of Figures 31-3T, 7A-7F,
S5A—S5S, S10A, and S10B) at the tip of the optical fiber; 10 ms pulses at 20 Hz for Figures 31-3T, S5A-S5G or at 10 Hz for
Figures 7A-7F, S10A, and S10B) was used. For Figures 31-3T and S5A-S5G, the light intensity of 1 mW was delivered at the first
trial of optogenetic activation experiment, and it was steadily increased in the next trial if the rank was not changed (1-3-5-7-10-
15-20 mW). The light intensity was not altered during the tube test sessions. If the rank did not change, the next tube test was
performed after 5-min rest. If the rank was not altered by the maximal light intensity (20 mW), tests for this animal were terminated.
For optogenetic inhibition experiments (Figures S4P-S5Z), the tube test ranks were verified once again before optogenetic
stimulation, and constant green light stimulation (532 nm, 10 mW at the tip of the optical fiber) was delivered from right before
mice entering the tube throughout the test. For optogenetic activation during the tube test with a dummy mouse (Figures S5M-
S5S), a mouse did the tube test with a dummy mouse that is positioned in opposite side in the tube. Blue light stimulation
(473 nm, 10 mW at the tip of the optical fiber; 10 ms pulses at 20 Hz) was delivered from right before mice entering the tube throughout
the test.

With the exception of the tube test with fiber photometry recordings, all tube tests were videotaped using a webcam (C922, Log-
itech), and recordings of each tube test were blindly evaluated frame by frame. Five forms of behaviors during the tube test were
manually annotated: 1) approach (either or both mice moved toward each other), 2) push (a mouse actively shoved the opponent),
3) resistance (a mouse held on the territory when being pushed by the opponent), 4) active retreat (a mouse voluntarily walked back-
ward without pushes or approaches of the opponent) and 5) passive approach (a mouse backed away by pushes of the opponent).
The number of each behavior during an entire tube test session was counted.

Direct social interaction test

This test was carried out with slight modifications as described in a prior study.”® Mice were habituated at least 30 min prior in a
behavior room under standard room light. A novel mouse (C57BL/6N, 5-6-week-old, male) was introduced in a home cage that
was housing an experimental mouse. The total amount of social contacts of an experimental mouse, including anogenital and
nose-to-nose sniffing, following, and allogrooming, was measured for 5 min.

Open field test (OFT)

Mice were individually entered in the center zone of OFT chamber (42 x 42 cm) for 10 min. Animals’ behaviors were recorded by a
video camera and analyzed with the SMART 3.0 software (Panlab Harvard Apparatus). 473 nm blue laser light was intermittently
turned on and off on the test mice with 1 min epochs. Total distance and time in the center per minute were analyzed.

Wet bedding avoidance test

A rectangular plastic cage (20 cm X 35 cm) with new bedding was placed in the open field test box (40 cm X 40 cm) to block visual
cues around the cage, and 250-300 mL of clean water was poured into the cage to fully dampen the bedding. A cylindrical acrylic
platform (5 cm diameter and 5 cm height) was placed in the center of the cage. Four mice from the same cage were first entered
into a cage with wet bedding, and all mice were briefly put on the platform for a while to make the mice recognize it and then lower
them back to the floor. Behaviors of the four mice in the cage with wet bedding were videotaped for 20 min using a webcam (C922,
Logitech). Each animal’s platform occupancy duration was then measured manually. The criterion of the occupancy is that the four
legs of the mouse must be on the platform.

Histology and image acquisition

Animals were deeply anesthetized with CO, and transcardially perfused with 0.1 M phosphate-buffered saline (PBS) and 4% (wt/vol)
paraformaldehyde (PFA) in PBS. Brains were removed, post-fixed overnight in 4% PFA, and equilibrated in 30% sucrose in PBS at
4°C. 20 (for fluorescence in situ hybridization (FISH) experiments) or 50-60 um thick coronal sections (for other histological experi-
ments) were cut on a cryocut microtome (CM1860, Leica Biosystems) at -20°C.

To quantify activated mPFC neurons and their projections (Figures 1A-1E and S1A-S1C), all brain sections were washed in PBS,
mounted on slide glasses (Muto pure chemicals) and cover-slipped with VECTASIELD HardSet Antifade Mounting Medium with DAPI
(H-1500, Vector Laboratories). Images were acquired using a confocal microscope (TCS SP8, Leica) with a 20X (for mPFC) or 63X (for
other brain areas) objective lens.

Immunostaining of c-Fos and quantification (Figures S1D-S1J) were carried out as previously reported with minor modifications.”®
To count the number of c-Fos-positive cells in the mPFC-NAc or mPFC-VTA (Figures S1C-S1H), the subject mice were sacrificed
90 min after performing the last tube test. Coronal sections containing the mPFC were prepared for c-Fos immunostaining, and
the viral injection sites were confirmed in sections containing the NAc and VTA. The mPFC sections were incubated in blocking so-
lution (0.3% triton-X 100 and 4% normal donkey serum in PBS) for 1 h at room temperature and then incubated with rabbit anti-c-Fos
antibody (1:2,000, 2250S, Cell signaling technology) overnight at 4°C. Following 3 x 10 min washing in PBS, incubation with donkey
anti-rabbit Alexa Fluor 647 (1:200, A-31573, Invitrogen) was done for 3 h at room temperature. Sections were washed with PBS for
3 x 10 min, incubated in DAPI (1:5,000, 62248, Thermo Scientific) solution, and washed again. Stained sections were mounted on
slides (Muto pure chemicals) and cover-slipped with VectaMount Permanent Mounting Medium (H-5000, Vector Laboratories). All
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images were obtained using ultra high-speed & spectral confocal microscopy (A1 Rsi/Ti-E, Nikon, Japan) at equal gain and exposure
with a 10X objective lens.

For quantification of the efficiency of Pou3f1 knockdown or overexpression (Figures S9A, S9B, S9E, and S9F), coronal sections
containing the mPFC were immunostained for Pou3f1 by incubating with rabbit anti-Pou3f1 antibody (1:500, ab272925, abcam) over-
night at 4°C. The brain sections were then exposed to donkey anti-rabbit Alexa Fluor 555 antibody (1:500, A-31572, Invitrogen) for
2 hours. After washing and mounting on the slide slice, images were acquired using a fluorescence microscope (Pannoramic Scan
system, 3DHISTECH) at the same gain and exposure with a 20X objective lens.

Immunostaining or FISH were not performed for Figures 1C, 1G, 2B, 3B, 3F, 3J, 3P, 7B, S1B, S4H, S4l, and S4Q.

For FISH experiments (Figures 4D-4l, 5E, 5F, 7H, 71, S7TC-S7L, S10D, and S10E), brain sections were processed according to the
hybridization chain reaction (HCR) RNA-FISH protocol (Molecular Instruments). Brain sections mounted on slide glasses were fixed in
4% PFA for 15 min at 4°C, dehydrated in serial ethanol washes (50%, 70%, 100%, and 100%, 5 min each at room temperature),
treated with 10 pg/ml of proteinase K solution in a humidified chamber for 10 min at 37°C, and washed in PBS. Slides were then
pre-hybridized with probe hybridization buffer in a humidified chamber for 10 min at 37°C. After removing pre-hybridization solution,
probe mixture was applied to each slide and incubated overnight in a humidified chamber at 37°C. The probes used in this study were
as follows: Nptx2, Ly6a, Nrip3, Pou3f1, Nrn1, Cnih3, Ankrd33b, and Mpv17 (concentration of all probes: 4 nM). Slides were then
washed in a series of probe wash buffer and 5x SSCT mixtures (1:0, 3:1, 1:1, 1:3, and 0:1) for 15 min each, at 37°C. Slides were
washed again in 5x SSCT for 5 min before applying amplification buffer to each slide and incubating in the humidified chamber
for 30 min at room temperature. Amplifiers (Nptx2, B1-488; Ly6a, B2-647; Nrip3, B1-488; Pou3f1, B4-647; Nrn1, B1-488; Cnih3,
B1-488; Ankrd33b, B3-546; Mpv17, B3-546; concentration of all amplifiers: 60 nM) were mixed with amplification buffer and it
was applied to each slide and incubated overnight in a dark humidified chamber at room temperature. Finally, slides were washed
in 5x SSCT and cover-slipped with mounting medium. Images were acquired using a confocal microscope (TCS SP8, Leica) with a
63X objective lens.

Fiber photometry

All fiber photometry experiments were conducted using Doric Fiber Photometry System (Doric Lenses). The two connectorized LEDs
(CLEDs, 405 nm regulated at 208.616 Hz for calcium-independent signals and 465 nm regulated at 572.205 Hz for calcium-depen-
dent signals) were controlled by the fiber photometry console via the LED driver. Each CLED was coupled to Integrated Fluorescence
Mini Cube with 4 ports (iIFMC4_IE(400-410)_E(460-490)-F(500-550)_S) via an attenuating patch cord, and S port of the Mini Cube was
coupled to a mono fiber-optic patchcord to deliver the excitation light to and to receive emitted light from behaving mice. The F(500-
550) port of the Mini Cube was coupled to the photodetector (Fluorescence Detector Amplifier, Doric Lenses) that was coupled to an
analog port of the fiber photometry console. Fiber photometry signals were recorded by Doric Neuroscience Studio (Ver. 5.3.3.14)
through the Lock-In mode and a sampling rate of 12.0 kS/s. All recorded signals were decimated by a factor of 12. Tube tests with
fiber photometry were recorded by a behavior tracking camera (Doric Lenses) controlled by the same software to synchronize the
tube test behaviors and the recorded neural activities.

Ex vivo electrophysiology

All electrophysiological experiments were conducted 1 day after the final tube test, and brain slices from R1 and R4 mice were pre-
pared at the same time to minimize the change in conditions due to the time difference when the two mice were sacrificed separately.
Electrophysiological recordings were performed as we previously described with minor modifications.?°~5? Briefly, mice were anes-
thetized with isoflurane. After decapitation, the brains were removed rapidly and then submerged in an ice-cold, oxygenated (95% O,
and 5% CO,), low-Ca?* / high-Mg?* dissection buffer containing 2.5 mM KCl, 1.23 mM NaH,PO,, 26 mM NaHCO3, 11 mM dextrose,
0.5 mM CaCl,, 10 mM MgCl,, and 212.7 mM Sucrose. Coronal brain slices (300 pm) containing the mPFC and NAc or VTA (to check
injection sites of retrograde viruses) were cut using a vibratome (VT1200S, Leica Biosystems). After that, the brain slices were put in a
recovery chamber filled with oxygenated artificial cerebrospinal fluid (ACSF), which contained 124 mM NaCl, 2.5 mM KCl, 1.23 mM
NaH,PO4, 26 mM NaHCO3, 11 mM dextrose, 2.0 mM CaCl,, and 1.0 mM MgCl,, and incubated at room temperature (24-26°C) for at
least an hour before recording.

After recovery, the slices were moved to a submerged recording chamber where they were continuously perfused with oxygenated
ACSF that was kept at room temperature at a flow rate of 2 ml/min. Slices were stabilized for at least 5 min prior to the recordings, and
then whole-cell patch clamp recordings on retrogradely labeled mPFC pyramidal neurons were made using borosilicate glass pi-
pettes (4-6 MQ) filled with the internal solution containing 123 mM K-gluconate, 12 mM KCI, 10 mM HEPES, 0.2 mM EGTA, 4 mM
Mg-ATP, 0.3 mM Na-GTP, and 10 mM Nas-phosphocreatine at pH 7.2-7.4 and 280-290 mOsm. Neuronal intrinsic properties
such as excitability (Figures S2A, S2B, S2H, and S2I), rheobase current measurement (Figures S2C, S2D, S2J, and S2K), membrane
capacitance (Cm) (Figures S2E and S2L), resting input resistance (R),) (Figures S2F and S2M), and resting membrane potential (RMP)
(Figures S2G and S2N) were recorded under the current clamp mode. Only cells having an input resistance of more than 100 MQ and
an access resistance of less than 20 MQ were recorded. The cells were excluded if the input or access resistance changed by more
than 20%. Signals were amplified by a Multiclamp 700B (Molecular devices) and filtered at 2 kHz and digitized at 10 kHz with Digidata
1550B (Molecular Devices). Data were recorded and analyzed using pClamp 10 (Molecular Devices).
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Tissue collection and library preparation for single-cell RNA sequencing

Animals were anesthetized with CO, and the brains were extracted and transferred into ice-cold Dulbecco’s phosphate-buffered saline
(DPBS) one day after the last tube test. For single cell dissociation, the brains were sectioned into 1.0 mm coronal slices in ice-cold
DPBS with the brain matrix, and the mPFC was collected from each slice using 14-gauge punches (BP-10F, Kai Medical). In total,
five pooled independent biological replicates including tissues from two-to-three different mice were analyzed for sequencing. Briefly,
the tissues were cut into small pieces and incubated in a dissociation media (Hibernate A without Calcium and Magnesium with 1 mg/ml
papain, 50% D-(+)-trehalose dihydrate, 25 mM DL-2-amino-5-phosphonopentanoic acid and DNase |) at 37°C for 60 min with shaking
at 225 RPM. After washing with 5 ml Hibernate A medium, the tissues were mechanically triturated with cutting pipette tips (tip diameter
2mmand 1 mm) in 2 ml Hibernate A medium, which was repeated for another two times, and filtered through a cell strainer with 70 um of
the pore size to release single cells. The 1.5 ml single-cell suspension was pooled and loaded on a gradient medium (Hibernate A without
Calcium and Magnesium with 1 mg/ml papain, 50% D-(+)-trehalose dehydrate, 25 mM DL-2-amino-5-phosphonopentanoic acid,
DNase I, and ovomucoid inhibitor-albumin) and centrifuged at 900 RPM for 6 min at 4°C to remove debris. The cells were then washed
with 1 ml Hibernate A medium followed by 1 ml DPBS. The cells were spun down at 1,250 RPM for 6 min and re-suspended in DPBS.
Countess Il Automated Cell Counter (Invitrogen) was used to count the number of cells after centrifugation.1,000 ~ 1,800 cells/ul or
1,500 ~ 3,200 cells/pl were obtained from samples from two or three pooled mice, respectively.

For single cell RNA-sequencing (scRNA-seq), the cell suspension was diluted to the recommended concentration (700 ~ 1,200
cells/pl) of the manufacturer’s protocol. We prepared cell suspension to 10,000 targeted cell recovery, and it was captured with
10X Chromium platform (10X Genomics, CA). 10x Genomics Chromium platform delivers a microfluidic chip for 3’ digital gene
expression by profiling 500-10,000 individual cells per sample. Using Chromium Single Cell 3° Reagent Kits v3, we prepared single
cell master mix and gel beads, and then generated Gel Beads-in-emulsion (GEMs), combining barcoded Single Cell 3’ v3 Gel Beads.
Next, the Gel Beads were dissolved, and cDNA was synthesized according to the sequence included in the GEMs. Since cDNA was
synthesized, GEMs were broken and silane magnetic beads were used to purify the first-strand cDNA. And then, cDNA was amplified
to generate sufficient mass for library for sequencing. Libraries were generated and sequenced from the cDNA and 10x Barcode con-
taining the GEMs. The final libraries contained the P5 and P7 primers used in lllumina bridge amplification and the concentration was
1.7~2.7pg.

Single-cell real-time quantitative PCR

Single cell RT-qPCR (scRT-gPCR) was carried out as previously described with minor modification.®**® RNA was isolated from
retrogradely labeled mPFC-NAc or mPFC-VTA neurons from the coronal brain section containing mPFC 1 day after the final tube
test. All glassware was oven-baked at 180°C for at least 12 h, and all buffers and solutions were prepared using nuclease-free water
(AM9932, Invitrogen) to minimize RNase contamination. Preparation of brain slices and whole-cell patch clamp recordings were per-
formed as described in the Ex vivo electrophysiology section. Cells were aspirated with borosilicate glass pipettes (4-6 MQ) filled with
the same internal solution for electrophysiological recordings added 20 pug/ml glycogen and RNase inhibitor (0.16 Units/pL;
SUPERaseln RNase inhibitor (20 U/uL); AM2694, Invitrogen). After making a whole-cell configuration, intracellular contents including
the nucleus were gently aspirated by applying negative pressure,”® and the shape and the holding current of aspirated neurons were
monitored to check the quality of the aspiration. RNA extraction from collected intracellular contents and reverse transcription were
performed using a Sing Cell-to-CT™ gRT-PCR kit (4458237, Invitrogen). In the pre-amplification and real-time PCR procedures, Tag-
man gene expression assays (Nptx2, Mm00479438_m1; Nrn1, Mm00467844_m1; Cnih3, MmO01319298_m1; Ankrd33b,
MmO07298789_m1; Mpv17, Mm00485133_m1; Nrip3, Mm00508049_m1; Pou3f1, MmO00843534_s1; Ly6a, Mm00726565_s1;
Rn18s, Mm03928990_g1; Thermo Fisher Scientific) were used. Amplification of cDNA was performed using LightCycler 480 Instru-
ment Il (Roche, Swiss), and then all reactions were analyzed using AACt method as previously described®” with 18S ribosomal RNA
(Rn18S) as a normalized control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of FosTRAPed neurons and projections

The number of tdTomato-expressing neurons in the mPFC (mainly prelimbic (PrL) or dorsomedial prefrontal cortex (dmPFC) located
in A.P. +2.3 ~ +1.9) was manually counted in the region of interest (ROI, 581.25 x 581.25 um). Animals with infected cells in areas
outside of these specific coordinates, such as the infralimbic (IL) or secondary motor cortex (M2), were excluded from the analysis.
Puncta density in the ROI (184.52 x 184.52 um) was measured as instructed with minor modifications.®8° The density of synaptic
puncta which express SypEGFP was quantified in ImageJ using the 3D Objects Counter plug-in. Threshold values were set for each
ROI to subtract background fluorescence. Volumetric puncta density was calculated as puncta count/tissue volume (mm?®). Cell
numbers and puncta density were averaged from eight sections per mouse. Measurements were normalized to the average of
the control of each brain region. All procedures were done by a blinder observer.

Quantification of TRACE-labeled or c-Fos-positive cells

The number of TRACE-labeled or c-Fos-positive cells in the ROI (500 x 500 um) was counted by Imaged by a blinder observer. Cell
numbers of eight coronal sections per mouse were averaged.
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Fiber photometry analysis

Data analysis was conducted using an open-source analysis package, named photometry modular analysis (pMAT).” The onsets of
each behavior were synchronized to time zero, and Z-score standardization was applied to the signals. The averaged response to
each tube test behavior was calculated by subtracting the average Z-scored data 1 s prior to and 2 s after the behavioral onset. Trials
that include other social competition behaviors during the analysis period — 1 s prior to and 2 s after behavioral onset of specific
behavior — were excluded from the final analysis. The area under the curve (AUC) per second values were calculated to compare
the neural activity before and after the behavioral onset of each animal.

scRNA-seq data processing, clustering, and annotation

Raw sequencing data from 10 samples, five biological replicates for each rank, were quantified using 10x Genomics Cell Ranger 4.0.0.”°
Mouse mm10 reference recommended and provided by 10x Genomics (Pleasanton, CA) was used. Then, Seurat package 3.1.3 in R
was used for subsequent data processing.”® As a quality control, cells that expressed too few or too many genes were excluded
(Table S1). In addition, cells with high expression rates of mitochondrial, ribosomal, and hemoglobin genes were considered low-quality
and excluded. Details on filtering criteria and the number of cells generated from each sample are in Table S1. Then, Log Normalization
and data integration to correct batch effect were conducted using Seurat. For clustering, the first 20 principal components were used to
create k-nearest neighbor (KNN) graphs and Uniform Manifold Approximation and Projection (UMAP) and FindClusters function, imple-
menting the Louvain algorithm, in Seurat with the resolution of 0.2 was used. Cell type annotation was performed using the SingleR
package.’® In-house cluster reference gene lists were used for annotation. Multiple test corrections were applied where needed and
the P-values were adjusted by the FindMarkers function of Seurat, which uses Bonferroni correction.

mPFC-NAc or mPFC-VTA classification and DEG analysis

Neuronal cells were isolated and subjected to PCA, UMAP, and clustering based on the expression of enriched genes of NAc- or
VTA-projecting mPFC neurons in the previously reported study®® using the same parameter. Seurat’s FindMarkers function was
used to find the marker gene for each cluster with logfc.threshold parameter of 0.25, the test method of the Wilcoxon Rank Sum
test. Genes with p-adj < 0.05 was defined as cluster marker genes. Then, DEGs were found between R1 and R4 using the
FindMarkers function with the same parameters.

Pou3f1 chromatin immunoprecipitation sequencing data analysis

We downloaded Pou3f1 chromatin immunoprecipitation sequencing (ChlP-seq) peak bed files from previous studies (corresponding
GEO: GSE110950, GSE74636, GSE54569, and GSE69778). ChlPseeker package 1.32.1 was used to annotate peak. Transcription
start site regions were defined as + 3 kb of transcription start sites. TxDb.Mmusculus.UCSC.mm9.knownGene R package was used
as an annotation database. Gene ontology (GO) enrichment analysis was conducted using clusterProfiler package 4.4.4 with multiple
test-adjusted p value threshold of 0.05.

scRT-gPCR and clustering

Calculated Ct values were used in clustering methods. The value of ACt was the calculated result of (Ct value of target gene — Ct value
of Rn18s gene), and the value of AACt was the calculated results of (each ACt / average of ACt of R1 group). Finally, the fold change
values (2-AACT) of cluster markers (C8, Ly6a; CO, Nrip3) were used to cluster C1 or C8 from mPFC-NAc neurons and CO or C3 from
mPFC-VTA neurons. The Expectation-Maximization (EM) or Simple K-means analysis in Machine Learning Algorithm in JAVA (WEKA,
New Zealand) system was used for the clustering of the scRT-gPCR data. The relative values of mRNA fold change were classified
according to the clustering result.

FISH

FISH images were analyzed using methods described in previous studies.?”-°>°" The expression of cluster marker genes and DEGs
of FISH images was identified by visual inspection of each confocal image. Clusters were determined by the presence or absence of
cluster-specific marker genes — C1, Nptx2; C8, Ly6a; CO, Nrip3; C3, Pou3f1 - in retrogradely labeled neurons. To quantify the number
of puncta of DEG candidates, Pou31, Nptx2, Nrn1, Cnih3, Ankrd33b, and Mpv17, the number of puncta of each gene localized in
retrogradely labeled individual cells were analyzed. FISH signals of DEG candidates were selected with a fixed threshold of intensity
and size using multi-particle analysis.

Statistical analysis
The number of biological replicates was reported, and several internal replications are present in the study. Animals were randomly
assigned to treatment groups. Every experiment used anonymous samples, and the experimenters were not informed of the exper-
imental conditions of the animals. No data were excluded after analyses.

Statistical analyses were conducted using GraphPad Prism 9 or 10. For n sizes, the number of animals or cells were provided in
Figure legends. Data are presented as mean = the standard error of the mean (SEM) or individual plots. Effect size was estimated
using partial eta squared (npz). Comprehensive information on statistical analysis is included in the figure legends and Table S4.
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