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Social dominance hierarchies are a common adaptation to group living and exist across
a broad range of the animal kingdom. Social dominance is known to rely on the
prefrontal cortex (PFC), a brain region that shows a protracted developmental trajectory
in mice. However, it is unknown to what extent the social dominance hierarchy is plastic
across postnatal development and how it is regulated. Here we identified a sensitive
period for experience-dependent social dominance plasticity in adolescent male mice,
which is regulated by mechanisms that affect cortical plasticity. We show that social
dominance hierarchies in male mice are already formed at weaning and are highly stable
into adulthood. However, one experience of forced losing significantly reduces social
dominance during the adolescent period but not in adulthood, suggesting adolescence
as a sensitive period for experience-dependent social dominance plasticity. Notably,
robust adolescent plasticity can be prolonged into adulthood by genetic deletion of
Lynx1, a molecular brake that normally limits cortical plasticity through modulation
of cortical nicotinic signaling. This plasticity is associated with increased activation of
established nodes of the social dominance network including dorsal medial PFC and
medial dorsal thalamus evidenced by increased c-Fos. Pharmacologically mediated
elevation of cortical plasticity by valproic acid rapidly destabilizes the hierarchy of
adult wildtype animals. These findings provide insight into mechanisms through which
increased behavioral plasticity may be achieved to improve therapeutic recovery from
psychiatric disorders that are associated with social deficits.

Keywords: social hierarchy, plasticity, development, prefrontal cortex, thalamus

INTRODUCTION

Adult mice living in social groups form naturally occurring dominance hierarchies which are highly
stable across time (Lindzey et al., 1961; Wang et al., 2011; Williamson et al., 2016; Zhou et al.,
2018). Hierarchy formation and maintenance is a complex behavior that relies on recognition
of dominance relationships of others and behavioral plasticity in response (Wang et al., 2014;
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Bicks et al., 2015; Zhou et al., 2018). Previous research has
demonstrated that dominance rank is dependent on prefrontal
cortex (PFC) circuitry acting in conjunction with midline
thalamic structures (Wang et al., 2011; Zhou et al., 2017;
Kingsbury et al., 2019; Nelson et al., 2019). However, very little
is known about the mechanisms that establish and maintain the
stability of these hierarchies. While dominance is a behavioral
trait of an individual, the stability of the hierarchy is a property
of the group as a whole and is dependent on the change in
dominance status of all the individuals within the group. Here we
set out to examine the neural mechanisms in control of hierarchy
stability as a model for social behavior plasticity in mouse.

While much research in primary sensory cortical areas has
outlined the specific mechanisms for regulating experience-
dependent development and plasticity of circuitry mediating
sensory processing (Hensch, 2004; Morishita and Hensch, 2008),
mechanisms regulating experience-dependent development of
PFC circuits are still poorly understood. Social experience in
the post-weaning juvenile and adolescent periods has profound
effects on the development of adult PFC circuitry and social
behaviors (Makinodan et al., 2012; Bicks et al., 2020; Morishita,
2020; Yamamuro et al., 2020), suggesting that the circuitry
regulating hierarchies may be sensitive to social experience
during this period. Whether hierarchies are more plastic during
development, or whether modulators of cortical plasticity impact
hierarchy plasticity is as of yet unknown.

Several molecules have been identified as cortical plasticity
modulators in primary sensory cortical areas, including several
molecular “brakes” which actively limit plasticity as the critical
period closes (Bavelier et al., 2010). One such plasticity brake is
Lynx1, a nicotinic modulator that facilitates closure of the visual
critical period (Morishita et al., 2010). Lynx1 knockout (KO)
mice, have an open-ended critical period and therefore provide
an opportunity to study the effects of elevated cortical plasticity
in the adult (Morishita et al., 2010; Bukhari et al., 2015; Sajo et al.,
2016; Takesian et al., 2018). Pharmacological interventions, such
as Valproic Acid treatment, can reopen critical period cortical
plasticity in adults, allowing for interrogation of the impacts
of high cortical plasticity on adult behavior (Putignano et al.,
2007; Silingardi et al., 2010; Yang et al., 2012; Gervain et al.,
2013). For example, in humans, administration of VPA reopens
a critical period for auditory learning, allowing for acquisition
of absolute pitch in adults (Gervain et al., 2013). It is currently
unknown whether critical periods in association cortical areas
(including the PFC) are regulated by mechanisms that are shared
or distinct to those that regulate primary sensory critical periods.
Understanding the mechanisms that regulate plasticity of the
PFC and behaviors regulated by the PFC could provide invaluable
tools to leverage plasticity mechanisms to improve cognitive and
social functioning in adults.

Here we examine the development of mouse social dominance
hierarchies and their regulation by critical period modulators,
Lynx1, and VPA. We show that baseline mouse hierarchies are
stable at an early developmental stage, but show experience-
dependent plasticity in response to an experience of losing
during the adolescent window. Experience-dependent plasticity
is dampened in the adult animal but can be extended into

adulthood by genetic absence of Lynx1, while unmasking
plasticity in adulthood using the pharmacological treatment VPA
leads to destabilization of the baseline hierarchy in mice. Our
findings show the first evidence that modulators of sensory
critical period plasticity also regulate social behavior plasticity.

MATERIALS AND METHODS

Animals
Juvenile and adult (14 days to 5 months after birth) WT
(C57Bl6, Charles River, Wilmington, MA, United States) and
adult Lynx1KO (gifted by Dr. Nathaniel Heintz: Rockefeller
University) male mice were maintained on a 12-h light/dark (LD)
cycle and had access to food and water ad libitum. Mice were
group housed, 4 in a cage, for at least two weeks after shipping
prior to any behavioral experimentation. Information on original
litter size was not available. All experiments were approved by the
Icahn School of Medicine at Mount Sinai Ethical Committee for
animal research.

Behavior
Mice were first habituated to the tube and the testing
environment by placing the subject at one end of the tube and
allowing each mouse to run the length of the tube. The direction
was alternated between turns. Habituation was completed after
successful completion of the task four times. Each day of testing
involved pairwise assessment of all possible matches in the
tube-test (six total matches). The order of the matches was
determined randomly and varied each testing session. Testing
began following one training session. Each match was started
when both mice fully entered the tube on opposite sides, and
ended when one mouse had forced the other to retreat with
all four paws out of the plastic tube. Mice were tested in
a Plexiglas tube measuring 1 ft in length. The diameter was
adjusted depending on the developmental age (0.75 – 1.25 inches
internal diameter, Interstate Plastics). Following every trial, the
apparatus was cleaned with a cleaning MB-10 solution (Virkon
S, Dupont, Wilmington, DE, United States). Developmental
tests were conducted weekly, while Valproic Acid (VPA) and
Lynx1KO experiments were conducted every other day. To assess
experience-dependent hierarchy plasticity, baseline hierarchies
were established based on every other day testing for three days,
and rank was determined based on number of wins on the final
day. The following day, the top ranked animal was forced to lose
to the third ranking animal by placing a stopper at the end of
the tube, such that the top rank animal would be forced to back
out. We assessed hierarchies the following day by again testing
pairwise dominance between all pairs in the tube-test.

Valproic Acid Administration
Valproic Acid (VPA), (200 mg/kg, dissolved in sterile saline) or
Saline was injected i.p. every 12 h for 8 days.

Statistical Analyses
David’s scores (DSs) were assessed using the EloRating R package
(Gammell et al., 2003). Generalized linear models were used

Frontiers in Neural Circuits | www.frontiersin.org 2 May 2021 | Volume 15 | Article 676308

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-676308 May 11, 2021 Time: 14:7 # 3

Bicks et al. Regulation of Social Dominance Plasticity

to assess effects of treatment using the “glmer” function of
the lme4 R package. Generalized linear models included the
following random effects: animal nested within cage and test
date. Generalized linear models including treatment (genotype
or drug treatment) as an effect were compared to reduced
models not including treatment. Differences between Pearson’s
correlations were assessed using the cocor R package to assess
Pearson and Filon’s z.

Immunohistochemistry
Mice were deeply anesthetized with isoflurane and perfused
transcardially with 0.1M phosphate-buffer saline (PBS, pH= 7.4)
followed by 4% paraformaldehyde in PBS. Brains were removed
and transferred to the same fixative. 4–6 h later they were
cryoprotected in 30% sucrose in PBS.

All rank one mice were analyzed from 7 cages. Coronal brain
sections (35µm) were collected in serial sections using a 24 well
plate using a cryostat (Leica). Samples were washed two times
with TBS for 10 min and then blocked with (1% BSA/0.25%
triton-X 100/TBS) for 1 h at RT. Sections were then exposed
to primary antibody (rabbit anti-c-Fos antibody 1:5000) in.1%
triton-X 100/TBS at 4◦C on a rotator for 20 h. Sections were
then washed with a blocking buffer for 10 min, three times at RT.
Next, sections were exposed to the secondary antibody (donkey
anti-rabbit IgG1:400) (Life Technologies, A21206, Lot#1182675)
in.25% triton-X/TBS at RT for 2 h. Slices were washed in TBS
for 10 min two more times. Sections were transferred onto glass
slides, air dried, mounted with Fluoromont-G Dapi (Southern
Biotech) and coverslipped.

Imaging and Quantification
Images were acquired on a LSM780 Microscope using Zen 2012
software. Tilescans of mPFC slices were captured and Images
were analyzed using Fiji. Using the DAPI channel, brain regions
of the mPFC were drawn. Bregma range [−0.08 to 3.45] was
included in the calculation. Dorsal Anterior Cingulate (dACC)
and the Mediodorsal nucleus of the thalamus (MD) were drawn
according to the Allen Brain Atlas. The cFos channel was selected:
the image was converted to an 8bit type, noise was removed and
background was subtracted. Each region was individually selected
and the number of nuclei counts was recorded. Imaging and
quantification was performed by a blinded experimenter.

RESULTS

Experience-Dependent Plasticity of
Social Dominance Hierarchy in
Adolescent Mice
We first set out to evaluate the baseline stability of social
hierarchy in mice from the juvenile period following weaning
to adulthood. We assessed dominance between all pairs of male
mice within a cage of 4 mice in the tube-test (Lindzey et al.,
1961) (Figure 1A). Dominance scores derived from behavior in
the tube test have been previously shown to correlate well with
measures of dominance produced by other assays such as scent

marking in the presence of a female and competition for a warm
spot (Wang et al., 2011; Wang et al., 2014). A social dominance
score for each mouse was quantified by calculating DSs (David,
1987) which are based on the number of wins, and the relative
numbers of wins and losses of the opponent. With 4 mice in a
cage, the DS ranges from−3 to 3, with a score of−3 representing
a mouse who lost all matches and a score of three given to a
mouse that wins all matches. Tube tests were repeated weekly
following weaning through adulthood (Figure 1B). To assess the
stability of social hierarchy across development, we first analyzed
the weekly change in DSs (Figure 1C). We observed a modest,
but not significant, decrease in the weekly change in DSs across
development (Figure 1C). Even in the juvenile period, DSs were
stable, with an average change of less than one, which is less than
a single rank change in a cage of four mice. For example, in a cage
with no ties, a rank 3 to rank 4 change is equivalent to a change
in DS from −1 to −3. We further examined the specific ranks
(based on the average DS throughout the testing period) and saw
that the rank 1 in particular was highly invariable (Figure 1D).
This finding demonstrates the presence of stable hierarchies
already formed during development (Figures 1C,D). Critical
period plasticity is often not observed under baseline conditions,
and is characterized by experience-dependent changes (Gordon
and Stryker, 1996). Therefore, we tested if a forced experience
of losing could disrupt the rank of adolescent mice. After
determining baseline rank in each cage, we manipulated the
outcome of the tube-test trial by blocking one end of the tube such
that the rank 1 animal would need to back out and the lower rank
animal (rank 3) would need to walk out, creating an experience
of “loss” for the rank 1 and an experience of “win” for the rank 3
animal, and we compared this to an unmanipulated test (“natural
outcome”) (Figures 1E–G). We found that adolescent mice (p35)
showed significantly reduced DSs one day following forced loss,
compared with the natural loss controls (Figure 1H). Overall,
these findings suggest that stable social hierarchies are formed
early in the juvenile period, but that these hierarchies are plastic
to experience during the adolescent period.

Prolonged Experience-Dependent
Plasticity of Social Dominance Hierarchy
Into Adulthood by Genetic Deletion of
Lynx1, A Cortical Plasticity Regulator
We next aimed to determine the mechanism supporting
adolescent experience-dependent dominance plasticity. Given
that hierarchies show experience-dependent changes during
adolescence (Figure 1H), we hypothesized that hierarchy stability
may be regulated by modulators of cortical plasticity, which
are typically high during juvenile windows and decrease in
adulthood. To test this, we leveraged a model of open-ended
critical period cortical plasticity, the Lynx1KO mouse. Lynx1 is a
nicotinic modulator that increases during adolescence, providing
a brake on cortical plasticity in adults. Adult Lynx1KO mice
have an open-ended critical period for cortical plasticity, allowing
for juvenile-like plasticity in primary sensory cortical areas in
adult animals (Morishita et al., 2010; Bukhari et al., 2015;
Sajo et al., 2016; Takesian et al., 2018). To test whether social
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FIGURE 1 | Dominance shows developmentally regulated experience-dependent plasticity. (A) Mice within a cage were assessed in the tube test using a round-robin
design to assess dominance between each pair in a cage. (B) Timeline showing habituation to the tube and testing environment and training, followed by weekly
tests of hierarchy across development. (C) Weekly changes in average David’s Score (DSs) across development (generalized linear model, p = 0.739, n = 43 mice in
11 cages) (D) DS for each rank assigned based on the average DSs across the testing period. (E) Experience-dependent changes in hierarchy for adolescent mice
were assessed by altering the outcome of the rank 1 vs. 3 match-up by blocking the tube, forcing the rank 1 animals to lose. Hierarchies were reassessed 24 h later
(n = 72 mice in 18 cages). (F) Timeline showing habituation to the tube and testing environment, training, three baseline tests of hierarchy every other day, followed
by forced loss manipulation or natural outcome and dominance status reassessment. (G) Baseline hierarchies showed no significant differences in change in David’s
Score between p29–31 and p31–33 (generalized linear model, p = 0.614, n = 72 mice from 18 cages). (H) Adolescent rank 1 mice that experienced forced loss
showed significantly lower DSs compared with mice that experienced the natural outcome (Wilcoxon signed rank test, ∗p = 0.02, n = 9 mice from 18 cages).

hierarchies may be governed by shared neurobiology underlying
critical period cortical plasticity in primary sensory areas, we
first assessed baseline hierarchy stability in adult WT and
Lynx1KO mice following habituation and training (Figure 2A).
There were no significant differences in baseline change in
DSs across groups, mirroring adolescent data (Figure 2B).
Next, we employed our “forced-lose” assay to assess experience-
dependent changes in dominance in Lynx1KO and WT adult
male mice (Figure 2C). We then re-tested the hierarchy 24 h
later and found that compared to adult WT rank 1 mice, adult
Lynx1KO rank 1 mice showed significantly reduced DS 24 h
after unexpected experiential loss (Figure 2F). These findings
demonstrate significant plasticity in social hierarchy based on
experience in adult animals with open-ended critical period for
cortical plasticity, suggesting modulators of cortical plasticity
may regulate dominance hierarchy stability.

Brain Regions Involved in Control of
Social Dominance Show Differential
Response to Loss in a Model of
Open-Ended Cortical Plasticity
Next, we aimed to determine the brain regions associated with
the plasticity of social hierarchy regulated by Lynx1. Convergent
evidence shows regions of the dorsal medial PFC, including the
dorsal Anterior Cingulate Cortex (dACC), acting in concert with
the medial dorsal thalamus (MD) are essential for regulating

rank within a hierarchy (Wang et al., 2011; Zhou et al., 2017;
Nelson et al., 2019). We therefore tested whether these regions
show differential activation after experiencing an unexpected loss
in the tube test between WT animals, who go on to maintain
their rank, and Lynx1KO animals, whose rank decreases in the
following 24 h (Figure 2D). We perfused Lynx1KO and WT rank
1 animals that had experienced a forced loss 90 min prior in order
to assess early immediate gene c-Fos activation in the dominance
network, including the dACC and MD (Figures 2E,F). We found
that Lynx1KO animals had increased c-Fos activation in both
the dACC and the MD, suggesting activation of the dominance
network may be important for encoding the experience of loss
leading to a subsequent decrease in dominance (Figures 2E,F).
Overall, our findings suggest that experience-dependent plasticity
of social hierarchy in adult mice is limited by the cortical
plasticity modulator Lynx1 and is associated with corticothalamic
network activity.

A Pharmacological Modulator of Cortical
Plasticity, Valproic Acid, Induces
Plasticity in Adult Social Hierarchy
We next set out to test whether regulation of the stability of
mouse dominance hierarchies is broadly regulated by shared
neurobiology in control of cortical plasticity, or is specifically
regulated by nicotinic acetylcholine modulation by Lynx1. To
this end, we injected WT mice with Valproic Acid (VPA), a
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FIGURE 2 | Cortical plasticity modulator Lynx1 limits experience-dependent plasticity of social hierarchy in adult mice. (A) Adult WT or Lynx1KO mice were tested in
a round-robin design to assess dominance between all pairs in a cage. Mice were habituated to the tube and then baseline hierarchy was assessed every other day
for 5 days. Baseline day 1 was training. (B) Baseline hierarchies showed no significant differences in change in David’s Score (DS) between genotypes (generalized
linear model, p = 0.323, n = 36 Lynx1KO from 9 cages, n = 48 WT from 12 cages). (C) Experience-dependent changes in hierarchy were assessed by altering the
outcome of the rank 1 vs. 3 match-up by blocking the tube, forcing the rank 1 animals to lose. Hierarchies were reassessed 24 h later. (D) WT previous rank 1 mice
maintained their rank following loss while Lynx1KO mice showed significantly reduced DS 24 h post loss (Wilcoxon signed rank test, ∗p = 0.03, n = 7 WT mice, 7
Lynx1KO mice). (E) Dorsal Anterior Cingulate (dACC) shows significantly increased c-Fos labeling in adult Lynx1KO mice following forced loss (two-tailed un-paired
student’s t-test, ∗p = 0.05, n = 7 WT mice, n = 6 Lynx1KO mice). (F) Mediodorsal thalamus (MD) shows significantly increased c-Fos in adult Lynx1KO mice
following forced loss (two-tailed unpaired student’s t-test, ∗p = 0.02, n = 7 WT mice, n = 6 Lynx1KO mice).

pharmacological manipulation that is known to re-open adult
visual and auditory critical periods (Putignano et al., 2007;
Silingardi et al., 2010; Yang et al., 2012; Gervain et al., 2013). Mice
were injected twice daily for 8 consecutive days and underwent
the tube test every other day (Figure 3A). We found that VPA
treatment significantly increased the change in DS, indicating
destabilization of the baseline hierarchy (Figure 3B). We then
allowed all cages to re-stabilize their hierarchies with a 2-week
washout period with no handling, re-established baseline DSs,
and began saline injections twice daily for eight consecutive
days (Figure 3A). Saline injection did not destabilize hierarchies,
showing a specific effect of VPA on hierarchy stability. DSs
were highly correlated in both baseline periods (Figures 3D,E

top panels), but following VPA treatment, correlations across
tests began to breakdown, showing uncorrelated hierarchies
after one week of VPA treatment, but not following Saline
treatment (Figures 3D,E middle panel). This led to a significant
difference between strength of correlation at baseline and
following VPA treatment, but not following Saline treatment
(Figures 3D,E bottom panel). Therefore, adult re-opening of
juvenile-like cortical plasticity with VPA treatment destabilizes
hierarchies without further manipulation (such as unexpected
experience of losing which was necessary to induce plasticity in
hierarchy in adult Lynx1KO mice and adolescent WT mice). This
difference may reflect the timing and the nature of manipulations;
while Lynx1KO results in open-ended cortical plasticity, VPA
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administration re-open plasticity in the adult after the critical
period had closed. Alternatively, the difference in findings
between Lynx1KO and VPA administration could be due to the
nature of the manipulation: While Lynx1KO removes one of
many brakes on cortical plasticity (Bavelier et al., 2010), VPA
administration is a broad manipulation that has multiple targets.
Overall, our findings support the model that the stability of
mouse social dominance hierarchies is broadly regulated by the
neurobiological mechanisms that control cortical plasticity.

DISCUSSION

The results from this study show that a sensitive period
for experience-dependent social dominance plasticity of
male mouse social dominance hierarchies is regulated by
molecular modulators of cortical plasticity that are known to
regulate critical periods in sensory cortex (Figure 4). Lynx1, a
developmentally regulated brake on critical period plasticity,
regulates experience-dependent change in social dominance
rank, as hierarchies of Lynx1KO mice are destabilized by a
single experience of forced-losing while WT hierarchies remain
intact. Forced losing activates regions known to be involved in
dominance such as the dmPFC and midline thalamic structures.
Pharmacological re-opening of critical period cortical plasticity
rapidly destabilizes hierarchy structures at baseline, showing that,
in the adult animal, decreased plasticity helps to maintain a stable
dominance relationship within the cage. Our findings provide
evidence of cortical plasticity modulators directly altering
behavior in a social context and shed light on our understanding
of the developmental tradeoff between behavioral stability and
plasticity in the face of changing contexts.

Previous studies on mouse social dominance hierarchies have
studied ways in which rank can be changed by manipulating
molecular and circuit mechanisms (Timmer and Sandi, 2010;
Wang et al., 2014; Yamaguchi et al., 2017a,b; Zhou et al., 2018).
For example, rank can be increased by increasing AMPA receptor
mediated synaptic transmission within the dmPFC (Wang et al.,
2011), or by manipulating the MD to dmPFC projection (Zhou
et al., 2017; Zhou et al., 2018; Nelson et al., 2019). These
studies have demonstrated that a dominant animal can lose its’
status, or a subordinate animal can gain rank. In our study,
instead of focusing on the dominance rank of individual animals
per se, we studied the rank stability within a group hierarchy.
Unlike manipulations previously discussed, adult manipulations
of cortical plasticity in this study change the overall stability of the
hierarchy, leading to high amounts of rank change regardless of
the direction of change. This study therefore adds to a growing
body of knowledge about the mechanisms mediating male
mouse hierarchies by providing evidence that increased cortical
plasticity leads to hierarchy destabilization. While this study
manipulated cortical plasticity broadly, we observed convergence
onto known circuits that mediate dominance rank, suggesting
increased activation of these circuits is associated with higher
plasticity of the hierarchy within the cage.

Our results show that a genetic brake on plasticity, Lynx1, can
be removed leading to high experience-dependent dominance

FIGURE 3 | Valproic Acid, a pharmacological modulator of cortical plasticity,
destabilizes hierarchy stability. (A) Timeline showing habituation and training,
followed by baseline testing and testing under Valproic Acid (VPA) 2x daily
injection followed by 2 weeks of drug wash-out. Mice were then re-tested for
a baseline period and a saline (SAL) 2x daily injection control treatment.
(B) VPA treatment increased change in DSs separated by a day, an indication
of increased hierarchy instability while (C) injection with SAL had no effect on
hierarchy stability (VPA: generalized linear model, ∗p = 0.02 SAL: generalized
linear model, p = 0.68, n = 40 mice in 10 cages). (D,E) Baseline testing
sessions separated by a day show highly correlated DS values (D,E, top) while
post-VPA treatment DS correlations dissolve (D, middle). SAL treated mice
retain correlated DSs (E, middle). Baseline DSs are significantly more
correlated than DSs following VPA treatment (D, bottom, Pearson and Filon’s
z, ∗∗∗p = 0.0005) while SAL treatment does not affect DS correlations
(E, bottom, p = 0.5374).

plasticity in adult male mice. As Lynx1 is a modulator of nicotinic
signaling in the cortex and desensitizes cells to acetylcholine
responses (Miwa et al., 1999; Ibañez-Tallon et al., 2002;
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FIGURE 4 | Summary: A sensitive period for adolescent social dominance
plasticity is regulated by cortical plasticity modulators.

Miwa et al., 2006), our findings suggest a key role of nicotinic
signaling in regulating hierarchy plasticity. Previous studies have
shown that nicotinic acetylcholine receptors (nAChRs), which are
the target of Lynx1 binding, tend to localize on cortical neurons
and presynaptic thalamocortical terminals (Ibañez-Tallon et al.,
2002; Disney et al., 2007). Consistently, our c-Fos studies in
Lynx1KO mice showed that the experience of losing elicited
higher c-Fos activation in the dACC and the MD compared
with WT animals, brain regions that were previously shown to
respond to previous wins to update dominance status (Zhou
et al., 2017). Other studies that manipulated the social context to
induce hierarchy plasticity have also shown activity of the PFC
during times of changing social rank, confirming the PFC is a
key region involved in updating dominance rank in response
to social experience (Williamson et al., 2019). Together, our
study suggests that a plasticity brake, known to regulate sensory
cortex plasticity, can gate experience-dependent plasticity in
the PFC circuit known to regulate dominance status. It should
be noted that our study using c-Fos staining has limited
temporal and spatial resolution. Future studies are necessary to
examine to what extent c-Fos activation following forced lose
accompanies changes in synaptic efficacy as well as network
level oscillations between dACC and MD by incorporating
electrophysiological methodology.

Our study also applied a pharmacological approach (VPA
administration) to support a converging role of critical period
plasticity regulators in inducing plasticity in social dominance
hierarchy. While both genetic (Lynx1KO) and pharmacological
(VPA) manipulations induced higher instability of mouse
hierarchies, there were distinct differences between the outcomes
of the two manipulations: Unlike Lynx1 loss, pharmacologically
mediated reopening of the critical period through VPA
treatment destabilizes baseline hierarchy instability (Figure 3).
This difference could be due to the developmental timing
of heightened cortical plasticity between these two models:
Since Lynx1KO animals lack a break which normally facilitates

the closure of the critical period, these animals show “open-
ended” cortical plasticity while VPA treated adult WT animals
would show a normal critical period closure, followed by an
adult reopening of critical period plasticity. This developmental
difference could lead Lynx1KO animals to compensate for
elevated cortical plasticity across development through, for
example, other known plasticity brakes such as PirB and NgR
(McGee et al., 2005; Syken et al., 2006; Bavelier et al., 2010).
Future studies are warranted to examine the contribution of
these plasticity brakes to social dominance hierarchy plasticity.
Adult increases in cortical plasticity following VPA treatment
may sensitize animals to social experiences in the cage, leading to
frequent updating of dominance relationships and high baseline
hierarchy instability. Over time VPA-treated animals may show
a stabilization of the baseline hierarchy and a similar pattern to
Lynx1KO animals in which baseline hierarchies are stable and a
manipulation of social experience is needed to unmask increased
plasticity. Alternatively, VPA treatment may be a more potent
destabilizer of hierarchy plasticity due to its mechanism of action
and not the developmental timing of the manipulation. VPA
has multiple mechanisms of action including enhancement of
inhibition in the cortex and inhibition of histone deacetylases
which can broadly alter the epigenome and lead to increased
transcriptional plasticity (Phiel et al., 2001; Machado-Vieira et al.,
2011). Whether through direct action on GABAergic signaling or
through transcriptional responses due to increased acetylation,
VPA is known to regulate oscillation activity in frontal
cortex (Béla et al., 2007). Future studies are needed to assess
whether GABAergic facilitation or HDAC inhibition or both
simultaneously are required to disrupt hierarchy stability in adult
mice. VPA is an anti-epileptic drug as well as an approved mood
stabilizer and has been used as a treatment for Bipolar disorder
(Phiel et al., 2001; Chiu et al., 2013). Future studies are warranted
to determine if VPA treatment would provide an effective
treatment to treat social deficits. It is also important to investigate
the contribution of other pharmacological interventions known
to reactivate sensory cortical plasticity in adulthood (e.g., selective
serotonergic reuptake inhibitors, chondroitinase) (Pizzorusso
et al., 2002; Maya Vetencourt et al., 2008) to social dominance
hierarchy plasticity.

One of the limitations of this study is that we did not test
if social experience impacts the opening or closure of sensitive
period for social dominance hierarchy plasticity. Previous studies
on critical period for visual cortex plasticity showed that dark
rearing of mice from birth leads to prolonged visual critical
period plasticity beyond juvenile period (Hensch, 2004). It would
be interesting for future studies to examine to what extent
pre-weaning (e.g., maternal deprivation) or post-weaning social
experience (e.g., juvenile social isolation) impacts the timecourse
of the sensitive period for social dominance hierarchy plasticity.
Finally, our results demonstrate hierarchy stability modulation
through plasticity regulators in male mice, however, female mice
also form dominance hierarchies. Previous studies have shown
female hierarchies are less dependent on experience (van den
Berg et al., 2015), however, few studies have examined sex
differences in neural mechanisms of dominance, social status, or
the relative stability vs. plasticity of female hierarchies.
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Overall, our results demonstrate that PFC-dependent
social behaviors such as mouse social dominance hierarchies
are regulated by mechanisms that modulate critical period
plasticity in primary sensory cortical areas. These findings
provide insight into mechanisms through which increased
behavioral plasticity may be achieved to improve therapeutic
recovery from psychiatric disorders that are associated with
social deficits.
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