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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Tallie Z Baram Adverse social experiences during childhood increase the risk of developing aggression-related psychopathol-
ogies. The prefrontal cortex (PFC) is a key regulator of social behavior, where experience-dependent network

Keywords: development is tied to the maturation of parvalbumin-positive (PV+) interneurons. Maltreatment in childhood

Aggression could impact PFC development and lead to disturbances in social behavior during later life. However, our

IS;CI?tlion knowledge regarding the impact of early-life social stress on PFC operation and PV+ cell function is still scarce.

Prefrontal Here, we used post-weaning social isolation (PWSI) to model early-life social neglect in mice and to study the

Parvalbumin associated neuronal changes in the PFC, additionally distinguishing between the two main subpopulations of

Perineuronal PV+ interneurons, i.e. those without or those enwrapped by perineuronal nets (PNN). For the first time to such
detailed extent in mice, we show that PWSI induced disturbances in social behavior, including abnormal
aggression, excessive vigilance and fragmented behavioral organization. PWSI mice showed altered resting-state
and fighting-induced co-activation patterns between orbitofrontal and medial PFC (mPFC) subregions, with a
particularly highly elevated activity in the mPFC. Surprisingly, aggressive interaction was associated with a
higher recruitment of mPFC PV+ neurons that were surrounded by PNN in PWSI mice that seemed to mediate the
emergence of social deficits. PWSI did not affect the number of PV+ neurons and PNN density, but enhanced PV
and PNN intensity as well as cortical and subcortical glutamatergic drive onto mPFC PV+ neurons. Our results
suggest that the increased excitatory input of PV+ cells could emerge as a compensatory mechanism for the PV+
neuron-mediated impaired inhibition of mPFC layer 5 pyramidal neurons, since we found lower numbers of
GABAergic PV+ puncta on the perisomatic region of these cells. In conclusion, PWSI leads to altered PV-PNN
activity and impaired excitatory/inhibitory balance in the mPFC, which possibly contributes to social behav-
ioral disruptions seen in PWSI mice. Our data advances our understanding on how early-life social stress can
impact the maturing PFC and lead to the development of social abnormalities in adulthood.

1. Introduction Neglect is the most prevalent subtype of child maltreatment, with
negative consequences comparable to, if not more detrimental than

Aggression-related psychopathologies have consistently been asso- those of sexual or physical abuse (Gilbert et al., 2009; Stoltenborgh
ciated with a history of maltreatment in early life (Carr et al., 2013). etal., 2015). Childhood and the adolescent period represent critical time

* Corresponding author.
** Corresponding author.
E-mail addresses: biro.laszlo@koki.hu (L. Biro), miskolczi.christina@koki.hu (C. Miskolczi), szebik-huba@koki.hu (H. Szebik), bruzsikbiborka@gmail.com

(B. Bruzsik), varga.zoltan@koki.hu (Z.K. Varga), szente.laszlo@koki.hu (L. Szente), toth.mate@koki.hu (M. Toth), halasz.jozsef@amk.uni-obuda.hu (J. Halasz),
mikics.eva@koki.hu (E. Mikics).

1 Equal contribution.

2 LB’s current affiliation is Institute of Experimental Medicine, Laboratory of Thalamus Research, 1083 Budapest, Szigony utca 43., Hungary.

3 JH’s current affiliation is Obuda University, 8000 Szekesfehervar, Budai ut 45., Hungary.

https://doi.org/10.1016/j.ynstr.2023.100546

Received 3 April 2023; Received in revised form 10 May 2023; Accepted 28 May 2023

Available online 29 May 2023

2352-2895/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:biro.laszlo@koki.hu
mailto:miskolczi.christina@koki.hu
mailto:szebik.huba@koki.hu
mailto:bruzsikbiborka@gmail.com
mailto:varga.zoltan@koki.hu
mailto:szente.laszlo@koki.hu
mailto:toth.mate@koki.hu
mailto:halasz.jozsef@amk.uni-obuda.hu
mailto:mikics.eva@koki.hu
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2023.100546
https://doi.org/10.1016/j.ynstr.2023.100546
https://doi.org/10.1016/j.ynstr.2023.100546
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Biro et al.

windows during which brain regions modulating social behavior un-
dergo major network reorganization (Blakemore, 2008). The prefrontal
cortex (PFC) plays an integral role in the organization and execution of
social behavior, including aggression (Lotze et al., 2007; Yang and
Raine, 2009; Biro et al., 2018; Takahashi, 2022). The development of the
PFC peaks in adolescence (Petanjek et al., 2011; Juraska and Willing,
2017; Kolk and Rakic, 2022), making it especially vulnerable to
early-life stress (van Harmelen et al., 2010; Kelly et al., 2013). Adverse
social experience could therefore disrupt maturation and lead to the
emergence of abnormal social behavior, but the exact mechanisms
behind this transition remain unknown.

Similarly to human studies, our prior research modelling child
neglect shows that post-weaning social isolation (PWSI) in male rats
leads to abnormal aggression in adulthood that disregards species-
specific rules (e.g. PWSI rats deliver more attacks and a larger portion
of the attacks are aimed at vulnerable body parts of the opponent) and
disturbances in social behavior, including behavioral fragmentation (i.e.
rapid abnormal switching between social behavioral elements) and
increased defensive behavior (Toth et al., 2008; Toth et al., 2011, 2012;
Biro et al., 2017). Although behavioral studies in mice are rapidly
gaining importance because of the increasing use of transgenic tech-
niques, detailed characterization of PWSI-induced behavioral alter-
ations has not been performed yet.

In PWSI rats, disturbances in social behavior are accompanied by
structural changes in the PFC, including reduced thickness of the medial
PFC (mPFC), a decrease in dendritic and glial density, and reduced
vascularization (Biro et al., 2017). Additionally to structural deficits,
PWSI leads to hyperactivity of selective PFC regions following aggres-
sive interaction, including the infralimbic (IL), prelimbic (PrL) and
anterior cingulate cortex (ACC) (Toth et al., 2012; Biro et al., 2017).
These results suggest that PWSI-induced social disturbances involve the
simultaneous contribution of various prefrontal subregions (Biro et al.,
2018), but information on the dynamic interaction between them is very
limited. The use of state-of-the-art methods for in vivo recording and
manipulation of neural activity, while offering the benefit of advanced
spatiotemporal resolution, have resulted in a tendency to selectively
focus on single regions of the PFC without considering the importance of
balanced interactions across multiple subregions in social behavior.
Therefore, studies involving the large-scale investigation of various
subregions and the interplay between these provide an important basis
from where promising targets can be singled out.

Parvalbumin-expressing (PV+) interneurons, the most abundant
interneuron subtype of the neocortex, form the backbone of prefrontal
network activity (Sohal et al., 2009; Courtin et al., 2014; Kim et al.,
2016). By exerting precise temporal control over surrounding pyramidal
neurons, PV+ neurons maintain the excitatory/inhibitory (E/I) balance,
increasing the efficiency of cortical information processing (Tremblay
et al., 2016).

Experience-dependent development in the neocortex is tied to the
maturation of parvalbumin-expressing interneurons (PV+ INs) and the
appearance of perineuronal nets (PNNs) (Hensch, 2004; Larsen and
Luna, 2018). PV+ basket cells can form two main subpopulations based
on whether they are surrounded by perineuronal nets (PV+PNN+) or
lack PNN (PV+PNN-) (Carulli and Verhaagen, 2021). PNNs are
specialized extracellular matrix components that enwrap the peri-
somatic region of a great portion of PV+ neurons and are involved in the
stabilization of synapses, restricting plasticity and promoting the closure
of experience-dependent development (Carulli and Verhaagen, 2021).

Previous studies have shown that PFC PV+ neurons are involved in
social behavior (Bicks et al., 2020), including aggression (van Heukelum
et al., 2019; Li et al., 2022). Early-life stress has been shown to impact
PV+ interneuron maturation and PNN development (Ueno et al., 2017a;
Santiago et al., 2018; Murthy et al., 2019), and also cause disturbances
in PV+ activity during social behavior (Bicks et al., 2020). Still, although
numerous evidence points to a close relationship between PV+ inter-
neuron maturation and PNN appearance in critical period plasticity and
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social experience-dependent learning, there is a staggering lack of
knowledge on the specific role and properties of the prefrontal
PV+PNN+ interneuron subpopulation itself. An added difficulty is that
current in vivo targeting or recording methods do not allow for the
reliable differentiation between prefrontal PV+PNN+ and PV+PNN-
interneurons. Therefore, the role of each subpopulation in the regulation
of social behavior, whether early-life stress impacts the two sub-
populations in a distinct way, and whether these potential changes
contribute to PWSI-induced abnormal social behavior remain to be
elucidated.

Prefrontal PV+ interneurons and PNNs mature over the adolescent
period (Ueno et al., 2017b), during which synaptic inputs arriving onto
PV+ interneurons are also remodeled (Wang and Gao, 2010). Out of all
interneurons, PV+ INs receive the strongest excitatory drive (Gulyas
et al., 1999), which also renders them vulnerable to stressors (Ruden
et al., 2021). Disturbances in glutamatergic drive of PV+ INs and the
associated abnormal gamma oscillations have been implicated in
various neuropsychiatric disorders, including schizophrenia (Ruden
et al., 2021). These suggest that early-life isolation could impact PV+
interneuron function via altered input properties of PV+ interneurons.
But whether these changes exist and are limited to a specific population
of PV+ INs has not been examined as of yet. PNNs regulate the structure
and connectivity of PV+ neurons, as it has been shown that PV+PNN+
interneurons display an increased density of perisomatic excitatory and
inhibitory puncta, higher PV expression and longer axon initial segment
compared to PV+PNN- interneurons (Carceller et al., 2020). Given the
role of PNNs in PV+ IN development and protection against environ-
mental stressors (Cabungcal et al.,, 2013), early-life adversities that
perturb PNN maturation could ultimately impact the function of the
PV+PNN+ population, whereas lack of PNN in the PV+PNN- INs could
prove to be an added vulnerability in the face of adversity.

Here we aimed to characterize lasting behavioral changes following
early-life social isolation in mice and to investigate the relationship
between isolation-induced social deficits and the prefrontal PV+ inter-
neuron- and PNN-network across multiple PFC subregions. We hy-
pothesized that PWSI induces disturbances in the maturation of PV+
neurons and surrounding PNNs, potentially affecting the input and
output properties of these neurons. We also hypothesized that PWSI
differentially impacts the function of PV4+PNN- and PV+PNN+ in-
terneurons, which may play distinct roles in the regulation of social
behavior. Impaired inhibition could then lead to altered intracortical
dynamics and cause disruptions in prefrontal information processing,
resulting in the expression of social deficits, including abnormal
aggression, in adulthood.

2. Methods
2.1. Animals

All experimental subjects were male Crl:CD1 mice (Charles-River
Laboratories) obtained from the breeding facility of the Institute of
Experimental Medicine (Budapest, Hungary). Mice were maintained at a
temperature of 22 + 1 °C and at a relative humidity of 60 + 10%, in a
light-dark cycle of 12:12 h with lights off at 7AM and on at 7PM. Food
and water were available ad libitum, except for the delay discounting
training and test. Body weights of mice were regularly measured and did
not differ between groups at any time point. Following weaning on
postnatal day 21 (PN21), mice were randomly assigned to social (4 mice
per cage) or isolation rearing (individually housed) in Plexiglas cages
measuring 36,5 x 20,7 x 14 cm. Intruders used in the resident-intruder
test were also male Crl:CD1 mice of the same source and were housed
socially (4-5 mice per cage), under similar conditions. All experiments
were carried out in accordance with the Directive of the European
Parliament and the Council from 22 September 2010 (2010/63/EU) and
were reviewed and approved by the Animals Welfare Committee of the
Institute of Experimental Medicine.
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Fig. 1. Post-weaning social isolation (PWSI) induced abnormal aggression in conjunction with behavioral fragmentation. A, Experimental timeline. Following
weaning, mice were housed individually (PWSI) for 6 weeks or were housed in groups of four (social). After reaching adulthood (PN63), mice were subjected to a
behavioral battery. Data shown in B-K is from the second resident-intruder (RI) test at PN109, highlighted in red-bordered yellow. B-D, PWSI mice displayed shorter
attack latencies, increased number of attack bites and hard bites compared to social mice in the RI test. E-F, Schematic drawing depicting the vulnerable body parts
(head, throat, belly) which were targeted preferentially by PWSI mice. G, Frequency of agonistic behaviors recorded during the RI test. PWSI mice showed increased
offense, vigilance, defense and reduced submission frequency. H, Frequency of non-agonistic behaviors recorded during the RI test. PWSI mice showed reduced
sniffing and increased grooming frequency. I, PWSI mice had an increased ratio of offensive/sniffing events in the RI test. J, PWSI mice showed behavioral frag-
mentation as indexed by the number of behavioral transitions in the RI test. K, Representative temporal raster plots comparing the behavioral organization of three
social (top panels) and three PWSI (bottom panels) mice during the RI test. All data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. A, animal;
IZN, postnatal day; RI, resident-intruder test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2.2. Experimental design

Upon weaning, mice were housed individually (post-weaning social
isolation; PWSI) for 6 weeks or were housed in groups of four (social
rearing). In order to eliminate litter effects, mice from all litters were
randomly assigned to PWSI or social rearing. The members of socially-
reared groups came from different litters. After reaching adulthood
(PN63), mice were subjected to a behavioral test battery that lasted from
PN64 to PN109 (see Figs. 1A and 2A for timeline and Supplementary
Fig. S1A for detailed timeline; note that all three refer to the same
experiment). Behavioral experiments were performed during the first
half of the dark (active) cycle, beginning at 8-9AM. On PN64, following
the open field test, all experimental mice were subjected to single
housing and remained so for subsequent tests. A resident-intruder (RI)
test was conducted on PN67 (RI1) to verify the appearance of the PWSI-
induced aggressive phenotype described in our previous studies in rats
(Toth et al., 2008; Toth et al., 2011), and a second RI test (RI2) was
conducted following the behavioral battery, on PN109, to ensure that
the aggressive phenotype remained stable over time and to investigate
aggressive interaction-induced changes in the prefrontal cortex (see
Fig. 1A for timeline).

On PN109, mice were perfused under resting conditions or 90 min
after the second resident-intruder test. Sample size for PWSI mice was N
= 22, and for social mice N = 20. All animals underwent the behavioral
test battery, with the exception of the RI2 test on PN109, where animals
were split into 4 groups: “social, baseline” (i.e. did not undergo RI2, N =
6), “PWSI, baseline” (did not undergo RI2, N = 6), “social, aggressive
interaction” (underwent RI2, N = 14) and “PWSI, aggressive interac-
tion” (underwent RI2, N = 16). In this way, every animal was subjected
to the same effects up until the split, while the split itself was made to
ensure that baseline control groups were available for our histological
analyses (i.e. resting conditions versus fighting-induced prefrontal
activation). Sample size varied slightly between tests due to minor
technical issues (e.g. damaged video record). 2 social mice were
excluded from the final analysis because of statistically extremely
outlying behavioral parameters in the resident-intruder tests (i.e. total
bite and vulnerable target bite values were over 3 standard deviations
above the mean, for further description of biting attacks refer to 2.3.2).

2.3. Behavioral test battery

2.3.1. Open field test (OF)

The OF was a square black Plexiglas box measuring 40 x 36 x 15 cm.
Subjects were placed into the middle of the box and were allowed to
roam the apparatus for 10 min under low light illumination (70 lux). The
apparatus was cleaned with water and dried thoroughly between tests.
Behavior was video-recorded and subsequent manual analysis was
performed by a blind experimenter using the H77+ event-recording
software (Jozsef Haller, Institute of Experimental Medicine, Budapest,
Hungary). Locomotion was measured by the number of line-crossings
using a grid placed over the recording. Other parameters investigated
were latency to enter the center and percentage of time spent in the
center. The center area was defined as the central 20 x 18 cm zone of the
apparatus.

2.3.2. Resident-intruder tests (RI) and escalation

3 days prior to the first RI test, all experimental (i.e. resident) mice
were transferred into individual cages with fresh corn cob bedding. This
was done to allow for the emergence of territorial behavior. Resident-
intruder tests: in the early hours of the dark cycle (i.e. 8-9AM) under
dim red illumination, a novel, smaller-sized male intruder was placed
into the homecage of the resident for 10 min. Behavior was recorded and
analyzed as described below. Escalation: in the early hours of the dark
cycle (i.e. 8-9AM) under dim red illumination, a smaller-sized male
opponent was placed into the subject’s homecage for 5 min in a wire box
measuring 18 x 12 x 10 cm. The resident could see and smell the
opponent but could not make direct contact with it (de Almeida, 2002).
Following the escalation period, the wire box and opponent were
removed and a novel smaller-sized male intruder was placed into the
homecage of the resident for 10 min. Behavior was recorded and
analyzed as described below. On PN109, mice were either perfused
under resting conditions or 90 min after the second RI test. Behavior was
recorded and analyzed at low speed, with frame-by-frame analysis when
necessary, by an experimenter blinded to the conditions. We investi-
gated the latency to first biting attack, the number of biting attacks, their
intensity (soft versus hard bites) and whether the attacks were aimed at
vulnerable body parts of the opponent, i.e. the head, throat or belly (see
Fig. 1F) (Toth et al., 2008; Toth et al., 2011). Hard bites were defined as
biting attacks given with a forceful body movement of the resident,
inducing a strong startle response in the intruder (large jump or defen-
sive behavior). Soft bites were not accompanied by excessive movement
and induced a mild response from the intruder at most (Toth et al.,
2008). Additionally, we analyzed the duration and frequency of each
behavioral type using the Solomon Coder event-recording software
(RRID:SCR_016041). Main categories were as follows: exploration
(rearing and exploratory activity that is not directed towards the
conspecific), sniffing (non-aggressive sniffing of any body part of the
opponent), grooming (self-grooming movements), offensive behavior
(chasing, attack bouts, tail-rattling, aggressive grooming, mounting,
punching and kicking), defensive behavior (fleeing from the opponent,
defensive upright posture), submission (being unmoving while being
sniffed or aggressively groomed by the conspecific, usually crouched
low with closed eyes) and vigilance (continuous tense or agitated
observation of the intruder from a distance, with the body constantly
being directed toward the intruder) (Duque-Wilckens et al., 2018;
Newman et al., 2019).

2.3.3. Social interaction test (SI)

Two unfamiliar experimental mice of the same housing group (i.e.
isolated versus isolated, social versus social) were placed into a novel
Plexiglas test cage measuring 35 x 20 x 25 cm under low light illumi-
nation (70 lux). Each animal was separately habituated to the novel cage
the day before testing for 15 min. On PN72, the pairs were placed into
the cage for 10 min and their behavior was video-recorded and
analyzed. Behavioral parameters investigated were the duration and
frequency of exploration, sniffing, defensive behaviors, aggressive be-
haviors, grooming and digging activities.

2.3.4. Delay discounting test
The protocol used here was based on the work of Adriani et al. (2003)
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Fig. 2. PWSI-induced abnormal aggression is associated with subregion-specific neuronal hyperactivation in the mPFC and disrupted co-activation patterns across
mPFC and OFC subregions. A, Experimental design. Upon weaning, mice were housed individually (PWSI) or were housed in groups of four (social). After reaching
adulthood mice were subjected to a behavioral test battery. On PN109, mice were perfused under baseline conditions (BASE) or 90 min after the aggressive
interaction (AGGR) followed by c-Fos immunostaining to investigate the impact of PWSI on the neuronal activation of the PFC. B-C, Aggressive interaction induced an
mPFC-specific enhanced c-Fos expression in PWSI mice compared to social mice. B, Schematic drawing showing the Bregma level of the investigated orbitofrontal (OFC)
subregions and bar graph showing the number of c-Fos immuno-positive nuclei within the OFC, including the ventral orbitofrontal (VO) and medial orbitofrontal
cortices (MO). C, Schematic drawing showing the Bregma level of the investigated medial prefrontal (mPFC) subregions and bar graph showing the number of c-Fos
immuno-positive nuclei within the mPFC, including the anterior cingulate (ACC), the prelimbic (PrL) and the infralimbic cortices (IL). D-G, PWSI induced disrupted
functional connectivity across PFC subregions. Cross-correlation and network connectivity analysis of c-Fos expression in experimental groups, computed as covariance
across subjects to reveal interactions between PFC subregions. The top row represents the complete set of interregional correlations in each experimental group,
whereas the bottom row depicts node graphs where the nodes represent brain regions and the width of connections between nodes indicate the higher correlation
coefficients. Connectivity matrices and node graphs representing social BASE (D), PWSI BASE (E), social AGGR (F) and PWSI AGGR (G) groups. Colors indicate
Pearson correlation coefficients (scale, right) and labels within squares correspond to p values of correlations. All data are represented as mean + SEM. *p < 0.05,
**p < 0.01, ***p < 0.001. ACC, anterior cingulate cortex; AGGR, aggressive interaction; BASE, baseline condition; IL, infralimbic cortex; MO, medial orbitofrontal
cortex, mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PN, postnatal day; PrL, prelimbic cortex, RI1, first resident-intruder test; RI2, second resident-
intruder test; VO, ventral orbitofrontal cortex. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

and Aliczki et al. (2014). The test took place in automated operant
chambers equipped with two nose-poke holes with LED lights and
infrared sensors, a feeding device with a magazine where sugar pellets

Table 1
Overview of primary antibodies or reagents used in this study.

were held, and a chamber light (Med Associates, St. Albans, VT, USA). Reagent Source Catalog Host Dilution ~ RRID

The chambers were each placed into sound-attenuated wooden cubicles No.

and were controlled via the Med-PC IV software (Med Associates, St. Bassoon Abcam SAP7F407  Mouse 1:1000 AB_1860018

Albans, VT, USA). The chambers were cleaned with 20% ethanol and c-Fos Synaptic 226 004 Guinea  1:4000  AB 2619946

were dried before each trial. Four days before the start of the experi- Systems Pig 111;3000

ment, mice were subjected to a restricted feeding protocol (maintaining Parvalbumin Swant PV27 Rabbit 1:5000 AB 2631173

85-95% of their original body weight) to increase their motivation for 1:2500

food rewards. Training phase: mice were placed into the chambers Parvalbumin  Sigma- P3088 Mouse  1:5000  AB_477329

fiaily for 30 min during 8 consecutive .days. Nose-poke responses given Parvalbumin IS\;:ZSEC 195 004 Guinea  1:2000 AB.2156476

into one of the holes were rewarded with one 45 mg sugar pellet (small Systems pig

reward), whereas responses given into the other hole were rewarded VGAT Synaptic 131 004 Guinea  1:1000  AB_88787

with three 45 mg pellets (large reward). Both types of rewards were each Systems pig

presented immediately after the response was given, and were followed VGluT1 Synaptic 135304 Guinea  1:1000  AB_887878

by a 25 s timeout period during which responses were not rewarded but Systems P .
vGluT2 Synaptic 135 402 Rabbit 1:1000 AB_2187539

were registered. The side of the nose-poke hole (left or right) associated Systems

with the large reward was balanced over subjects. Over training, all mice Voltage-gated ~ Neuromab  75-014 Mouse 1:1000  AB

developed a strong preference for the side that was associated with the potassium 10673392

large reward. Test phase: following training mice were subjected to a f}]};:r;ei

protocol similar to the training phase, but the delivery of the larger (Kv2.1)

reward was preceded by a delay. Small rewards were still delivered Wisteria Sigma- L1516 - 1:500 AB_2620171

immediately following the response. The delay of the large reward was floribunda Aldrich

progressively increased each day (5, 10, 20, 30, 45, 60, 75, 90 s from day ?gféit)ini“

1 to day 8, respectively). Responses made during the delays and timeout
periods were not rewarded but were recorded. Due to the increasing

delay in delivery, mice gradually shifted their preference from the large
reward to the immediate small reward. Motivational state of mice can be
characterized by the number of total responses during training and
testing, whereas inadequate responses (nose pokes for large reward
during delay period and time out) are considered an indicator of
impulsive responses (Dalley et al., 2008).

2.3.5. Elevated plus-maze (EPM)

The EPM was made of gray Plexiglas and consisted of two open arms
(30 x 7 cm), two closed arms (30 x 7 cm with 30 cm high walls) and a
central platform (7 x 7 cm) 50 cm above the ground. Subjects were
placed into the central platform facing an open arm and were allowed to
explore the apparatus for 5 min under low light illumination (70 lux).
The EPM was cleaned with water and dried thoroughly between tests.
Behavior was video-recorded and analyzed with the event-recording
software Solomon Coder. Locomotion was measured via the number of
closed arm entries. Other parameters included the percentage of time
spent in the open arms and the ratio of open arm entries and total arm
entries.

2.3.6. Sucrose preference test (SPT)

A bottle filled with 2% sucrose solution was placed alongside the
bottle containing drinking water in the homecage of the animals. The
bottles were left there overnight and then measured on the next day for
four consecutive days. The starting side of the sucrose solution bottle
was balanced over subjects and the position of the sucrose solution
bottle and water bottle was switched each day (i.e. left versus right).
Sucrose preference was measured as the percentage of sucrose con-
sumption (g) divided by total consumption (g).

2.4. Immunohistochemistry and imaging

2.4.1. Fixation and tissue processing

Mice were deeply anesthetized with a mixture of ketamine—xylazine
(16.6 and 0.6 mg/ml, respectively). Subsequently, mice were trans-
cardially perfused with ice-cold 0.1 M phosphate-buffered saline fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline
solution (PBS), pH 7.4. Brains were dissected, removed and post-fixed
for 3 h. They were then cryoprotected in 30% sucrose in PBS for 48 h
at 4 °C. Following sucrose cryoprotection, 30 pm sections were cut on a
freezing sliding microtome. Sections were collected in a six-well plate
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Table 2

Overview of secondary antibodies used in this study.
Antibody Source Catalog No. Host Dilution RRID
Alexa Fluor 488 anti-guinea pig IgG Jackson ImmunoResearch 706-545-148 Donkey 1:200 AB 2340472
Alexa Fluor 488 anti-mouse IgG Jackson ImmunoResearch 715-545-151 Donkey 1:500 AB_2341099
Alexa Fluor 488 anti-rabbit IgG Jackson ImmunoResearch 711-545-152 Donkey 1:500 AB_2313584
Alexa Fluor 488 conjugated streptavidin Jackson ImmunoResearch 016-540-084 1:500 AB 2337249
Alexa Fluor 647 anti-mouse IgG Jackson ImmunoResearch 715-605-150 Donkey 1:500 AB_2340862
Alexa Fluor 647 anti-guinea pig IgG Jackson ImmunoResearch 706-605-148 Donkey 1:500 AB_2340476
Alexa Fluor 647 anti-rabbit IgG Jackson ImmunoResearch 711-605-152 Donkey 1:200 AB_2492288
Alexa Fluor 647 anti-rabbit IgG Jackson ImmunoResearch 111-605-003 Goat 1:500 AB_2338072
Biotin conjugated anti-guinea pig IgG Jackson ImmunoResearch 706-065-148 Donkey 1:1000 AB_2340451
Cy3-conjugated anti-guinea pig IgG Jackson ImmunoResearch 106-165-003 Goat 1:500 AB_2337423
Cy3-conjugated anti-guinea pig IgG Jackson ImmunoResearch 706-165-148 Donkey 1:500 AB_2340460
Cy3-conjugated anti-mouse IgG Jackson ImmunoResearch 715-165-151 Donkey 1:200 AB_2315777
Cy3-conjugated anti-rabbit IgG Jackson ImmunoResearch 711-165-152 Donkey 1:500 AB_2307443
DyL405 anti-mouse Jackson ImmunoResearch 115-475-003 Goat 1:500 AB_2338786
DyL405 conjugated streptavidin Jackson ImmunoResearch 016-470-084 1:500 AB_2337248

using cryoprotectant (50% sodium phosphate buffer, 30% ethylene
glycol, 20% glycerol) as a storage solution and were kept at —20 °C.

2.4.2. c-Fos immunostaining for light microscopy

c-Fos immunohistochemistry was carried out on free-floating sec-
tions that were washed in PBS to remove the cryoprotectant as described
earlier (Biro et al., 2017). After inactivation of endogenous peroxidases
with 0.3% H0; containing 0.5% Triton X-100 and further PBS wash-
ings, the sections were incubated for 1 h in PBS containing 10% normal
goat serum. Sections were then incubated in guinea-pig polyclonal
anti-c-Fos antibody (see Table 1) in PBS with 3% NGS for 48 at 4 °C. The
primary antibody was detected by biotinylated anti-guinea-pig donkey
serum (1:1000 in PBS with 2.5% NGS; Jackson ImmunoResearch, see
Table 2) and avidin-biotin complex (ABC, 1:1000; Vector Laboratories)
for 1 h each at room temperature. The peroxidase reaction was devel-
oped in the presence of diaminobenzidine tetrahydrochloride (0.5
mg/ml), nickel-ammonium sulfate (0.1%) and hydrogen peroxide
(0.003%) dissolved in Tris buffer for 5 min. Sections were mounted on
Superfrost Plus microslides (VWR International, LLC) and dried on a
drying rack overnight. Mounted sections were dehydrated in ascending
ethanol solutions, cleared with xylene, and coverslipped with DPX
(Sigma-Aldrich). Microscopic images were digitized by an Olympus CCD
camera using a 20x magnification lens and c-Fos immunoreactive nuclei
were counted using Fiji as described previously (Toth et al., 2012). To
avoid any bias in the analysis, all slides were coded prior to analysis and
remained so until the experiment was completed.

2.4.3. Fluorescent immunostaining, imaging and density analysis of the
activated (c-Fos+) PV+PNN- and PV+PNN++ neurons

One series of sections were used for this immunostaining. After
several PBS washes, sections were incubated in the following reagents:
biotinylated Wisteria floribunda agglutinin (WFA), rabbit anti-
parvalbumin antibody and guinea-pig anti-c-Fos antibody diluted in
PBS containing 0.25% Triton-X100 and 1% bovine serum albumin (BSA)
for 24 h at 20 °C (see Table 1). After being washed with PBS, the sections
were incubated in a mixture of DyL405-conjugated donkey anti-goat
IgG, Alexa 488-conjugated streptavidin, Cy3-conjugated goat anti-
guinea pig IgG and Alexa647-conjugated donkey anti-rabbit IgG with
0.2% Triton-X100 for 2 h at 20 °C (see Table 2). After being washed with
PBS, the sections were mounted on glass slides and coverslipped using
Mowiol 4-88 fluorescent mounting medium and analyzed using Nikon
C2 confocal microscope (Plan Apo VC 20x, NA = 0.75; xy, 1.24 pm/
pixel; z-step size, 2 pm). Overview images (tiles) of orbitofrontal and
prefrontal cortices were acquired by 405, 488, 561, and 642 nm lasers.
Images were taken at levels 2.68—1.42 mm anterior from bregma. For
the PV+/PNN+/c-Fos co-expression quantification, single-labeled,
double-labeled and triple-labeled neurons were counted manually
using NIS Elements Software (Nikon Europe; RRID:SCR_014329).

2.4.4. Fluorescent immunostaining, imaging and analysis of perisomatic
puncta densities

The PFC-containing sections were incubated with a solution con-
taining 2% Triton X-100 and 10% normal donkey serum (NDS) in 0.1 M
PB for 4 h at room temperature. This was followed by a 4-day-long in-
cubation at 4 °C in a solution containing 2% Triton X-100, 10% NDS,
0.05% sodium azide, and different combinations of the following pri-
mary antibodies and reagents: mouse anti-bassoon, rabbit anti-
parvalbumin, mouse anti-parvalbumin, guinea pig anti-parvalbumin,
guinea pig anti-vesicular GABA transporter (VGAT), guinea pig anti-
vesicular glutamate transporter 1 (vGluT1), rabbit anti-vesicular gluta-
mate transporter 2 (vGluT2), mouse anti-potassium voltage-gated
channel, Shab-related subfamily, member 1 (Kv2.1) and biotinylated
WFA (see Table 1).

The primary antibodies were visualized using the following sec-
ondary antibodies: DyL405-conjugated streptavidin, Alexa Fluor 488-
conjugated donkey anti-guinea pig, Alexa Fluor 488-conjugated
donkey anti-rabbit, Cy3-conjugated donkey anti-mouse IgG, Cy3-
conjugated donkey anti-guinea pig IgG, Alexa647-conjugated donkey
anti-rabbit IgG, Alexa647-conjugated donkey anti-mouse IgG (see
Table 2).

Confocal images were collected at 12-bit depth and 1024 x 1024
pixel resolution using a Nikon AIR microscope fitted with an oil-
immersion apochromatic lens (CFI Plan Apo VC60x Oil, NA 1.40; z
step size: 0.5 pm; xy: 0.11 pm/pixel). We analyzed the density of puncta
surrounding the soma of Kv2.1 immunoreactive putative pyramidal
neurons and PV neurons using a similar methodology. In the mPFC,
between 40 and 50 putative pyramidal neurons were imaged per animal
in three different sections. From each animal, 10 to 15 PV neurons were
counted per subregion, since their density was more limited. Images
were processed using NIS Elements Software (Nikon Europe; RRID:
SCR_014329). The profile of the cell membrane of every soma was
delineated manually, and this selection was further enlarged by 0.25 ym
in order to create a “ring” that covers the area surrounding the soma. For
this analysis, we used the following criteria: vGluT1+Bassoon+ and
vGluT2-+Bassoon+ puncta in close proximity to PV+ or Kv2.1+ somata
were considered to establish an apposition (i.e. form putative peri-
somatic synapses). Bassoon is a presynaptic release site marker (Dani
et al., 2010), vGluT1 and vGluT2 denote excitatory intracortical and
extracortical inputs, respectively (Takamori et al., 2000, 2001; Fremeau
et al., 2001), whereas Kv2.1 immunoreactivity was used to identify
pyramidal cells in layer 5 of the mPFC (Vereczki et al., 2016).

Labeling intensities of the perisomatic region and PV somata were
quantified in arbitrary units as the mean of all selected pixels using
custom scripts in Fiji. Intensities of single neurons were plotted. Previ-
ously drawn ROIs were used to measure mean fluorescent intensity and
integrated density in the area +0.25 pm from the cell border using
custom scripts (Guirado et al., 2018).
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2.5. Statistical analysis

Data are expressed as mean =+ standard error of the mean (SEM).
Differences between groups were analyzed using the Prism (GraphPad
Prism Software Inc. San Diego, California, USA) or Statistica 13.5 (Tibco,
Palo Alto, CA, USA) softwares by means of Student’s t-test, or Mann-
Whitney U test when requirements for t-tests were not fulfilled (i.e.
when data did not follow a normal distribution, as investigated by the
D’Agostino and Pearson normality test). In the case of the delay dis-
counting experiment and sucrose preference test, we used repeated
measures ANOVA. For c-Fos activation and PNN-dependent puncta
analysis, we used two-way ANOVA, followed by Fisher’s post hoc ana-
lyses. In the statistical analysis of individual cell numbers as a function
of group, we implemented both the factor “housing” and “animal
identity” in an additive fashion to a two-way ANOVA model. This way,
we were able to determine the explanatory effects of the social envi-
ronment and individual variability of animals independently (Supple-
mentary Table 1). These latter analyses were performed in R Statistical
Environment (R Core Team, 2022). The Pearson correlation coefficient
or the Spearman rank correlation was applied to find the relationship
between the values extracted from brain regions, behavioral variables
and puncta densities or fluorescence intensities of PV+ neurons or PNNs.
We controlled for the problem of multiple correlation analysis by using
the false discovery rate (FDR) approach of Benjamini and Hochberg
(1995). FDR compares the number of significant findings with the ex-
pected proportion of false positive findings, highlighting true positive
discoveries this way. FDR is widely accepted for controlling multiplicity
problems in high parameter data due to its superiority in power and
equality in specificity to family-wise error rate-based approaches. The
significance level was set at p < 0.05 throughout, all p values are indi-
cated with exact numbers.

3. Results

3.1. Post-weaning social isolation (PWSI) induced abnormal aggression in
conjunction with behavioral fragmentation and disrupted behavioral
organization

We first aimed to characterize long-term behavioral consequences of
PWSI on social and emotional function in mice by submitting them to a
6-week-long isolation period followed by a behavioral test battery (for
detailed timeline, see Supplementary Fig. S1A).

PWSI led to enhanced aggression compared to socially-reared mice
as seen in the second RI test (see Fig. 1A for timeline). Particularly, PWSI
mice displayed shorter attack latencies (U = 28, p = 0.005; Fig. 1B) and
delivered more bites (U = 25.5, p = 0.001; Fig. 1C). Detailed analysis of
aggressive interactions revealed that PWSI mice targeted more bites
toward vulnerable body parts of opponents, such as the head, throat and
belly (U = 24.5, p = 0.002; Fig. 1E and F). Moreover, there was an in-
crease in violent hard bites delivered by PWSI mice compared to social
mice (U = 27, p = 0.003; Fig. 1D).

PWSI mice exhibited increased frequencies of offensive (U = 12, p <
0.001; Fig. 1G) and defensive (U = 36.5, p = 0.010; Fig. 1G) behavior
and showed less submissive behavior (U = 20, p < 0.001; Fig. 1G)
compared to the social group. Interestingly, we also observed that PWSI
mice showed an increase in vigilance-like behavior (i.e. agitated
observation of the intruder from a distance, with the body constantly
being directed toward the intruder) (Duque-Wilckens et al., 2018;
Newman et al., 2019) compared to social mice (U = 6, p < 0.001;
Fig. 1G). PWSI mice spent less time with social investigation as indicated
by a reduction in non-aggressive social sniffing (U = 22, p = 0.001;
Fig. 1H). In turn, we also observed an increase in grooming behavior (U
= 35.5, p = 0.011; Fig. 1H) compared to social mice. Importantly, the
observed changes in offensive and sniffing behavior led to a consider-
able increase in the ratio of offense/sniffing events in PWSI mice (U =
16, p < 0.001; Fig. 1I). PWSI also caused a fragmented behavioral
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phenotype, indicated by the increased number of behavioral transitions
(i.e. PWSI mice showed rapid shifting between behavioral elements) (U
=16, p < 0.001; Fig. 1J and K).

In order to verify the PWSI-induced aggressive phenotype previously
reported in our rat studies (Toth et al., 2008; Toth et al., 2011) and to
ensure that PWSI-induced aggression remained stable following the
behavioral battery, we conducted an RI test right after the early-life
isolation period and another RI test following the behavioral battery,
before perfusion. Changes in aggressive behavior were already present
during the first RI conducted right after the early-life isolational period,
on PN67 (see Fig. 1A for timeline) (significant differences between PWSI
and social mice in total attack bites during first RI, U = 95, p = 0.0152;
percentage of vulnerable target bites, U = 70, p = 0.0008; Supplemen-
tary Fig. S1B) and PWSI-induced abnormal aggression proved to be
persistent over time, with the number of attack bites (U = 25.5, p =
0.001; Fig. 1C) and percentage of vulnerable target bites (U = 33, p =
0.0048; Supplementary Fig. S1C) remaining significantly elevated
compared to social controls even after the behavioral battery.

Additionally, since emotionally driven reactive aggression is often
characterized by excessive aggressive outbursts to a perceived provo-
cation (Kempes et al., 2005), we hypothesized that PWSI could exacer-
bate social instigation-evoked escalated aggression (de Almeida, 2002)
(Supplementary Fig. S1D). Consistent with our hypothesis, PWSI mice
submitted to social instigation showed a robust increase in the frequency
of attack bites (U = 67.5, p < 0.001; Supplementary Fig. S1E), hard bites
(U = 93.5, p = 0.007; Supplementary Fig. S1F) and bites targeting
vulnerable areas (U = 54, p < 0.001; Supplementary Fig. S1G).

3.2. PWSI induced social deficits and reduced motivation

Since PWSI heavily affected the social behavioral domain, indicated
by an abnormal aggressive phenotype, we wondered whether reciprocal
social interactions could also be affected in a less aggression-promoting
context. Thus, to evaluate how PWSI affects the social behavioral
repertoire in neutral territory (unfamiliar for subjects) when engaged
with an unfamiliar, same-sized adult conspecific, we performed a social
interaction test (SI, Supplementary Fig. STH). We found that PWSI mice
exhibited reduced sniffing frequency (U = 91, p = 0.005; Supplementary
Fig. S11), a trend to increased defensive behavior (U = 127, p = 0.078;
Supplementary Fig. S11), and we also observed an increase in the ratio of
aggressive/social behavior compared to social mice (U = 87, p = 0.003;
Supplementary Fig. S1J). Non-social parameters were not affected as
PWSI mice showed a similar frequency of exploration (U = 171, p =
0.833; Supplementary Fig. S1I), grooming (U = 162.5, p = 0.642;
Supplementary Fig. S11), and digging (U = 147.5, p = 0.354; Supple-
mentary Fig. S1I) compared to the social group.

Collectively, our data provide strong evidence that PWSI induces
marked social deficits in conjunction with increased and abnormal forms
of aggression.

Anxiety-like behavior was evaluated in the open-field test (OF,
Supplementary Fig. S2A) and the elevated plus-maze (EPM, Supple-
mentary Fig. S2E), respectively. PWSI did not affect anxiety-like
behavior in the OF as both experimental groups showed similar loco-
motor activity (U = 161.5, p = 0.477; Supplementary Fig. S2B), time
spent in the center (U = 184, p = 0.901; Supplementary Fig. S2C), and
latency to enter the center (U = 187, p = 0.967; Supplementary
Fig. S2D). Similarly, PWSI did not affect locomotion or anxiety param-
eters such as the frequency of closed arm entries (U = 185.5, p = 0.927;
Supplementary Fig. S2F), the duration of open arm entries (U = 173, p
= 0.666; Supplementary Fig. S2G), and the ratio of open arm entries/
total entries (U = 166.5, p = 0.535; Supplementary Fig. S2H) in the EPM
test, suggesting that the anxiety-like domain was not affected by PWSL

Early-life adversities have been repeatedly linked to an altered
motivational state and impulsivity in adulthood (Birnie et al., 2020;
Sanchez and Bangasser, 2022). To explore such implications, PWSI mice
were tested in the delay discounting paradigm using operant chambers
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Fig. 3. PWSI increased PV and PNN intensities in the mPFC. A, Representative confocal maximal intensity projection images showing subregion-specific differences
in the density of neurons co-labeled with PV (magenta) and WFA (PNN, cyan) in the VO, MO, ACC, PrL and IL from social and PWSI mice, respectively. Density of
PV+PNN+ neurons increased in ACC and PrL compared to the ventrally located IL. Scale bar, 150 pm. B-D, PWSI induced increased PV and PNN intensities in the mPFC.
B, Representative high resolution confocal images of PV+PNN+ neurons in the mPFC showing increased PV and PNN intensities in PWSI mice compared to social
mice. Scale bar, 20 pm. C, Graphs showing PV soma intensities of PV neurons (OFC, n = 92 neurons from 4 social mice and n = 106 neurons from 4 PWSI mice; mPFC,
n = 176 neurons from 4 social mice and n = 127 neurons from 4 PWSI mice). D, Graphs showing the PNN intensities of PV+PNN+ neurons (OFC, n = 63 neurons
from 4 social mice and n = 68 neurons from 4 PWSI mice; mPFC, n = 75 neurons from 4 social mice and n = 70 neurons from 4 PWSI mice). All data are represented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. ACC, anterior cingulate cortex; IL, infralimbic cortex; MO, medial orbitofrontal cortex, mPFC, medial pre-
frontal cortex; OFC, orbitofrontal cortex; PNN, perineuronal net, PrL, prelimbic cortex, PV, parvalbumin; VO, ventral orbitofrontal cortex. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

(Supplementary Fig. S2I). During training, large reward preference
gradually increased in both PWSI and social groups (no group differ-
ences, data not shown). Introducing the delay in large reward delivery
increased the preference for the small reward in both groups (F(7, 259)
= 39.845, p < 0.001, Supplementary Fig. S2.J), but PWSI did not affect
large reward preference (F(1, 37) = 1.829, p = 0.184; Supplementary
Fig. S2J). However, we observed a slight but significant decrease in the
number of total responses (F(1, 37) = 5.286, p = 0.027; Supplementary
Fig. S2K) suggesting a reduced motivational state in PWSI mice.

To further outline motivational and reward-related changes of PWSI,
mice were subjected to the SPT (Supplementary Fig. S2L). While PWSI
did not affect water consumption (F(1, 36) = 0.520, p = 0.476; data not
shown) or sucrose preference (F(1, 36) = 1.777, p = 0.191; Supple-
mentary Fig. S2M), there was a slight but significant decrease in sucrose
consumption (F(1, 36) = 4.157, p = 0.049; Supplementary Fig. S2N).
This, coupled with the decreased number of total responses in the delay
discounting test might indicate a lowered reward value for sucrose in
PWSI mice.

Overall, the above results indicate that PWSI selectively induces
marked social deficits in multiple paradigms, with a slight indication
towards additional motivational or reward-related disturbances.

3.3. PWSI-induced abnormal aggression is associated with subregion-
specific neuronal hyperactivation in the mPFC and disrupted co-activation
patterns across mPFC and OFC subregions

To investigate the impact of PWSI on the neuronal activation of PFC
coupled with abnormal aggression, mice were perfused 90 min after
aggressive interaction (AGGR) (Fig. 3A) or under baseline - resting -
conditions (BASE), followed by c-Fos (a surrogate of neuronal activity)
immunostaining. AGGR increased c-Fos expression in the OFC and mPFC
compared to BASE groups (OFC: F(1, 35) = 19.935, p < 0.001, Fig. 2B,
Suppl. Fig. S3A and S3C-F; mPFC: F(1, 35) = 80.786, p < 0.001, Fig. 2C,
Suppl. Fig. S3B and S3C-F). Interestingly, aggressive interaction
induced neuronal hyperactivation within the mPFC of PWSI mice
compared to social mice (housing x AGGR interaction, F(1, 35) = 5.414,
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Fig. 4. PWSI-induced abnormal aggression correlates with mPFC-specific heightened activity of PV+PNN+ neurons. For the experimental timeline see Fig. 2A. A-D,
Aggressive interaction increased the activity of PV + neurons in the OFC. A, Representative single plane confocal image showing activated (c-Fos-immunpositive, yellow)
parvalbumin neurons (parvalbumin-immunpositive, magenta) surrounded by PNNs (stained with WFA, cyan) from the OFC of a PWSI mouse. B, Aggressive inter-
action (AGGR) increased the number of activated PV+ neurons compared to baseline, i.e. resting controls (BASE). Graphs show the density of activated parvalbumin
neurons (PV+cFos+ double immunopositive) in the OFC. C-D, Aggressive interaction increased the activation of both PV+PNN- (C) and PV+PNN+ (D) neuronal
populations in the OFC of social and PWSI mice. E-H, PWSI induced hyperactivation of PV+ neurons in the mPFC following aggressive interaction. E, Representative single
plane confocal image showing activated (c-Fos+, yellow) parvalbumin neurons (PV+, magenta) with (stained with WFA, cyan) and without PNNs from the mPFC of a
PWSI mouse. F, Aggressive interaction-specific significant increase in the density of activated PV+ neurons (PV+cFos+, double immunopositive) in the mPFC of
PWSI mice compared to social mice. G-H, The density of activated PV+PNN- neurons (G) and PV+PNN+ neurons (H) in the mPFC revealed a PWSI-specific
hyperactivation of PV+PNN+ neurons. I-J, PWSI altered correlations between behavioral variables during aggressive interaction and activation patterns of distinct PV+
neuronal populations in the PFC. I, Spearman correlation matrices for social mice (upper panel) and PWSI mice (lower panel) showing relationships between OFC PV+
neuron activation and behavior during AGGR. J, Spearman correlation matrices for social mice (upper panel) and PWSI mice (lower panel) showing relationships
between mPFC PV + neuron activation and behavior during AGGR. Each square shows the Spearman’s correlation coefficient as calculated by correlating mean
densities of activated PV+ neurons, PV+PNN- neurons or PV+PNN+ neurons with hallmark aggression features shown in Fig. 1. Colors indicate Spearman corre-
lation coefficients, and labels within squares correspond to p values of correlations. All data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005,
AGGR, aggressive interaction; BASE, baseline i.e. resting conditions; mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PV, parvalbumin; PV+PNN-, par-
valbumin neurons without perineuronal nets; PV+PNN-, parvalbumin neurons with perineuronal nets. (For interpretation of the references to color in this figure
lfgend, the reader is referred to the Web version of this article.)

<

p = 0.026; PWSI AGGR vs social AGGR, p = 0.033, Fig. 2C, Suppl. extracellular matrix assemblies named perineuronal nets (PNNs) (Suppl.
Figs. S3E and S3F). Our detailed analysis indicated that AGGR-induced Fig. S4A) (Celio et al., 1998; Hartig et al., 1999), which are highly
neuronal hyperactivation in PWSI mice was present in all mPFC sub- involved in plasticity and activity of PV+ neurons (Balmer et al., 2009;
regions (PWSI AGGR vs social AGGR; ACC p = 0.033; PrL p = 0.0257; IL Lensjg et al., 2017b), we further assessed PNN+ and PNN- PV+ neuronal
p = 0.014, Suppl. Fig. S3B) suggesting an overall increase at the densities across PFC subregions. WFA, a plant-based lectin stain that is

neuronal activation level in the mPFC of PWSI mice following a social commonly used to label PNNs (Hartig et al., 1992; Ueno et al., 2017b),
challenge. was used along with PV immunolabeling to visualize PNNs around PV+
Our findings that aggressive interaction leads to the activation of cells in the brain (Sorg et al., 2016). In the mPFC, we observed a density
gene expression in multiple prefrontal subregions prompted us to increase of PV+PNN+ neurons in the dorsal (ACC, PrL) subregions
analyze functional connectivity by computing covariance across subjects compared to the ventrally located IL (F(4, 146) = 120.6, p < 0.001; all
to decipher interactions between subregions. To achieve this, we first pairwise comparisons p < 0.001, Fig. 3A and Suppl. Fig. S4F), and this
calculated a complete set of interregional correlations in the groups of shift was paralleled by a concomitant decrease in densities of PV-+PNN-
mice from each experimental group, using the results of c-Fos densities neurons (F(4, 146) = 135.1, p < 0.001; all pairwise comparisons p <
shown in Suppl. Figs. S3A and S3B. Subsequently, on the basis of these 0.001, Fig. 3A and Suppl. Fig. S4E). In agreement with previous studies
matrices, we generated network graphs for each experimental group (Castillo-Gomez et al., 2017; Ueno et al., 2017a), we found that PWSI
where the nodes represent brain regions and the width of connections did not affect the overall density of neither PV+PNN+ neurons (F(1, 37)
between nodes indicate the strength of correlation coefficients. Fig. 2D = 0.074, p = 0.788), nor PV+PNN- neurons (F(1, 37) = 0.74,8 p =
and E shows matrices that display interregional correlations for the 0.393, Suppl. Fig. S4E-F).
number of c-Fos-positive cells at baseline condition in social and PWSI Earlier, the presence of PNNs has been reported to correlate directly
mice, respectively. Inspired by other studies using c-Fos as a measure of with the expression of PV (Ohira et al., 2013; Yamada et al., 2015),
functional connectivity (Cruces-Solis et al., 2020; Salvatore et al., 2018), which is an indicator of cellular activity (Donato et al., 2013). In addi-
we considered this an exploratory approach to gain insight into the basic tion, exposure to adverse experiences has been linked to aberrant PV
interregional co-activation across the experimental groups. Differences soma and PNN intensities in the PFC (Ueno et al., 2017a; Spijker et al.,
in co-activation under baseline conditions indicate that PSWI caused an 2020). Therefore, using high resolution confocal microscopy, we
altered resting state pattern (Fig. 2D and E). Upon aggressive interac- investigated how PWSI affects PV soma and PNN intensities of PV+
tion, we observed a shifted co-activation pattern in social mice neurons and PV4+PNN+ neurons, respectively. We observed that OFC

compared to baseline conditions (Fig. 2D and F). Interestingly, in PWSI and mPFC PV+ neurons in PWSI mice had significantly greater PV soma
mice following aggressive interaction a disrupted co-activation pattern intensity (OFC, U = 3992, p = 0.028; mPFC, U = 8612, p < 0.001,
could be observed, as all the investigated PFC subregions exhibited Fig. 3B and C) compared with social mice. Intriguingly, this neuronal
correlated activity with all other regions, suggesting a PWSI-induced population also showed greater PNN intensity in PWSI mice (U = 1663,
robust shift in PFC co-activation patterns (Fig. 2E, F and 2G). Taken p < 0.001, Fig. 3B and D). This change was specific to the mPFC, as no
together, we found that PWSI-induced abnormal aggression was paired significant differences in the intensity of PNN was observed between
with mPFC-specific neuronal hyperactivation along with a disrupted groups in the OFC (U = 1788, p = 0.078, Fig. 3B and D).

network co-activation state.

3.5. PWSI-induced abnormal aggression correlates with mPFC-specific

3.4. PWSI increased PV and PNN intensities in the mPFC heightened activity of PV+PNN+ neurons

Since PV+ neurons in the PFC play key roles in maintaining synaptic Next, we asked whether the increased PV soma intensity and PNN
excitatory/inhibitory balance during social behavior (Yizhar et al., intensities coincide with higher recruitment ratio of PV neurons. Thus,
2011; Bicks et al., 2020) and are affected by early life adversity we performed multiple staining for c-Fos, PV, and WFA in combination
(Schiavone et al., 2009; Bicks et al., 2020), we examined their density in with confocal microscopy to assess the density of activated PV+ neurons

the PFC of PWSI mice and social mice (Suppl. Fig. S4A). Analyses of the (Fig. 4A and E). Following aggressive interaction, we observed an
OFC (Suppl. Fig. S4B) and mPFC (Suppl. Fig. S4C) subregions revealed increased density of activated PV+ neurons (c-Fos+ PV+ neurons) in the
that the density of PV+ neurons shows subregion-specific differences, OFC and mPFC compared to baseline conditions (OFC, F(1, 34) = 10.67,
but the densities are not affected by PWSI (housing F(1, 37) = 0.473, p p =0.003, Fig. 4A and B; mPFC, F(1, 35) = 10.88, p = 0.002, Fig. 4E and
= 0.496; subregion F(4, 146) = 10.55, p < 0.001, Fig. 3A and Suppl. F). Remarkably, following aggressive interaction, we detected more
Fig. 54D). Since many PV+ interneurons are enwrapped by specialized activated PV+ neurons in the mPFC of PWSI mice compared to social
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Fig. 5. PWSI increased the density of synaptic inputs opposed to the perisomatic region of PV+ neurons in the mPFC. A, Schematic drawings depicting parvalbumin
neurons (PV+, magenta) without perineuronal net (PNN-) or with PNN (cyan, PNN+), targeted by Bassoon presynaptic release site marker immunoreactive puncta
(yellow). B, Representative single plane confocal images showing immunoreactivity for PV (magenta) and Bassoon (yellow) as well as Wisteria floribunda agglutinin
staining for PNNs (cyan) for a PNN- (upper panel) and a PNN+ (bottom panel) PV+ neuron within the mPFC of social and PWSI mice, respectively. White arrowheads
indicate close appositions of Bassoon+ puncta surrounding the perisomatic region of PV+PNN- (top panel) and PV+PNN+ (bottom panel) neurons from the mPFC of
social and PWSI mice. Scale bar, 4 pm. C, Bar graphs showing that PV+PNN+ neurons receive more Bassoon+ puncta densities at their perisomatic region compared
to PV+PNN- neurons and PWSI caused an overall increase in the density of Bassoon+ puncta at the perisomatic region of PV+ neurons (n = 101 PNN- neurons and n
= 75 PNN+ neurons from 4 social mice; n = 57 PNN- neurons and n = 70 PNN+ neurons from 4 PWSI mice). D, Scatter plots with regression lines represent a
significant positive correlation of the perisomatic PNN intensity and perisomatic Bassoon intensity of PV+ neurons. The inset shows Spearman’s correlation coef-
ficient (R). All data are represented as mean + SEM. ****p < 0.0001. mPFC, medial prefrontal cortex. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

mice (interaction: F(1, 35) = 4.568, p = 0.030, social AGGR vs PWSI PV+PNN+, PV+PNN- subpopulations and key features of aggressive or
AGGR, p = 0.027, Fig. 4F). No such changes were apparent at the level of social behaviors (Fig. 41 and J). In social mice, the ratio of activated

OFC (F(1, 34) = 1.858, p = 0.188, Fig. 4B). PV+ neurons within the OFC and mPFC showed a positive correlation

We sought to determine whether the presence of PNNs modulates with non-aggressive social sniffing, thereby confirming PV+ neuron
PV+ neuronal activation during aggressive interaction, by investigating engagement during social interaction. Intriguingly, social sniffing did
how fighting relates to the density of activated PV+PNN- neurons not correlate with the activation of PV+ neurons in PWSI mice, however,

(PV+PNN-cFos+) and activated PV+PNN-+ neurons (PV-+PNN+cFos+). PWSI resulted in significant, negative correlation between multiple
Throughout the PFC, both PV+PNN- neurons (OFC, F(1, 34) = 16.975, p aggression-related behavioral parameters and the activation of PV+
= 0.001, Fig. 4C; mPFC, F(1, 35) = 10.594, p = 0.003, Fig. 4G) and neurons, most robustly with PV+PNN+ neurons.

PV+PNN+ neurons (OFC, F(1, 34) = 8.955, p = 0.005, Fig. 4D; mPFC, F Overall, the above results suggest that the activity of PV+ neurons
(1, 35) =5.702, p = 0.022, Fig. 4H) of the aggressive interaction groups surrounded by PNN may directly or indirectly contribute to abnormal
displayed an elevation in activation compared to baseline groups. Upon aggression induced by early social adversities.

fighting, PWSI animals showed an increased density of activated

PV+PNN+ neurons in the mPFC compared to social mice (interaction, F 3.6. PWSI increased the density of synaptic inputs surrounding the
(1, 35) = 6.5961, p = 0.0146, Fig. 4H) which might imply that perisomatic region of PV+ neurons in the mPFC
PV+PNN+ neurons may contribute to the observed behavioral deficits

induced by PWSL In agreement with previous reports establishing a role of PNNs in the

To gain further insight into the relationship between the activation organization and stability of the synaptic circuitry (Fig. 5A) (Favuzzi
ratios of PV+ neuron subpopulations and behavioral outcome, we et al., 2017; Lensj¢ et al., 2017a; Carceller et al., 2020), we detected
computed correlations between the density of activated PV+, more Bassoon immunoreactive (Bassoon+, presynaptic release site
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Fig. 6. PWSI increased the density of excitatory cortical (vGluT1+) and subcortical (vGluT2+) inputs impinging on the perisomatic region of PV+ neurons in the
mPFC. A, Schematic drawing showing a local inhibitory neuron (yellow) targeting the perisomatic region of a PV+ neuron (magenta). Yellow circles indicate the
vesicular GABA transporter (vGAT+) immunoreactive synapses analyzed in this experiment. B, Representative single plane confocal images showing close appo-
sitions of VGAT -+ puncta (white arrowheads) surrounding a PV + neuron (magenta) from the mPFC of social and PWSI mice. Scale bar, 5 pm. C-D PWSI did not affect
the density of inhibitory inputs targeting the perisomatic region of PV + neurons. Bar graphs showing the density of vVGAT+ puncta targeting the perisomatic region of PV+
neurons from the OFC (C) and mPFC (D), respectively (OFC, n = 50 neurons from 4 social mice and n = 42 neurons from 4 PWSI mice; mPFC, n = 163 neurons from 4
social mice and n = 162 neurons from 4 PWSI mice). E-L, PWSI increased the density of excitatory inputs targeting the perisomatic region of PV + neurons in the mPFC. E,
Schematic drawing showing a local putative pyramidal neuron (yellow) targeting the perisomatic region of a PV+ neuron (magenta). Yellow circles indicate the
vesicular glutamate transporter type 1 (vGluT1+) immunoreactive synapses coupled with blue dots signaling Bassoon immunoreactive presynaptic active zones
analyzed in this experiment. F, Representative single plane confocal images showing close appositions of vGluT1+Bassoon+ puncta (white arrowheads) surrounding
a PV+ neuron from the mPFC of social and PWSI mice. Same magnification as in B. Bar graphs showing the density of vGluT1-+Bassoon+ puncta targeting the
perisomatic region of PV+ neurons from the OFC (G) and mPFC (H), respectively (OFC, n = 129 neurons from 4 social mice and n = 109 neurons from 4 PWSI mice;
mPFC, n = 121 neurons from 4 social mice and n = 128 neurons from 4 PWSI mice). I, Schematic drawing showing extracortical excitatory inputs (yellow) targeting
the perisomatic region of a PV+ neuron (magenta). Yellow circles indicate vesicular glutamate transporter type 2 (vGluT2+) immunoreactive synapses with blue dots
signaling Bassoon immunoreactive presynaptic active zones analyzed in this experiment. J, Representative single plane confocal images showing close appositions of
vGluT2+Bassoon+ puncta (white arrowheads) surrounding a PV+ neuron from the mPFC of social and PWSI mice. Similar magnification as in B. Bar graphs showing
the density of vGluT2+Bassoon+ puncta targeting the perisomatic region of PV+ neurons from the OFC (K) and mPFC (L), respectively (OFC, n = 92 neurons from 4
social mice and n = 106 neurons from 4 PWSI mice; mPFC, n = 176 neurons from 4 social mice and n = 127 neurons from 4 PWSI mice). All data are represented as
mean + SEM. ***p < 0.0001. mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; vGAT, vesicular GABA transporter; vGluT1, vesicular glutamate transporter
type 1; vGluT2, vesicular glutamate transporter type 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

marker) (Dani et al, 2010) puncta at the perisomatic region of increase in the excitatory drive was specific for the mPFC since no such
PV+PNN+ neurons versus PV+PNN- neurons (F(1, 299) = 91.87, p < changes were detectable at the level of the OFC (vGluT1+Basson+
0.001, Fig. 5B and C). Along with this, we detected higher perisomatic puncta, U = 6450, p = 0.273, Fig. 6G; vGluT2+Basson+ puncta, U =
Bassoon+ fluorescence intensities surrounding PV+PNN+ neurons in 4445, p = 0.273, Fig. 6K). These data tentatively suggest that aggressive

both social and PWSI groups (F(1, 299) = 9.264, p = 0.003). Note- interaction-associated recruitment of PV+ neurons in PWSI mice could
worthy, independently of PNN coverage, PWSI caused an overall in- have been caused by enhanced excitatory drive arising from both
crease in the density of Bassoon+ puncta surrounding the somata of cortical and subcortical sources.

PV+ neurons (F(1, 299) = 68.33, p < 0.001, Fig. 5C). In the case of

PV+PNN+ neurons, we also observed a strong positive correlation be- 3.8. PWSI increased the density of excitatory inputs targeting PV+

tween PNN fluorescence intensity and perisomatic Bassoon+ fluores-
cence intensity (Spearman r = 0.5688, p < 0.0001, Fig. 5D)
corroborating previous findings from the visual cortex and the hippo-
campus indicating that PNNs play an essential role in the maintenance of
synaptic stability (Dityatev et al., 2010; Lensjg et al., 2017a).

neurons in the mPFC, regardless of the presence of PNN

Next, we asked whether the observed PWSI-evoked synaptic imbal-
ances in mPFC PV+ neurons occur in a PNN-dependent manner.
Consistently with previous observations (Carceller et al., 2020),
PV+PNN+ neurons received more vGAT+ inputs compared to

3.7. PWSI increased the density of excitatory cortical (vGluT1+) and PV+PNN- neurons (F(1, 310) = 11.46, p < 0.001, Fig. 7A and D). In line
subcortical (vGluT2+) boutons impinging on the perisomatic region of with this, we also observed increased perisomatic vGAT fluorescence
PV+ neurons intensity around PV+PNN+ neurons (F(1, 311) = 10.62, p = 0.001),

however, PWSI had no effect on the density of inhibitory inputs (F(1,
Since early-life adversity can affect the density of inhibitory synapses 310) = 0.054, p = 0.823, Fig. 7A and D). In addition, we observed that
(McKlveen et al., 2019), we tested whether PWSI affected the density of the PNN intensities of PV+ neurons positively correlated with peri-

vesicular GABA transporter (vGAT+) immunoreactive inputs targeting somatic VGAT+ puncta intensities (r = 0.768, p < 0.001, data not
the perisomatic region of PV+ neurons. PWSI did not affect the density shown). In the case of cortical excitatory inputs, we observed that
of inhibitory inputs (OFC, t(90) = 0.693, p = 0.490; mPFC, t(323) = PV+PNN+ neurons received higher densities of vGluT1+Bassoon+ in-
0.16, p = 0.873 Fig. 6A-D). puts relative to PV+PNN- neurons (F(1, 240) = 8.884, p = 0.003, Fig. 7B

Excitatory synaptic input can control the deposition of PNNs around and E). PWSI resulted in higher densities of vGluT1+ Bassoon-+ inputs
PV+ interneurons (Dityatev et al., 2007; Devienne et al., 2021). Since targeting mPFC PV+ neurons in the PWSI mice (F(1, 240) = 12.14,p <
we found that PWSI leads to an increase in the recruitment of PV+ 0.0001, Fig. 7B and E), which did not depend on PNN coverage and
neurons following aggressive interaction (Fig. 4), and the PNNs’ staining housing interaction, F(1, 240) = 1.143, p = 0.286). We did not observe

intensity also increased around PV+ neurons (Fig. 3D), we asked any difference in the intensity of vGluT1+ staining (all p values > 0.05,
whether PWSI affected the excitatory synaptic drive impinging on the data not shown). We also observed that the PNN intensities of PV+
perisomatic region of PV+ neurons. Thus, we studied the excitatory neurons positively correlated with perisomatic vGluT1+ puncta in-
glutamatergic inputs targeting the somata of cortical PV+ interneurons: tensities (r = 0.6182, p < 0.0001, data not shown).

intracortical (Fig. 6E-H) and subcortical inputs (Fig. 61I-L) which use In the case of subcortical excitatory inputs, we detected higher
presynaptic vesicular glutamate transporter 1 (vGluT1) and 2 (vGluT2), vGluT2+ Bassoon+ puncta densities in the perisomatic regions of
respectively (Takamori et al., 2000, 2001; Fremeau et al., 2001). We PV+PNN+ neurons compared to the PV+PNN- population (F(1, 299) =
applied multiple labeling immunostaining and confocal microscopy to 12.36, p < 0.001, Fig. 7C and F). Similarly to cortical excitatory inputs,
assess the density of vGluT1 immunoreactive (vGluT1+) and vGluT2 the observed significant increase in the densities of vGluT2+Bassoon+
immunoreactive (vGluT2+) synaptic puncta apposing the somata of inputs of PWSI mice relative to social mice (F(1, 299) = 29.94, p <

PV+ neurons in combination with the presynaptic release site marker 0.001, Fig. 7C and F) did not depend on PNN coverage (PNN and
Bassoon+ (Fig. 6F and J). We observed a significant increase in the housing interaction, F(1, 299) = 0.005, p = 0.941). We also found that
density of both cortical and subcortical inputs surrounding the somata of the PNN intensities of PV+ neurons positively correlated with peri-
PV+ neurons in the mPFC of PWSI mice compared to social mice somatic vGluT2+ puncta intensities (r = 0.2425, p < 0.003, data not
(vGluT1+Basson+ puncta, U = 5945, p < 0.002, Fig. 6H; shown) suggesting that PNNs may play a role in the stabilization of
vGluT2-+Basson+ puncta, U = 6455, p < 0.001; Fig. 6L). The observed subcortical inputs (Faini et al., 2018) in the mPFC.
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Fig. 7. PWSI increased the density of perisomatic excitatory inputs targeting PV+ neurons in the mPFC, regardless of the presence of PNN. A and D, PV + PNN+
neurons receive more inhibitory inputs than PV+PNN- neurons in both social and PWSI mice. A, Representative single plane confocal images showing immunoreactivity for
PV (magenta) and vGAT (yellow) as well as Wisteria floribunda agglutinin staining for PNNs (cyan) for a PNN- (top panel) and a PNN+ (bottom panel) PV+ neuron
from the mPFC of social and PWSI mice, respectively. White arrowheads indicate vGAT+ puncta. Scale bar, 1 pm. D, Bar graphs showing the density of vGAT+ puncta
targeting the perisomatic region of PV+PNN- and PV+PNN+ neurons in the mPFC (n = 87 PV+PNN- and n = 67 PV+PNN+ neurons from 4 social mice and n = 83
PV+PNN- and n = 77 PV+PNN+ neurons from 4 PWSI mice). B, C, E, and F, PWSI increased the density of intracortical and extracortical excitatory inputs targeting the
perisomatic region of PV + neurons and the presence of PNN is associated with higher densities of excitatory inputs. B, Representative single plane confocal images showing
immunoreactivity for PV (magenta), vGluT1 (yellow) and Bassoon (blue) as well as Wisteria floribunda agglutinin staining for PNNs (cyan) for a PNN- (top panel) and
a PNN+ (bottom panel) PV+ neuron from the mPFC of social and PWSI mice, respectively. White arrowheads indicate vGluT1-+Bassoon+ puncta. Scale bar, 1 pm. E,
Bar graphs showing the density of vGluT1+Bassoon+ puncta targeting the perisomatic region of PV+PNN- and PV+PNN+ neurons in the mPFC (n = 83 PV+PNN-
and n = 38 PV+PNN+ neurons from 4 social mice and n = 88 PV+PNN- and n = 34 PV+PNN+ neurons from 4 PWSI mice). C, Representative single plane confocal
images showing immunoreactivity for PV (magenta), vGluT2 (yellow) and Bassoon (blue) as well as Wisteria floribunda agglutinin staining for PNNs (cyan) for a PNN-
(top panel) and a PNN+ (bottom panel) PV+ neuron from the mPFC of social and PWSI mice, respectively. White arrowheads indicate vGluT2+Bassoon+ puncta.
Scale bar, 1 pm. F, Bar graphs showing the density of vGluT2+Bassoon+ puncta targeting the perisomatic region of PV+PNN- and PV+PNN+ neurons in the mPFC (n
=101 PV+PNN- and n = 75 PV+PNN+ neurons from 4 social mice and n = 57 PV+PNN- and n = 70 PV+PNN-+ neurons from 4 PWSI mice). All data are represented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005. PNN, perineuronal net; PV, parvalbumin; vGAT, vesicular GABA transporter; vGluT1, vesicular glutamate
transporter type 1; vGluT2, vesicular glutamate transporter type 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

3.9. PWSI reduced the density of PV+ inhibitory boutons (baskets) oscillations (Freund and Katona, 2007; Kubota, 2014). In order to
targeting the perisomatic compartment of pyramidal cells in the mPFC investigate whether PWSI affected the output features of PV+ in-
terneurons, we assessed the vesicular GABA transporter (VGAT+)

PV+ basket interneurons constitute one of the main sources of per- immunoreactive inhibitory synapses of PV+ basket interneurons
isomatic inhibition onto excitatory neurons (Fig. 8A), providing a syn- impinging onto the soma of pyramidal cells in layer 5 of mPFC, identi-

chronized modulation of cortical activity through the regulation of fied by Kv2.1 immunoreactivity (Fig. 8E) (Vereczki et al., 2016).
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Fig. 8. PWSI reduced the density of PV+ inhibitory boutons (baskets) targeting the perisomatic compartment of pyramidal cells in the mPFC. A, Schematic drawing
depicting the inhibitory axons of PV+ neurons (magenta) targeting the perisomatic region of a pyramidal neuron (yellow) forming PV immunoreactive basket-like
innervation. B-E, PWSI reduced the inhibitory output of PV + neurons. Bar graphs showing the density of PV+ puncta (B), vGAT+ puncta (C), and vGAT+PV+ puncta
(D) targeting the perisomatic region of putative pyramidal neurons (n = 239 neurons from 4 social mice and n = 243 neurons from 4 PWSI mice). E, Representative
single plane confocal images from the mPFC showing immunoreactivity for PV (magenta) and vGAT (yellow) as well as voltage-gated potassium channel type 2.1
(Kv2.1, white, labels the perisomatic membrane of neurons) for social (top panel) and PWSI (bottom panel) mice, respectively. White arrowheads indicate
VGAT-+PV+ puncta opposing the perisomatic compartment of putative pyramidal neurons. Scale bar, 1 pm. All data are represented as mean + SEM. *p < 0.05, **p
< 0.01, ***p < 0.005. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Overall, we detected fewer vGAT+ puncta (t(480) = 4.272, p < 0.001,
Fig. 8C) and PV+ puncta (t(480) = 2.268, p = 0.024, Fig. 8B) around
pyramidal neurons of PWSI mice. mPFC layer 5 (L5) pyramidal cells in
PWSI mice received fewer inhibitory inputs from PV+ neurons, as we
observed a reduction in the density of PV4+vGAT+ surrounding Kv2.1
immunoreactive pyramidal neuron somata (t(480) = 2.895, p = 0.004,
Fig. 8D and E). Together, these data show that PV+ inhibitory synaptic
inputs to L5 pyramidal cells are severely reduced after PWSI, suggesting
less effective perisomatic inhibition in the mPFC, which might
contribute to the observed hyperactivation of the mPFC (Fig. 2C and
Suppl. Fig. S3B).

4. Discussion

Here we report prefrontal cortical network dysfunction underlying
abnormal aggressive behavior that results from early social neglect in a
preclinical rodent model.

Studies have shown that PWSI leads to increased aggression in male
mice and rats (Toth et al., 2008; Koike et al., 2009; Biro et al., 2017; Li
et al., 2022), but this study is the first to present a detailed analysis
including quantitative and qualitative aspects of aggression in male
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mice. We chose to use male mice only since female mice display lower
levels of aggression in general (Trainor et al., 2010; Hashikawa et al.,
2017). However, future studies are needed to elucidate whether
abnormal aggression or other forms of social disturbances (e.g. behav-
ioral fragmentation) are present in female PWSI mice too.

Our research identifies species-atypical abnormal social patterns in
PWSI male mice, and we demonstrate that these are not limited to
aggression, describing other key disturbances including behavioral
fragmentation (i.e. abnormal rapid switching between social behavioral
elements), increased defensive behavior and the robust appearance of
excessive social vigilance, a characteristic behavior of PWSI mice that
has not been investigated or described previously in this paradigm, even
though hypervigilance to threat and negative attention bias have often
been cited as a consequence of early-life maltreatment in human studies
(Gibb et al., 2009; Troller-Renfree et al., 2015). PWSI leads to endocrine
and autonomic arousal in rats (Toth et al., 2011), and clinical studies
also highlight neglect-induced changes in stress-reactivity (Koss et al.,
2014; Peng et al., 2014), providing a possible background for hyper-
arousal involving the social opponent. Behavioral fragmentation impli-
cates an inability to recognize social cues and deliver context-adequate
responses, the parallels of which can also be seen in PWSI rats (T6th
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et al., 2008) and humans that have experienced childhood maltreatment
(Keil and Price, 2009; Kay and Green, 2016), revealing ubiquitous social
aberrations caused by early-life adverse experiences.

In the delay discounting test, PWSI mice showed a decreased number
of total responses compared to social mice. This, coupled with the
decreased sucrose consumption in the sucrose preference test, poten-
tially implies that the inherent reward value of sucrose is reduced in
PWSI mice. Indeed, a study of PWSI rats has shown dulled sensitivity to
sucrose in isolated rats (Wukitsch et al., 2020).

Contrarily to the robust, consistent appearance of social disturbances
across various PWSI studies, the existence of non-social anxiety varies
highly over PWSI research. Whereas some studies show that PWSI mice
display increased anxiety and fear responses (Koike et al., 2009; Liu
et al., 2015), behavioral disturbances highlighted by our multi-domain
test battery were mainly exclusive to the social domain. A plausible
explanation is that some isolation-induced behavioral effects are strain-
and test-specific or otherwise depend heavily on the population that was
investigated (Voikar et al., 2004).

At the network level, we found increased neuronal activation of the
PFC in social mice following aggressive behavior, confirming previous
findings in rats and humans (Toth et al., 2012; Biro et al., 2017; Cupaioli
et al., 2021; Takahashi, 2022). Additionally, in PWSI mice we observed
even greater densities of active neurons following aggressive interac-
tion, which were specific to mPFC subregions, as no such changes were
found in the OFC. These data reproduced our previous findings in rats
submitted to PWSI (Toth et al., 2012; Biro et al., 2017).

Based on the marked behavioral phenotype induced by PWSI and on
neuronal tracing reports reporting that the PFC exhibits high inter-
connectivity between its various subregions (Ahrlund-Richter et al.,
2019), here we also aimed to assess functional connectivity patterns
across PFC subregions via c-Fos activity (Cruces-Solis et al., 2020; Sal-
vatore et al., 2018). Using our c-Fos dataset, we calculated correlational
matrices between prefrontal subregions to decipher interactions across
the mPFC and observed altered correlation patterns following aggressive
interaction, implicating the existence of finely balanced network oper-
ations between prefrontal subregions during normal agonistic in-
teractions. In contrast, in the PFC of PWSI mice we found that neuronal
activation across all subregions correlated with each other. It is a
plausible explanation that mPFC-specific neuronal hyperactivation
heavily impacts brain-wide network operations, thus contributing to the
disrupted co-activation profile seen in PWSI mice.

In this study we found that, in both social and PWSI mice, following
aggressive interaction PV+ neurons showed marked c-Fos activation in
both the OFC and the mPFC, possibly reflecting a general increase in
network activity and thus an elevation in the recruitment of PV+ neu-
rons. Accordingly, recent studies employing fiber photometry and
electrophysiological recordings indicate an activity-increase of mPFC
PV+ neurons during social encounters (Bicks et al., 2020). Interestingly,
we observed that following fighting an even greater elevated density of
activated PV+ neurons in the mPFC of PWSI mice could be observed
compared to social mice, lending additional support for the argument
that maladaptive developmental programming of PV+ neurons might
contribute to social behavioral deficits in adulthood. Indeed, at the
cellular level, we found an increase in the intensities of WFA-labeled
PNNs surrounding PV+ neurons in the mPFC of PWSI mice, suggesting
altered plasticity of PV+ cells, since PNNs have been known to regulate
synaptic and cellular plasticity of this neuron population (Sorg et al.,
2016).

Whereas the appearance of PNNs coincides with the maturation of
PV+ neurons and a concomitant decrease in their plasticity, the removal
of PNNs promotes plasticity within cortical regions (Balmer et al., 2009),
proposing that PWSI might render PV+PNN+ neurons into a more rigid
state (Donato et al., 2013). Moreover, we uncovered an increase in the
density of activated PV+PNN-, but not PV4+PNN- neurons in the mPFC
of abnormally aggressive PWSI mice. This also raises the possibility that
PV+PNN+ neurons, compared to PV+PNN- neurons, might be more
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deeply embedded in the mPFC microcircuitry and thus play a pro-
nounced role in circuit operations related to agonistic behaviors. Indeed,
in PWSI mice the activity of PV+PNN+ neurons negatively correlated
with hallmark features of aggressive behavior including the number of
attack bites and vulnerable area-targeting bites, and time spent with
offensive behavior. On the other hand, in social mice, prefrontal PV+
neuronal activity — mostly involving the PV4+PNN- population — posi-
tively correlates with non-aggressive sniffing behavior. This suggests
that different PV+ subpopulations may adjust individual behavioral
responses during social challenges.

Noteworthy, in PWSI mice, these changes were specific to the mPFC
compared to the OFC, proposing that early-life adversity results in
region-specific alterations within frontal cortical regions. The overall
activity changes in PV+ neuronal populations suggest a dysregulated
inhibitory tone within the mPFC, which might contribute to the
observed network disturbances and neuronal hyperactivation. We must
note that our results do not exclude the possibility that abnormal
hyperactivation of the PWSI mPFC is not specific to social challenges
and more studies are needed to verify a potential selectivity or lack
thereof.

Previous studies pinpointed that PV+ neuronal function highly de-
pends on their synaptic inputs (Donato et al., 2013). To investigate how
PWSI may affect the synaptic inputs of PV+PNN- and PV+PNN+ neu-
rons in the PFC, we compared the density of perisomatic puncta
expressing different synaptic markers labeling GABAergic inhibitory
synapses (VGAT-+), glutamatergic cortical (vGluT1+), and gluta-
matergic extra-cortical (vGluT2+) synapses, respectively. PV+ neurons
receive by far the most excitatory glutamatergic inputs compared to
other interneuron populations (Gulyas et al., 1999) and PV+ neuro-
n-specific changes in glutamatergic neurotransmission are implicated in
neurodevelopmental disorders (Rotaru et al., 2012) and in
aggression-regulation (Mikics et al., 2018; Newman et al., 2018; Guyon
et al., 2021). In our study, PWSI increased the density of both vGluT1+
and vGluT2+ inputs targeting the somata of mPFC PV+ neurons.
PV+PNN+ neurons received higher densities of both vGluT1+ and
vGluT2+ inputs compared to PV+PNN- neurons. Based on this one
could argue that abnormal aggressive behavior coupled with higher
overall mPFC activity involved the recruitment of PV+PNN+ neurons,
which was exacerbated by an enhanced excitatory drive emanating from
both cortical and subcortical sources, respectively.

Here we first show that PWSI caused a remarkable increase of
vGluT2+ extra-cortical inputs indicating a strong thalamic involvement
of PV+ neurons, particularly regarding PV+PNN+ neurons. Indeed,
calretinin expressing paraventricular thalamic (PVT) and vGluT2-
expressing mediodorsal thalamic (MD) neurons heavily innervate the
mPFC (Matyas et al., 2018; Gao et al., 2020) and the mPFC PV+ neurons,
respectively (Hur and Zaborszky, 2005; Delevich et al., 2015; Mukherjee
etal., 2021). A recent report implicated that early life stress could affect
the structural and functional maturation of PVT neurons (Kooiker et al.,
2021). Thus, one might not exclude the possibility that in our study
PWSI might have affected the mPFC-projecting thalamic axons, leading
to increased vGluT2+ densities around PV+ neurons. PWSI did not
affect the inhibitory neurotransmission at the somata of PV+ neurons as
we did not detect changes in the perisomatic vGAT+ puncta densities
between the experimental groups.

Taken together, we found that in PWSI mice aggressive interaction
led to an increased PV+ neuronal activation that co-occurred with
enhanced glutamatergic drive on the perisomatic domain of PV+ neu-
rons. Our results provide support for the claim that early life adversity
perturbs the programming of glutamatergic neurotransmission at PV+
neurons in the mPFC.

Since PV+ interneurons constitute one of the main sources of peri-
somatic inhibition onto excitatory pyramidal neurons, providing a
synchronized modulation of cortical activity through the regulation of
oscillations (Freund and Katona, 2007; Kubota, 2014), we measured
VvGAT+PV+ inhibitory puncta impinging onto the soma of pyramidal
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Fig. 9. Summary of PWSI-induced changes in the mPFC. At the network level, in response to a social challenge PWSI mice show a general hyperactivation of the mPFC
and a shifted co-activation pattern between mPFC subregions compared to social mice, depicted here by the differing patterns of activated (glowing) neurons in social
and PWSI mice. At the cellular level, PWSI increased the overall density of synaptic inputs surrounding the perisomatic region of PV+ neurons, including cortical
excitatory (vGluT1+, light gold color) and extracortical excitatory (vGluT2+, dark gold) inputs. The increase in excitatory inputs surrounding PV+ interneurons did
not depend on PNN-coverage. PWSI also reduced the density of PV+ inhibitory boutons (magenta) targeting the perisomatic compartment of pyramidal cells in the
mPFC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cells in the mPFC. We observed a marked reduction in the inhibitory
output of PV+ interneurons, characterized by a reduced number of
inhibitory puncta surrounding mPFC L5 pyramidal neurons, suggesting
less effective perisomatic inhibiton in the mPFC, which might contribute
to the observed hyperactivation of the mPFC (Fig. 9). It is interesting to
consider that the increased excitatory drive arriving onto PV+ cells
could have emerged as a compensatory mechanism for the decreased
PV+ neuron-mediated inhibition of mPFC layer 5 pyramidal neurons.
Assuming this was true, the prefrontal functional connectivity analyses
indicate that while a precarious E/I balance can be maintained under
baseline conditions, the network is unable to selectively adjust to more
complex tasks demanding high levels of cognitive control, e.g. a social
challenge, as shown by hyperactivation of the mPFC in PWSI mice
subjected to the resident-intruder test.

5. Conclusion

Our findings indicate that early life social adversity results in a dis-
rupted network organization in the mPFC in adulthood along with social
deficits and abnormal aggression. The data presented here further
indicate that PNNs and both input and output traits of PV+ neurons are
affected by PWSI and that these changes may participate in altering
neuronal network operations underlying agonistic social interactions
(Fig. 9). Elucidating such mechanisms is paramount in the identification
of novel targets, allowing the development of cell-specific interventions
in the treatment of early-life maltreatment-induced mental diseases
associated with excessive aggression.
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