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Distinct Roles for Prefrontal Dopamine D1 and D2 Neurons
in Social Hierarchy
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Neuronal activity in the prefrontal cortex (PFC) controls dominance hierarchies in groups of animals. Dopamine (DA)
strongly modulates PFC activity mainly through D1 receptors (D1Rs) and D2 receptors (D2Rs). Still, it is unclear how these
two subpopulations of DA receptor-expressing neurons in the PFC regulate social dominance hierarchy. Here, we demonstrate
distinct roles for prefrontal D1R- and D2R-expressing neurons in establishing social hierarchy, with D1R1 neurons determin-
ing dominance and D2R1 neurons for subordinate. Ex vivo whole-cell recordings revealed that the dominant status of male
mice correlates with rectifying AMPAR transmission and stronger excitatory synaptic strength onto D1R1 neurons in PFC
pyramidal neurons. In contrast, the submissive status is associated with higher neuronal excitability in D2R1 neurons.
Moreover, simultaneous manipulations of synaptic efficacy of D1R1 neurons in dominant male mice and neuronal excitability
of D2R1 neurons of their male subordinates switch their dominant–subordinate relationship. These results reveal that pre-
frontal D1R1 and D2R1 neurons have distinct but synergistic functions in the dominance hierarchy, and DA-mediated regu-
lation of synaptic strengths acts as a powerful behavioral determinant of intermale social rank.
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Significance Statement

Dominance hierarchy exists widely among animals who confront social conflict. Studies have indicated that social status
largely relies on the neuronal activity in the PFC, but how dopamine influences social hierarchy via subpopulation of prefron-
tal neurons is still elusive. Here, we explore the cell type-specific role of dopamine receptor-expressing prefrontal neurons in
the dominance–subordinate relationship. We found that the synaptic strength of D1 receptor-expressing neurons determines
the dominant status, whereas hyperactive D2-expressing neurons are associated with the subordinate status. These findings
highlight how social conflicts recruit distinct cortical microcircuits to drive different behaviors and reveal how D1- and D2-re-
ceptor enriched neurocircuits in the PFC establish a social hierarchy.

Introduction
Dominance hierarchy widely exists across social species and sig-
nificantly influences an individual animal’s behavioral and social
performance (Sapolsky, 2005; Wang et al., 2014; Bicks et al.,
2015; Zhou et al., 2018; Matthews and Tye, 2019). Dominants
take priority in accessing resources, including food, territory,
and mates, whereas subordinate social status is associated with
more significant social stress, which influences physical and psy-
chological health (Blanchard et al., 2001; Bartolomucci, 2007;

Wang et al., 2014). Recent studies in humans and rodents indi-
cate that the medial prefrontal cortex (mPFC), a brain region
critical for social and cognitive functions (Bicks et al., 2015), is
specifically related to social dominance (Zink et al., 2008; Chiao,
2010; Wang et al., 2011; Kingsbury et al., 2019).

Human imaging studies have shown that PFC activity is
engaged with both stable and unstable hierarchies (Zink et al.,
2008). In mammals, the PFC has a crucial function in decision-
making and generating appropriate social responses (Rangel
et al., 2008; Arnsten, 2009), although the neural mechanisms
underlying the transition from unstable to stable social hierarchy
remain unclear. In both primates and rodents, social hierarchy is
plastic and linked to agonistic interactions, such as aggressive
social behaviors between males (Rose et al., 1971; Stagkourakis et
al., 2018). Once established, the hierarchy is relatively stable, pre-
venting excessive aggressive behaviors among group-mates
(Drews, 1993; Williamson et al., 2016). At the cellular level, the
strength of excitatory transmission in the mPFC is one of the
critical determinants of intermale hierarchy, as bidirectional
manipulation of synaptic strength switched the dominance
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relationship between males (Wang et al., 2011). The information
processing and output about social competition in the mPFC
fall to glutamatergic pyramidal neurons (Zhou et al., 2017).
However, the pyramidal neurons in mPFC are highly heteroge-
neous (van Aerde and Feldmeyer, 2015). The mPFC has been
implicated in diverse aspects of social behaviors, including
encoding of social cues (Levy et al., 2019), social recognition
processing (Phillips et al., 2019; Xing et al., 2021), and adaptive
social coping (Franklin et al., 2017). It is speculated that the
mPFC manages to process all these different types of social
behaviors through parallel neuronal microcircuits.

Prefrontal dopamine (DA) represents an attractive target for
neural influence over various social cognitive and executive func-
tions. For example, DA in the PFC has an essential role in encod-
ing aversive stimuli (Vander Weele et al., 2018), which may
underlie enhanced avoidance and defensive behaviors in animals
susceptible to social defeat stress (Ernst et al., 1997; Franklin et
al., 2017). DA modulates prefrontal functions mainly through
D1 receptors (D1Rs) and D2 receptors (D2Rs). The D1R- and
D2R-expressing neurons in deep layers of PFC exhibit distinct
electrophysiological properties, morphologic characteristics, and
projection targets (Gee et al., 2012; Seong and Carter, 2012; Wei
et al., 2018). Because of the different intracellular signaling path-
ways mediated by D1Rs and D2Rs, DA exerts divergent actions
in synaptic transmission and plasticity (Xu and Yao, 2010;
Tritsch and Sabatini, 2012; Xing et al., 2016a; Li et al., 2020).
Indeed, activation of D1R1 or D2R1 neurons in the PFC plays
critical but distinct roles in social information processing in
rodents (Brumback et al., 2018; Shinohara et al., 2018; Xing et al.,
2021) and primates (de Almeida et al., 2005; Nelson and Trainor,
2007; Lee et al., 2018). Still, the precise role of prefrontal DA sig-
naling in the regulation of social hierarchy remains unknown.
Here, we characterized the physiological properties of D1R- and
D2R-expressing prefrontal neurons from dominant and subordi-
nate mice and explored their contributions to social dominance.
We found that prefrontal DA D1R1 and D2R1 neurons differ-
entially control social rank, and their roles are dynamic and
switchable.

Materials and Methods
Animals
Hemizygous Drd1a-Cre [stock #Tg(Drd1-cre)EY262Gsat/Mmucd,
GENSAT] and Drd2-Cre [stock #Tg(Drd2-cre)ER44Gsat/Mmucd,
GENSAT], all on a C57BL/6J background, were bred in house to ei-
ther WT C57BL/6J mice (The Jackson Laboratory) or homozygous
Ai14 mice (The Jackson Laboratory) to generate D1R-Cre, D2R-
Cre, D1R-tdTomato, and D2R-tdTomato mice. Male mice 6-
8 weeks of age (at the beginning of all experiments) were group-
housed (2-4 per group) in a temperature- and humidity-controlled
environment on a 12 h light/12 h dark cycle (light from 6:00 A.M.
to 6:00 P.M.) with ad libitum access to food and water. The animals
were cohoused during the experiments, except for the surgical and
recovery period (1 week). At least 1 week before behavioral manip-
ulations, the mice were transferred to a reverse 12 h light/dark
cycle (light on from 6:00 P.M. to 6:00 A.M.), and experiments were
conducted during the dark phase. All procedures were in accord-
ance with the guidance of the National Institute of Health, and the
protocols were approved by the Institutional Animal Care and Use
Committee of Drexel University.

Surgical procedure and viral gene transfer
Adult male mice were stereotaxically injected with 300 nl of viral vector
as specified below. Surgical procedures were conducted under isoflurane
anesthesia [4% (v/v; isoflurane/carbogen) induction, 2.5% maintenance].
Mice were placed in a stereotaxic frame (David Kopf Instruments) on a

thermal blanket with eyes covered with artificial tears. Virus was bilaterally
injected into the mPFC (anteroposterior = 1.75 mm; ML = 60.75 mm,
DV = �2.65 mm at 15° from the skull) or mediodorsal thalamus (MD)
(anteroposterior = �1.4 mm; ML = 60.5 mm, DV = �3.2 mm from the
skull). For chemogenetic interventions, animals were injected with an
adeno-associated virus serotype 8 (AAV8) encoding Cre-dependent
human synapsin (hSyn) promoter-driven hM4D(Gi)-mCherry
(Addgene 44362, 4.6� 1012 GC/ml), hM3D(Gq)-mCherry (Addgene
44361, 4.0� 1012 GC/ml), or -mCherry alone (Addgene 50 459,
3.8� 1012 GC/ml). For optogenetic stimulation experiments, we used
an AAV5-CaMKII-hChR2(H134R)-eYFP (UNC Vector Core,
5.0� 1012 GC per ml). The control groups were bilaterally injected with
300 nl AAV5-CaMKII-eYFP (UNC Vector Core, 2.1� 1012 GC/ml). A
summary of viral expression is shown in Table 1. For all injections, the
virus was injected using a 32-gauge steel microinjection cannula con-
nected via polyethylene tubing to a 1.0 ml Hamilton syringe fitted in a
motorized syringe pump (Harvard Instruments, model 11 Plus) at a flow
rate of 50 nl per min. The skin was closed with sutures. Mice were given
buprenorphine HCl (0.1mg kg�1; Bedford Laboratories) and ampicillin
(100mg kg�1) for postoperative analgesia and inflammation reduction.

Tube test for social hierarchy
To measure the dominance hierarchy in group-housed mice, the food
reward-based tube tests were conducted as reported in previous studies
(Wang et al., 2011; Zhou et al., 2017). Group-housed mice (2-4 per cage)
were placed on a food-restricted diet consisting of 2-3 g of food (labora-
tory chow) per day for a week to keep 85-90% body weight before
restriction. For the animals undergoing surgery, food restriction was
applied when the mice recovered from surgery at least 1week and
reached body weight before surgery. A custom-made apparatus consist-
ing of a rectangle chamber (52 cm� 25 cm� 20 cm) divided into two
equal-sized compartments connected by a transparent Plexiglas tube
(30 cm length and 2.5 cm inside diameter) was used for the tube test.

Habituation session. Mice were subjected to 2 d habituation to the
test chamber. On day 1, mice were placed in the chamber with their cage
mates and allowed a 5 min free exploration. Broken pieces of frosted
Cheerios were used as the food reward and were scattered throughout
the chamber to encourage exploration. On day 2, mice were placed in
the chamber individually, and the reward was only located at each end
of the tube.

Training session. On the subsequent 2 d (day 3 and day 4), mice
underwent behavioral training consisting of eight training trials of run-
ning through the tube and consuming the food reward at the tube end in
alternating directions.

Test session. From day 5, mice were subjected to a daily test session.
Before test trials, each mouse was allowed to walk through the tube and
consume the frosted Cheerios 3 times as in the training session. In the
subsequent test trials, a pair of cage-mates was allowed to enter the tube
from opposite ends and meet in the middle. The one that caused (pushed
the other or stayed still in the tube) the other to retreat was scored as
more dominant of the pair. All possible combination of pairs in each
group was conducted (take 3 mice A, B, and C as an example, there are
three possibilities: A-B, A-C, and B-C). The tube was cleaned with 75%
ethanol after tests between cages. The start end was altered each day ran-
domly. Social ranks were determined by the total score of the “winning-
lose relationship.” The social rank between mice in a cage were consid-
ered stable when the “win-lose” relationship was identical for 3 continu-
ous days.

Table 1. Summary of viral vectors used in the experiments

Data Group Virus

Figure 4 D1Cre/inhibition AAV8 hSyn-DIO-hM4Di-mCherry
D1Cre/control AAV8 hSyn-DIO-mCherry

Figure 5 D2Cre/inhibition AAV8 hSyn-DIO-hM4Di-mCherry
D2Cre/control AAV8 hSyn-DIO-mCherry

Figure 6 D2Cre_subordinate AAV8 hSyn-DIO-hM4Di-mCherry
D1Cre_dominant AAV8 hSyn-DIO-hM3Dq-mCherry

AAV5-CaMKII-hChR2(H134R)-eYFP
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Slice electrophysiology
Similar to our prior reports (Xing et al., 2016b, 2018), acute slices of
the mPFC were prepared from D1R- or D2R-tdTomato mice 24 h after a
stable social hierarchy was established. Briefly, mice were deeply anesthe-
tized with Euthasol (0.2 ml/kg, i.p.), transcardially perfused with ;20 ml
ice-cold, oxygenated aCSF (in mM as follows: 128 NaCl, 2.5 KCl, 1.25
NaH2PO4, 2 CaCl2, 1 MgSO4, 26 NaHCO3, and 10 dextrose, pH 7.4)
before decapitation. Coronal slices were cut on a vibratome (Leica
Microsystems, VT1200S) in 300mm thickness and continuously perfused
with oxygenated aCSF. The freshly cut slices were then warmed to 34°C
for ;15min in an oxygenated N-methyl-D-glucamine-based solution
containing the following (in mM): 92 N-methyl-D-glucamine, 20 HEPES,
30 NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 5 sodium ascorbate, 3 sodium pyru-
vate, 2 thiourea, 10 MgSO4, and 0.5 CaCl2, 10 glucose, pH 7.4 (;310
mOsm). Then, slices were transferred and maintained in oxygenated
aCSF at room temperature for at least 1 h until recording.

Slices were transferred to a recording chamber where they were kept
at;34°C and superfused with;2 ml/min oxygenated aCSF. Whole-cell
current-clamp recording was used to measure basic electrophysiological
properties of layer 5 D1R1 and D2R1 pyramidal neurons in the prelim-
bic (PL) region of the mPFC. The dopamine receptor expressing cells
were visually identified by the presence of tdTomato by using a fluores-
cent microscope (Olympus BX51). A glass recording electrode (4-6 MV
resistances) was filled with an intracellular solution containing the fol-
lowing (in mM): 120 K-gluconate, 20 KCl, 4 ATP-Na-ATP, 0.3 Na2GTP,
5 Na-phosphocreatine, 0.1 EGTA, 10 HEPES, pH 7.3. A series of
1500ms current pulses (from �300 pA to 400 pA by 50pA steps) was
injected to test membrane response. All experiments were conducted
with a Multiclamp 700B amplifier, a DigiData 1320 digitizer, and
pClamp10.2 software (Molecular Devices). Only recordings that showed
a stable resting membrane potential ,�50mV and access resistance
,20 MV were included in the data analysis. The membrane potentials
were not corrected for liquid junction potential.

The h-currents (Ih) were recorded in voltage-clamp mode using a se-
ries of hyperpolarizing voltage steps (�60mV to �130mV by �5mV
increments) with electrodes filled with the above intracellular solution
with 30 mM TEA-Cl to block delayed activated K1 current (Yang et al.,
2018).

For recording the evoked EPSCs, the internal solution contained the
following (in mM): 120 Cs-gluconate, 5 QX-314, 6 CsCl2, 1 ATP-Mg, 0.2
Na2GTP, 10 HEPES, 5 TEA-Cl, and 0.1 spermine at pH 7.4 adjusted
with CsOH. Synaptic currents were electrically evoked by stimuli
(0.1ms, 40-400 mA at 0.05Hz) through a concentric bipolar stimulating
electrode (inner diameter: 25mm; outer diameter: 200mm, FHC) was
placed in the layer 2/3 border ;300mm away from the recorded neu-
rons. AMPAR-EPSCs were recorded at �60mV, and NMDAR-EPSCs
were recorded at 60mV in voltage-clamp mode with the presence of
GABAA receptor antagonist picrotoxin (50 mM). The evoked responses
of each cell were measured at �60mV (AMPA-only response) and
60mV (AMPA and NMDA combined response). The AMPA/NMDA
ratio was calculated by dividing the amplitude of the AMPA-only
response by the amplitude of the NMDA-only response was taken
from a 10 ms window at 60mV 50ms after stimulation, where no
AMPA response was present. To record the AMPA-EPSCs, the picro-
toxin (50 mM) and NMDA antagonist (R)-CPP (10mM) were bath-applied
at least for 10min, and then the evoked responses were measured at �60, 0,
and then 60mV. The rectification index (RI, represent current/voltage rela-
tionship) of AMPAR was calculated as the peak amplitude of
AMPA�EPSC60 mV/AMPA�EPSC-60 mV.

Chemogenetic manipulation
Water-soluble clozapine-N-oxide (CNO, Hello Bio, catalog #HB1807)
was dissolved in saline at a concentration of 1mg/ml, aliquoted, and
stored at –20°C. The animal received an intraperitoneal injection of
CNO at 5mg/kg 30min before behavioral tests.

Optogenetic stimulation
Optical fiber-ferrule assemblies were manually made as in previous
reports (Sparta et al., 2011). Bilateral ferrules were implanted 0.3 mm

above the brain regions (mPFC) for optical stimulation. Two screws
were fixed into the skull to support the implant, which was secured with
dental cement (Ortho-Jet). After recovery from surgery, mice were habi-
tuated to tether with the optical fiber-ferrule assemblies connected to the
optical patch cables (Precision Fiber Products and ThorLabs) and a dou-
ble rotary joint for 10min twice per day over 2 d in the tube test cham-
ber. The blue light was generated by a TTL-controlled blue light laser
(473nm, Opto Engine) at 6-8 mW. The laser output was delivered to the
brain via an optical fiber (200mm core, 0.22 numerical aperture, Doric
Lenses) which was coupled to the ferrules implanted on the animals
through a zirconia sleeve. In some experiments, in vivo LTD induction
was delivered 30min before training sessions over 2 d: animals were
injected with CNO (5mg/kg) 30min before the delivery of 5ms pulses
at 1Hz for 5min. The animals were subjected to test sessions of the tube
test as described above. The implantation sites of optical fibers were veri-
fied after behavioral tests.

Experimental designs and statistical analyses
The experimental designs are illustrated in the figures and described in
the figure legends. No statistical methods were used to predetermine the
sample size. For electrophysiological experiments, sample sizes were
based on the number of potential identified neurons in each mouse (e.g.,
three cells/mouse and minimum 2 mice per group), and the number of
neurons likely to yield interpretable results (10-20 neurons per condi-
tion; based on our previous studies) (Xing et al., 2016b, 2018). For be-
havioral experiments, sample sizes were similar to those used by others
in the field (Wang et al., 2011; Zhou et al., 2017; Stagkourakis et al.,
2018). Weight-matched mice were randomly assigned to groups. The
investigators were not blinded to allocation during physiological experi-
ments but were blind to outcome assessment for tube test of social
hierarchy.

All statistics were calculated using GraphPad Prism 7 and or IBM
SPSS 24 software. Data are presented as mean 6 SEM. Before running
the t test or ANOVA test, deviation from normality and the homogene-
ity of variance tests were conducted by the Kolmogorov–Smirnov test
and Levene’s test, respectively. A two-tailed unpaired or paired t test,
one- or two-way ANOVA test followed by Bonferroni’s multiple com-
parisons was applied to all data that met these two conditions. If either
the condition of equal variances or normality was not met, statistical
analyses were performed using nonparametric tests. For comparison
across two groups, we used the Mann–Whitney U test for unpaired ex-
perimental design. Comparisons across more than two groups were
implemented using a Friedman test with Dunn’s post hoc analysis.
Fisher’s exact test was used to determine whether there is a significant
difference between two proportions of rank changes in Figure 6. In all
cases, differences were considered significant at p values,0.05.

Results
Enhanced synaptic strength at D1 prefrontal neurons in
dominant mice
DA signaling has a substantial influence on prefrontal synaptic
activity (Tritsch and Sabatini, 2012; Xing et al., 2016a). Recent
studies have indicated that AMPAR-mediated synaptic transmis-
sion in prefrontal pyramidal neurons plays a crucial role in estab-
lishing social hierarchy (Wang et al., 2011; Zhou et al., 2017).
However, whether and how prefrontal neurons expressing different
DA receptor subtypes (i.e., D1R- and D2R-expressing neurons)
have distinct synaptic activity in dominant versus subordinate mice
is unknown.

To address this question, we used a classic behavioral assay
(tube test) to measure the dominant–subordinate relationship in
rodents (Wang et al., 2011; Zhou et al., 2017; Stagkourakis et al.,
2018) (Fig. 1A). We used a reward-based tube test to determine
the dominant–subordinate relationship in a pair of mice (Fig.
1B). After group-housed mice (2 mice/group) were food-re-
stricted, trained to walk through a narrow tube to receive food
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reward at the other end of the tube, a nonviolent conflict situa-
tion was created where 2 mice were released from the opposite
ends of the tube and met in the middle. The mouse that forced
the opponent out of the tube was identified as dominant of the
pair (Fig. 1A). We ensured that the observed dominance hierar-
chy was stable for 3 d (Fig. 1B). We observed no difference in
body weight between dominate and subordinate mice (data not
shown). To characterize synaptic properties of different DA re-
ceptor-expressing neurons with respect to social rank, we per-
formed slice recording from pairs of group-housed transgenic
mice expressing red fluorescent proteins (tdTomato) under the
control of the D1R or D2R promoter after classifying their social
dominance status using the tube test (Figs. 1 and 2). Voltage-
clamp recordings were made in visually identified D1R1 or
D2R1 layer 5 (L5) pyramidal neurons of the PL region of the
mPFC. The AMPAR-mediated miniature EPSCs (mEPSCs) were
isolated by holding the neurons at the reversal potential for
GABAergic currents (�60mV) with GABAAR antagonist picro-
toxin (100 mM) and sodium channel blocker TTX (0.5 mM). We
found that the amplitude, but not the frequency, of mEPSCs was

significantly larger in D11 neurons from dominant mice com-
pared with subordinates (Fig. 1D,E), suggesting that a robust
postsynaptic efficacy of D1R1 neurons is associated with the
dominance hierarchy. In contrast, we observed neither difference
in the amplitude nor frequency of mEPSCs between dominants
and subordinates from D2-Tdtomato mice (Fig. 2A–C).

We further examined evoked EPSCs elicited by electrical
stimulation to obtain a global overview of social dominance-
related neuroplasticity. A decrease of RI of AMPAR-EPSCs (cal-
culated as EPSC60 mV/EPSC�60mV, RI) indicates the presence of
GluA2-lacking calcium-permeable AMPARs (CP-AMPARs),
which are essential for AMPAR-mediated plasticity (Henley and
Wilkinson, 2016). CP-AMPARs are present in mature neurons,
and a decrease of CP-AMPAR expression in mPFC is associated
with social deficits (Gascon et al., 2014). In the present study, we
found that all D1R1 neurons from subordinate mice exhibited
RI. 1 AMPAR-EPSCs (18 of 18, 100%), but ;40% of D1R1

neurons from dominants showed RI, 1 AMPAR-EPSCs (7 of
18, 38.9%). Overall, the RI (high CP-AMPARs) of D1R1 neurons
was significantly lower from dominant mice than that of their

Figure 1. Prefrontal D1R1 neurons in the dominant mice show higher AMPAR-mediated glutamate neurotransmission compared with subordinate mice. A, Schematic illustration of the
tube test to determine the dominant and subordinate of a pair of male mice. B, Experimental timeline. The whole-cell patch-clamp recording was performed 24 h after the dominant–subordi-
nate relationship was determined in the tube test. The experiments were done with the housing of 3 mice. C, Histologic example of PL D1R1 neurons (red, tdTomato-positive). Bottom right,
Differential interference contrast image of a D1R1 cell (left) in PL expressing tdTomato (right). Scale bars, 200mm. Cg 1, Cingulate cortex, area 1; IL, infralimbic cortex. D, Example traces of
mEPSC recordings of D1R1 cells from dominant (red, n= 5 mice) and subordinate (blue, n= 5 mice) mice. E, Cumulative distributions of mEPSC amplitude (left) and interevent interval (right)
for dominant (red) and subordinate (blue) mice. Insets, Mean (6 SEM) mEPSC amplitude (left, Mann–Whitney test, U= 241, *p= 0.0142) and interevent interval (right, Mann–Whitney test,
U= 377.5, p= 0.8307). F, Sample traces of AMPA-EPSCs recorded at�60, 0, and 60mV, respectively, in the presence of picrotoxin (50 mM) to block the GABAAR-mediated IPSCs and (R)-CPP
(10 mM) to block NMDA-mediated EPSCs. G, Summary of the RI, calculated as EPSC60mV/EPSC�60mV, for AMPAR-mediated EPSCs of D1R

1 neurons from dominant and subordinate mice.
Mann–Whitney test, U= 98, *p= 0.0435. H, Sample traces of AMPAR-eEPSC at �60mV and NMDAR-eEPSC at 60 mV with the presence of picrotoxin (50 mM) in the mPFC from dominant
(red) and subordinate (blue) mice. I, Quantification of AMPA/NMDA ratio of D1R1 neurons from dominant and subordinate mice. Mann–Whitney test, U= 4, ****p, 0.0001.
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subordinate counterparts (Fig. 1F,G). However, no change was
observed in the RI of D2R1 neurons (Fig. 2D,E).

The ratio of the amplitude of evoked AMPAR- and NMDAR-
mediated EPSCs (AMPA/NMDA ratio), a measurement for glu-
tamatergic synaptic strength, is a signature of plastic changes in
assessing synaptic function. We found that the AMPA/NMDA
ratio was significantly higher only in D1R1 neurons from domi-
nants (Fig. 1H,I) but not D2R1 neurons (Fig. 2F,G). Overall,
these results suggest that the more robust glutamate transmission
selectively at D1R1 neurons is associated with social dominance.

Higher intrinsic excitability of D2 prefrontal neurons in
subordinate mice
Prefrontal pyramidal neurons expressing DA D1Rs and D2Rs in
deep layers exhibit distinct morphologic and physiological prop-
erties (Gee et al., 2012; Seong and Carter, 2012; Xing et al., 2021).
We therefore compared the intrinsic membrane and action
potential (AP) properties of D1R1 and D2R1 neurons in mPFC
with respect to social rank. D1R-tdTomato and D2R-Tdtomato
mice were subjected to the tube test described above and then
sacrificed for whole-cell current-clamp recording in pairs. The
intrinsic excitability was quantified by counting the number of
APs elicited by depolarizing current injections (from 0 to
500 pA; Fig. 3A). We found no difference in resting membrane
potential between dominants and subordinates from D1R1 or
D2R1 neurons (Fig. 3B; D1R1 neurons). The D1R1 neurons
showed no difference in spike numbers between dominant mice
and their subordinates (Fig. 3C; two-way repeated-measures
ANOVA, Finteraction(10 250) = 0.3395, p=0.9696), whereas the D2R1

cells from submissive mice showed sustained hyperexcitability with

significantly higher AP numbers compared with their dominants
(Fig. 3D).

Previous studies reported that hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels are localized on the dis-
tal dendrites of L5 pyramidal neurons in the mPFC, and activa-
tion of these channels decreases neural excitability (Fan et al.,
2005; Li et al., 2010). Further, D2R1 cells are known to be
enriched with HCN channels (Gee et al., 2012; Seong and Carter,
2012), and are implicated in social deficits (Brumback et al.,
2018; Yamamuro et al., 2018). We thus examined the h-current
(Ih, hyperpolarization-activated cation currents conducted by
HCN channels) in D1R1 and D2R1 cells from pairs of dominant
and subordinate mice by injection of hyperpolarizing current
steps. Consistent with previous studies (Seong and Carter, 2012),
we found that the Ih is smaller in D1R1 cells than in D2R1 neu-
rons in L5 of mPFC (Fig. 3E,G). Specifically, the Ih amplitude of
D2R1 cells was significantly larger at �130mV (Fig. 3F), and
these greater Ihs were detected from �85 to �130mV in D2R1

neurons compared with D1R1 (Fig. 3G). Furthermore, there is
no observed difference of Ih in D1R1 cells between dominant
and subordinate mice (Fig. 3H). In contrast, Ih is significantly
larger in D2R1 cells of dominant mice compared with their sub-
ordinate mates (Fig. 3H). Together, our results suggest that
increased neuronal excitability and lower Ih in D2R1 neurons is
associated with the submissive status in social hierarchy.

Activation of D1R neurons in the PL is required for social
dominance
Thus far, our findings indicate that D1R1 and D2R1 pyramidal
cells differ in their synaptic and physiological properties with

Figure 2. There is no difference in glutamatergic transmission in D2R1 neurons in the mPFC between dominant and subordinate mice. A, Histologic example of mPFC from a D2R-tdTomato
mouse (red, tdTomato-positive). Scale bars, 500mm. Cg 1, Cingulate cortex, area 1; IL, infralimbic cortex; fmi, forceps minor of the corpus callosum. B, Example of mEPSC recording of D2R1

neurons from dominant (orange) or subordinate (light blue) mice. These experiments were conducted with the housing of 3 mice. C, Cumulative distribution of mEPSC amplitudes (left) and
interevent intervals (right) for dominant (orange, n= 5 mice) and subordinate (light blue, n= 5 mice) mice. Insets, Mean (6SEM) mEPSC amplitude (left, Mann–Whitney test, U= 459,
p= 0.8843) and interevent interval (right, two-tailed unpaired t test, t(59) = 1.445, p= 0.1538). D, Sample traces of EPSCs at �60, 0, and 60mV in the presence of picrotoxin (50 mM) and
(R)-CPP (10 mM). E, Summary of the RI, calculated as EPSC60mV/EPSC�60mV, for AMPAR-mediated EPSCs of D1R

1 neurons from mice with distinct ranks. Mann–Whitney test, U= 53,
p= 0.9177. F, Sample traces of AMPAR-eEPSC at �60mV and NMDAR-eEPSC at 60 mV from dominant (orange) and subordinate (light blue) D2R-tdTomato mice. G, Quantification of AMPA/
NMDA ratio of D2R1 neurons from dominant and subordinate mice. Mann–Whitney test, U= 48, p= 0.6539.
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Figure 3. The intrinsic electrophysiological properties of L5 D1R1 and D2R1 pyramidal neurons in the PL of dominants and their subordinates. A, Example images and traces from prefrontal
L5 D1R1 and D2R1 pyramidal neurons in response to current injections (0-500 pA at a 50 pA step, only showing 100 and 300 pA current in the sample traces for clarification) from dominant
and subordinate mice after the tube test. B, There are no differences in rest membrane potential (RMP) in either D1R1 or D2R1 neurons between dominant and subordinate mice (n= 4 pairs
of mice). These experiments were done with the housing of 3 mice. D1R1: Mann–Whitney test, U= 181, p= 0.6998; D2R1 neurons: two-tailed unpaired t test, t(28) = 0.5513, p= 0.5858. C,
Quantification of the number of APs resulting from given current injections (from 0 to 500 pA) in the D1R1 neurons from dominant (red) and subordinate (blue) mice. Two-way repeated-meas-
ures ANOVA, main effect of rank (F(1,25) = 0.1026, p= 0.7514), main effect of current step (F(1.651,41.28) = 24.49, p, 0.0001), and interaction (F(10,240) = 0.3395, p= 0.9696). D, Summary of
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respect to social rank. We then explored the necessity of these
two types of DA receptor-expressing mPFC neurons in main-
taining social hierarchy. To do this, we used inhibitory designer
receptors exclusively activated by designer drugs (DREADDs)
to transiently silence the activity of D1R1 or D2R1 neurons in
mPFC during the tube test. Three weeks after stereotaxic injec-
tion of Cre-dependent AAV (AAV8-hSyn-DIO-hM4Di) into
the PL region of the mPFC of D1R-Cre or D2R-Cre mice (Fig.
4A), the tube test was conducted to examine social dominance.
After a stable social hierarchy was established by examining the
dominance–subordinate relationship during the pretest of tube
test training (Fig. 4B), dominant (defined as rank-1) and subordi-
nate (defined as rank-3) were injected with either saline or
DREADDs agonist CNO (5mg/kg) intraperitoneally 30min
before rank testing (Fig. 4B). As controls, the middle rank (rank-
2) mice received no treatment and were used to compare the rank
changes with other mice. In prefrontal D1 neuron inhibition
experiments, we found that inactivation of D1R1 neurons
(hM4Di1CNO) in dominants caused a significant drop of social
rank. Notably, this effect was long-lasting for almost 8 d after
CNO administration (Fig. 4C–E; p, 0.05, 24 h after injection in
Test 2; and a strong trend p=0.0518, 7 d after injection in Test 3).
Importantly, the dominant D1Cre1-hM4Di mice remained in
high rank with saline treatment (Fig. 4E). In contrast, inhibition of
D1R1 cells of subordinate mice (rank-3) did not cause any rank
changes in the rank status subordinate mice (rank-3) (Fig. 4E,
right). We also performed inhibitory DREADD experiments on
the group of 4 mice. As shown in Figure 4F–H, we found that
dominant D1Cre1 mice with inhibitory hM4Di were inverted to
subordinate in the group after CNO injection. Using a similar
strategy, we found that silencing prefrontal D2R1 neurons affect
neither dominant nor subordinate status (Fig. 5).

Previous studies have indicated different cell enrichments or
layer-specific expressions of D1R1 and D2R1 cells in the rodent
mPFC. Specifically, D1Rs are the most abundant and strongly
expressed in deep layers (Gaspar et al., 1995; Santana et al., 2009;
Anastasiades et al., 2019). D2R1 are expressed in both superficial
and deep layers but are more densely enriched in superficial
layers (Santana et al., 2009; Wei et al., 2018). We quantified the
D1R1 and D2R1 cells in terms of social rank (Table 2). We

found no difference between dominants and subordinates in ei-
ther D1-tdTomato or D2-tdTomato mice, but overall higher
expression of D1R1 than D2R1 neurons in the mPFC (Table 2).
While our data suggest that intact prefrontal D1R1 neuronal ac-
tivity is required to maintain a dominant status in a stable social
hierarchy (Fig. 3C–E), we cannot rule out the possibility that the
null effect of inhibiting prefrontal D2R-expressing neurons on
social rank is because of its reduced abundance in deep layers of
mPFC relative to D1R-expressing neurons.

Simultaneous manipulations of D1 neurons in high-rank
mice and D2 neurons in low-rank mice switch a dominance–
subordination relationship
Thus far, our results suggest that enhanced synaptic strength
of D1 neurons in mPFC is critical for social dominance, and
hyperactivity of D2 neurons is involved in submissive status.
Moreover, while we found that inactivation of D1R1 prefrontal
neurons caused dominant mice to adopt a subordinate social
rank, inhibition of D2R1 neurons did not affect social rank status
in dominant or subordinate mice. We next determined whether si-
multaneous manipulation of D1R1 and D2R1 prefrontal neurons
in a pair of mice could alter a dominant–subordinate relationship.
Previous studies have indicated that strengthening mPFC trans-
mission from the dorsomedial thalamus could elevate the social
rank of the mice (Wang et al., 2011; Zhou et al., 2017). To this
end, we expressed AAV8-DIO-hM4Di-mCherry in the mPFC of
D2Cre mice to inhibit D2R1 neurons (Fig. 6A) since hyperactive
D2R1 neurons are associated with submissive social status. To
manipulate synaptic transmission onto D1 neurons, we selected
mediodorsal thalamic inputs to mPFCD1 synapses because synap-
tic strength of MD-to-mPFC is reported to maintain a dominance
status (Zhou et al., 2017; Nelson et al., 2019). LTD protocols were
applied to weaken the synaptic efficacy underlying social domi-
nance. We combined a “paired training” LTD paradigm involving
low-frequency light stimulation (LFS, 300 pulses of 5ms light
stimulation delivered at 1Hz) of presynaptic inputs from the MD
with a hM3Dq-induced depolarization of postsynaptic D1R1 neu-
rons in mPFC (Toyoda et al., 2005, 2007; Xing et al., 2016b).
Specifically, Channelrhodopsin-2 (AAV5-CaMKII-ChR2-eYFP)
and excitatory DREADD virus (AAV8-DIO-hM3Dq-mCherry)
were injected into the MD and mPFC of D1Cre mice, respectively
(Fig. 6B). The LFS could be delivered by blue light illumination
(300 pulses of 5ms light stimulation delivered at 1Hz) at the MD
terminals in the PL, and postsynaptic D1R1 cells with hM3Dq
expression were depolarized by CNO administration intraperito-
neally (5mg/kg) (Fig. 6C,D). We confirmed that LTD could be
triggered at MD terminals to PLD1 synapses using the “pair train-
ing” protocol in ex vivo slice physiological recording (Fig. 6C,D).
Next, we investigated whether this “paired training” LTD pro-
tocol could suppress MD-to-PFC synapses and cause a sub-
ordinate status in vivo. As shown in Figure 6E, D1Cre and
D2Cre mice were subjected to the tube test training para-
digm after surgery. A pretest was performed to determine the
dominant–subordinate relationship, and the D1Cre/domi-
nant-D2Cre/subordinate pairs were screened to participate
in the following experiments: As manipulation pair/group,
the dominant D1Cre/hM3Dq/ChR2 mice received CNO
injection (5mg/kg. i.p.) 30min before a blue light (473 nm)
LFS (300 pulses of 5 ms light stimulation delivered at 1 Hz),
while the subordinate D2Cre/hM4Di mice were adminis-
tered CNO (5mg/kg, i.p.) 30min before behavioral testing.
The control pair/group was set as dominants with D1Cre/
mCherry/eGFP and subordinates with D2Cre/mCherry. The

/

the number of APs in response to current injections (from 0 to 500 pA) of D2R1 neurons
from dominant (orange) and subordinate (light blue) mice. Two-way repeated-measures
ANOVA, main effect of rank (F(1,24) = 14.35, p= 0.0009), main effect of current step
(F(1.618,38.83) = 111.1, p, 0.0001), and interaction (F(10,240) = 3.978, p, 0.0001).
Bonferroni’s post hoc test: *p, 0.05; **p, 0.01; ***p, 0.001. E, Example traces of –
10mV steps showing the h-currents in response to hyperpolarizing voltage steps from �60
to �130 mV at a �5 mV step. F, Significantly larger Ih amplitude was observed in D2R1

than D1R1 cell at �130 mV holding voltage. N= 5 pairs of mice. Mann–Whitney test,
U= 76.5, ****p, 0.0001. G, D2R1 neurons exhibit higher Ih amplitudes than D1R1 neu-
rons from�85 to�130 mV voltage steps. Two-way repeated-measures ANOVA, main effect
of genotype (F(1,55) = 24.97, p, 0.0001), main effect of voltage step (F(1.158,63.69) = 59.91,
p, 0.0001), and interaction (F(14,770) = 23.48, p, 0.0001). Bonferroni’s post hoc test:
*p, 0.05; **p, 0.01. H, Summary of the Ih amplitude in response to the hyperpolarizing
voltage steps recorded from D1R1 and D2R1 neurons in dominant versus subordinate mice,
respectively. The error bars of D1R1 dominant and subordinate and D2R1 subordinate
groups were too small to be visible in the graph. D1R1: two-way repeated-measures
ANOVA, main effect of rank (F(1,34) = 2.402, p= 0.1305), main effect of voltage step
(F(1.436,48.83) = 24.49, p, 0.0001), and interaction (F(14,476) = 1.839, p= 0.0309).
Bonferroni’s post hoc test: all p. 0.05. D2R1: two-way repeated-measures ANOVA, main
effect of rank (F(1,28) = 8.124, p= 0.008), main effect of voltage step (F(1.183,33.13) = 52.76,
p, 0.0001), and interaction (F(14,392) = 8.759, p, 0.0001). Bonferroni’s post hoc test:
*p, 0.05.
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tube test was performed to determine the
social rank and conducted for 3 consecu-
tive days. The pairs of D1Cre/dominant-
D2Cre/subordinate were subjected to
three more tests at 24 h, 7 d, and 14d later
without manipulations to determine the
long-term effect on the dominant–subor-
dinate relationship. We found that weak-
ening MD-to-PFC synaptic transmission
by LTD induction in dominant mice and
silencing D2R1 neurons in subordinates
simultaneously reversed the dominant–
subordinate relationship after the 3 d
manipulations in 7 of 7 pairs. In contrast,
the control pairs exhibited a relatively sta-
ble D1Cre/dominant-D2Cre/subordinate
relationship with only two pairs’ domi-
nant–subordinate relationship switched.
Interestingly, the reversed dominance
relationship in the experimental groups
was stable for up to 14d, suggesting that a
brief reversal of D1R1 and D2R1 neuro-
nal activities in paired mice has a long-
lasting influence on their social hierarchy
(Fig. 6F).

Discussion
Our findings revealed, for the first time,
that prefrontal D1 and D2 neurons play
distinct but synergistic roles in social
dominance. Enhanced excitatory synap-
tic transmission at D1 neurons is associ-
ated with dominance, and activity in
prefrontal D1R-expressing neurons is
required to maintain high-rank status. In
contrast, hyperactive D2 neurons are
associated with submissive status, and
manipulating D2 neuronal excitability
does not affect social rank in either dom-
inant or submissive mice. However, si-
multaneous manipulation of PL D1
neurons in dominant mice and D2 neu-
rons in subordinate mice is sufficient to
switch their dominant–subordinate rela-
tionship. Moreover, this effect is long-last-
ing and persisting for over 2weeks. These
data indicate that activity in the D1R1

and D2R1 neuronal subpopulation in the
mPFC regulates social hierarchy dynamics
in dominant and subordinate mice.

Recent studies have shown that the
mPFC is necessary and sufficient to es-
tablish a social hierarchy in mice (Wang
et al., 2011; Zhou et al., 2017). During a
social competition task, such as the tube
test, the mean fire rate of pyramidal
neurons was higher in effortful behav-
iors, such as push and resistance (Zhou
et al., 2017). Manipulations of AMPAR-
mediated currents in prefrontal pyrami-
dal neurons bidirectionally regulate ani-
mals’ positions within a social hierarchy

Figure 4. Prefrontal D1R1 neuron activity is required for social dominance. A, Cre-dependent expression of mCherry-tagged hM4Di
in D1R1 neuron in the PL. IL, Infralimbic cortex. B, Experimental timeline. Mice were injected CNO (5mg/kg, i.p.) 30min before the first
test. C, Social rank change of a cage (3 mice per cage) of D1 neuron hM4Di-expressing mice after CNO (left, n=7 cages) or saline (SAL,
right, n=6 cages) treatment in the dominant. D, Summary of rank changes in dominant animal with D1 neuron hM4Di expression. Each
line indicates 1 mouse. Dashed line indicates the injection of CNO (left) or saline control (right). E, Average rank change after CNO (red) or
saline (blue) injection in dominant (left) and subordinate (right) D1Cre-hM4Di mice. Dominant-CNO: Friedman test, M(4) = 17.81,
p=0.0005. Dunn’s post hoc test: *p, 0.05; **p, 0.01. Dominant-Veh: Friedman test, M(4) = 4.714, p=0.5. F, Social rank change of
a cage (4 mice per cage) of D1 neuron hM4Di-expressing mice after CNO (left, n=5 cages) or SAL (right, n=5 cages) treatment in the
dominant. G, Summary of rank changes in dominants with D1 neuron hM4Di expression for a group of 4 mice. Each line indicates 1
mouse. Dashed line indicates the injection of CNO (left) or SAL control (right). H, Average rank change after CNO (red) or saline (blue)
injection in dominant (left) and subordinate (right) D1Cre-hM4Di mice in the group of 4 mice. Dominant-CNO: Friedman test, M(4) =
13.91, p=0.0039. Dunn’s post hoc test: *p, 0.05. Dominant-Veh: Friedman test, M(4) = 4.714, p=0.5.
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(Wang et al., 2011). Consistent with these studies (Wang et al.,
2011; Zhou et al., 2017), we confirmed an enhanced AMPAR-
mediated synaptic transmission in layer 5 PL pyramidal neu-
rons of dominant mice, and we show that this phenomenon
mainly exists in D1R- but not D2R-expressing neurons in the
mPFC (Fig. 1). D1Rs are the most abundant among the DA re-
ceptor subtypes (Gaspar et al., 1995; Santana et al., 2009), and
activation of D1Rs produces excitatory effects on intrinsic
excitability of deep-layer PFC pyramidal neurons (Yang and
Seamans, 1996; Seong and Carter, 2012). During associative
learning, D1R activation in mPFC is required to retain LTP
(Gurden et al., 2000; Huang et al., 2004) and learned informa-
tion (Nagai et al., 2007; Puig and Miller, 2012). Consistent with
the notion that DA favors synaptic potentiation via D1R-medi-
ated mechanisms, the AMPAR-EPSCs are selectively increased
in prefrontal D1 neurons from dominants, most likely through
the D1R-mediated LTP from previous winning experiences
(Zhou et al., 2017). Therefore, the higher synaptic strength at
D1R neurons might contribute to learning the social domi-
nance relationships, enhancing an individual’s ability to win
future encounters by reinforcement learning (Kumaran et al.,
2016).

Zhou et al. (2017) have demonstrated that social rank changes
are positively correlated with manipulated mPFC activity, and a
greater rise in rank position requiring a stronger laser intensity
with optogenetics. Therefore, the distinct effect of D1 and D2
neurons inhibition on social rank revealed in our studies may be
due, in part, to the number of total prefrontal cells affected.
Indeed, we found overall greater expression of D1R1 neurons in
the mPFC relative to D2R1 neurons (Table 2). In addition, we
observed a laminar-specific expression difference between D1R-
and D2R-expressing neurons in the mPFC. Consistent with pre-
vious studies, we found that D1Rs are the most abundant and
strongly expressed in deep layers (Gaspar et al., 1995; Santana et
al., 2009; Anastasiades et al., 2019), whereas D2R1 are in both
superficial and deep layers and more densely expressed in super-
ficial layers (Santana et al., 2009; Wei et al., 2018). This finding
raises the possibility that D2 neuron inhibition may induce a
weaker effect than D1 neuron inhibition because of a relatively
smaller subpopulation of prefrontal cells being manipulated.

Converging evidence shows a strong relationship between
social status and psychosocial stress levels (Wang et al., 2014).
Subordinate animals are prone to manifest avoidance- and anxi-
ety-like behaviors, high glucocorticoid levels, and low immune
responses when encountering a dominant intruder for a couple
of days (Bartolomucci, 2007; Shinohara et al., 2018). An interest-
ing aspect of our study was that prefrontal D2R neurons were
hyperactive in the subordinate mice, who also displayed a much
lower Ih than their dominant counterparts (Fig. 2). Given that
activation of HCN channels decreases neuronal excitability of
pyramidal neurons in deep layers (Li et al., 2010), these results
suggest that hyperactivity in D2R1 neurons is associated with a
submissive social status. In a social context, stimulating prefron-
tal D2R neurons disrupts normal social interaction, while inhibi-
ting these cells enhances social behavior in mouse models of
autistic spectrum disorders (Brumback et al., 2018). Activation
of D2Rs may amplify D2R1 neuron responses to salient inputs,
such as defeat via a Ca21 channel-dependent afterdepolarization
(Gee et al., 2012).

Figure 5. Inhibition of prefrontal D2R1 neuron activity exhibited no effects on social dominance. A, Cre-dependent expression of mCherry-tagged hM4Di in D2R1 neuron in the PL. IL,
Infralimbic cortex. B, No social rank change in a cage of D2 neuron hM4Di-expressing mice after CNO (left, n= 6 cages) or saline (SAL, right, n= 6 cages) treatment in the dominant mice
30min before Test 1. The experiments were done with the housing of 3 mice. C, Summary of rank changes in dominant animals with D2 neurons expressing hM4Di virus. Each line indicates 1
mouse. Dashed lines indicate the injection of CNO (left) or saline control (right) 30 min before Test 1. D, Rank change after CNO (red) or SAL (blue) injection in dominant (left) and subordinate
(right) D2Cre mice with hM4Di expression. Dominant-CNO: Friedman test, M(4) = 4, p= 0.75. Dominant-Veh: Friedman test, M(4) = 4, p= 0.75.

Table 2. Quantification of D1R1 and D2R1 cells in mPFC in the dominant–sub-
ordinate relationship and regardless of social rank

Group n Cell number (mean 6 SE)

Dominant–subordinate relationshipa

D1R1_dominants 4 184.36 16.3
D1R1_subordinates 4 188.56 18.7
D2R1_dominants 5 118.46 23.3
D2R1_subordinates 5 116.46 31.3

Regardless of social rankb

D1R1 8 186.46 11.3
D2R1 10 117.46 18.4**

aOne-way ANOVA: F(3,17) = 2.6134, p = 0.0923, no significance.
bUnpaired t test: t(16) = 2.9883, p= 0.0087.
**p, 0.001 versus D1R1.
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Our findings here show that (1) syn-
aptic strength of D1 mPFC neurons is
associated with dominant status (Fig. 1)
and (2) chemogenetic inhibition of D1
PFC neurons is sufficient to cause a sta-
ble switch from dominant to submissive
status (Fig. 4). Although we found that
D2 neurons are hyperactive in submis-
sive mice (Fig. 3), chemogenetic inhibi-
tion of D2 neurons was not sufficient to
change social rank status of the submis-
sive mice (Fig. 5). These findings raised
critical questions of whether D2R1 neu-
rons play any role in the regulation of
social rank. Given our findings that inhi-
bition of prefrontal D1 neurons can
cause dominant mice to switch to sub-
missive status, and that synaptic strength
of MD inputs to the mPFC was previ-
ously identified to be crucial in main-
taining a dominant social status (Zhou
et al., 2017), we wondered whether in-
hibiting hyperactive D2R neurons in
subordinate mice while simultane-
ously depressing synaptic transmis-
sion at MD-to-mPFCD1 projections
in their dominant counterparts was
able to switch the social hierarchy.
Interestingly, our data indicate that si-
multaneous manipulations of synaptic
efficacy of D1 neurons in dominant
mice and neuronal excitability of D2
neurons of their subordinates switch
their dominant–subordinate relation-
ship (Fig. 5). However, we cannot rule
out the possibility that the behavior of
the dominant mice was influenced by
the activation of MD synapses on other
PFC neurons. Nonetheless, these find-
ings suggest that inhibiting hyperactive
D2 neurons in submissive mice is only
capable of causing a switch to dominant
status when synaptic efficacy is dis-
rupted in their dominant counterparts.

It is worth noting the different record-
ing and stimulation methods between the
present study and Zhou et al. (2017).
First, we performed whole-cell patch-
clamp recordings in individual pyrami-
dal neurons in the mPFC (Fig. 6C,D),
whereas Zhou et al. (2017) measured
local field potentials (fEPSPs) in a popu-
lation of mPFC cells for the LTD experi-
ments. Second, different protocols to
induce LTD were used. Specifically, we
found that optogenetic stimulation of
presynaptic MD-to-mPFC pathway
(with 300 1 Hz pulses of 5 ms dura-
tion) paired with postsynaptic depo-
larization of D1R1 neurons using
chemogenetics induced robust LTD in
MD-to-mPFCD1 synapses. In contrast,
Zhou et al. (2017) used optogenetic

Figure 6. Simultaneous manipulation of prefrontal D1R1 neurons in dominants and D2R1 neurons in subordinates switches
their dominance–subordinate relationship. A, Viral transduction of D2R1 neurons with hM4Di in mPFC of subordinate D2Cre
mice. B, A combined viral approach of transduction of D1R1 neurons with hM3Dq in mPFC and ChR2 in the MD in dominant
D1Cre mice. The experiments were done with the housing of 2 mice. C, Using a combined approach of low-frequency blue light
stimulation (LFS, 300 pulses at 1 Hz, 473 nm, 8 mW) with depolarization of D1R1 cells by hM3Dq/CNO, LTD was induced at MD-
mPFC synapses in D1R1 neurons. Top, Example traces of optical stimulation-evoked EPSC (oEPSC) before (black) and after (blue)
LTD protocol application. Bottom, Time course of oEPSC change before and after LTD protocol application, EPSC amplitude was
normalized to the baseline. D, There is a significant reduction of oEPSCs amplitude after LTD protocol application. n= 7 from 3
mice. Two-tailed paired t test, t(6) = 6.032, **p= 0.0009. E, Schematic of the experimental design and tube test procedure and
timeline used to test whether simultaneous manipulation of D1R1 and D2R1 neurons in the PL region of mPFC alters domi-
nance–subordinate relationship in a pair of mice (n= 7 manipulation pairs, n= 8 control pairs). F, Summary of the average rank
change before (pretest), during (Tests 1-3), and after (Tests 4-6) the simultaneous manipulations of prefrontal D1R1 and D2R1

neurons. The dominant rank was set as 1, and the subordinate rank was set as�1. The rank changes of dominant–subordinate
relationship from pretest to Test 6 were plotted. Fisher’s exact test: *p= 0.0406 at Tests 1, 5, and 6, **p= 0.007 at Tests 2, 3
and 4.
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stimulation of MD terminals to induce LTD at MD-to-mPFC syn-
apses with an application of 900 1 Hz pulses of 2 ms duration.
Since we used 300 instead of 900 presynaptic stimulations, we
expect no LTD induction without a postsynaptic depolarization.
These differences in recording methods would likely result in dif-
ferent findings that need further exploration. Despite the meth-
odological differences, both our findings and those from Zhou et
al. (2017) support the idea that weakening synaptic efficacy of
MD-PFC synapses diminishes a dominant social status.

A recent study demonstrated that mice engaging in a domi-
nance test show interbrain synchrony, which emerges from mPFC
neurons encoding of self-behaviors and those of their social part-
ners. Interestingly, self-behaviors were more strongly encoded in
dominant mice, whereas opponent behaviors were more strongly
encoded in submissive mice (Kingsbury et al., 2019). Given our
findings that D1 and D2 neurons play distinct roles based on social
status, an intriguing aspect for future study will be to determine
whether and how these neurons may contribute to the differential
computational structure mPFC circuits in dominant and submis-
sive mice. Because prefrontal DA plays a critical role in the regula-
tion of adaptive social behaviors and decision-making (St Onge et
al., 2011; Brumback et al., 2018; Lee et al., 2018), novel tools that
can detect relative DA levels with high spatiotemporal resolution
will be critical to further understand how DA signals modulate
ongoing social activities via the segregated D1R- and D2R-domi-
nant networks (Sun et al., 2018).

In conclusion, our findings provide novel insight into the di-
vergent functions of prefrontal D1R and D2R neurons in social
dominance. The D1 and D2 neurons within mPFC work synerg-
istically to regulate social hierarchy via different neuroplasticity
mechanisms.
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