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Abstract Although the inhibitory control of aggression by
the prefrontal cortex (PFC) is the cornerstone of current
theories of aggression control, a number of human and
laboratory studies showed that the execution of aggression
increases PFC activity; moreover, enhanced activation was
observed in aggression-related psychopathologies and
laboratory models of abnormal aggression. Here, we
investigated these apparently contradictory findings in the
post-weaning social isolation paradigm (PWSI), an estab-
lished laboratory model of abnormal aggression. When
studied in the resident-intruder test as adults, rats submitted
to PWSI showed increased attack counts, increased share
of bites directed towards vulnerable body parts of oppo-
nents (head, throat, and belly) and reduced social signaling
of attacks. These deviations from species-typical behav-
ioral characteristics were associated with a specific reduc-
tion in the thickness of the right medial PFC (mPFC), a
bilateral decrease in dendritic and glial density, and
reduced vascularization on the right-hand side of the
mPFC. Thus, the early stressor interfered with mPFC
development. Despite these structural deficits, aggressive
encounters enhanced the activation of the mPFC in PWSI
rats as compared to controls. A voxel-like functional
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analysis revealed that overactivation was restricted to a
circumscribed sub-region, which contributed to the acti-
vation of hypothalamic centers involved in the initiation of
biting attacks as shown by structural equation modeling.
These findings demonstrate that structural alterations and
functional hyperactivity can coexist in the mPFC of rats
exposed to early stressors, and suggest that the role of the
mPFC in aggression control is more complex than sug-
gested by the inhibitory control theory.

Keywords Abnormal aggression - Prefrontal cortex - Post-
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Introduction

The inhibitory modulation of aggression by the prefrontal
cortex (PFC) is the cornerstone of current theories of
aggression control that suggest that dysfunctions in this
brain area lead to the development of aggression-related
psychopathologies (Glenn et al. 2013; Blair 2015). The
most dramatic change observed in brain imaging studies is
the reduction of prefrontal gray matter volume in these
disorders (Raine et al. 2000; Tiihonen et al. 2008; Ermer
et al. 2013). Although widely recognized, several lines of
evidence obtained in rodents and humans are at variance
with this hypothesis.

Over the last decade, several models of aggression-re-
lated psychopathologies were developed in rodents to study
the neural underpinnings of escalated (psychopathology-
like) aggression (Miczek et al. 2013; Haller et al. 2014).
Prefrontal volume was not investigated in these models so
far, but findings with neuronal activity markers revealed
that aggression increases PFC activation; moreover,
enhanced increases in PFC activation were observed in
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animals submitted to models of escalated aggression
(Halasz et al. 2006; Haller et al. 2006; Beiderbeck et al.
2012; Toth et al. 2012; Ago et al. 2013). In only two of
such studies were PFC activations blunted by escalated
aggression in some sub-areas of the PFC (Wall et al. 2012;
Marquez et al. 2013). However, fighting per se did activate
the PFC in these studies as well, and activation was
reduced but not eliminated by escalated aggression. Like-
wise, human studies in which the impact of actually per-
formed aggression was studied (e.g., subjects played
aggressive video games or retaliated aggressively in com-
petitive situations), the PFC was also found to be activated
by aggressive actions (Lotze et al. 2007; Montag et al.
2012); moreover, the activation was stronger in subjects
with aggression-related psychopathologies (New et al.
2009; Veit et al. 2010).

Taken together, these findings suggest a duality
regarding the involvement of the PFC in aggression
control: whereas chronic structural deficits in the PFC
increase aggressiveness, aggressive behaviors induce the
activation of the very same area. In a first attempt to
investigate the putative dual role of PFC in aggression,
we submitted rats to post-weaning social isolation
(PWSI), an established model of human early social
neglect, which is a significant contributor to adult vio-
lence and criminality (Gilbert et al. 2009; Haller et al.
2014; Sandi and Haller 2015). PWSI replicates in rats
many detrimental effects of human early social neglect
including escalated aggression as shown by enhanced bite
counts and enhanced shares of bites directed towards
vulnerable body parts of opponents (head, throat, belly)
(T6th et al. 2008; Toth et al. 2011; Haller et al. 2014).
We studied putative structural deficits induced by PWSI
in the medial PFC (mPFC), to investigate whether chan-
ges observed in abnormally aggressive humans are
reproduced by the model. We also investigated neuronal
activation patterns induced by fighting in the same sub-
jects. To capture the spatial correlates of the putative
duality of mPFC involvement in aggression control, we
developed a high-resolution voxel-like approach. Behav-
iorally relevant interactions between the mPFC and other
brain areas involved in aggressive behavior were inves-
tigated by structural equation modeling (SEM).

Materials and methods

Animals

Subjects were male Wistar rats born in the breeding facility
of our Institute. Parents originated from a Charles River

Laboratories breeding line. Subjects were studied in the
resident-intruder test 74 days after birth, when their weight
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was 400-450 g. Intruders used in aggressive encounters
came from the same source and weighed approximately
300 g at testing. These rats were group-housed; each
intruder was used only once. For all rats, food and water
were available ad libitum throughout, while temperature
and relative humidity were kept at 22 + 2 °C and
60 £ 10 %, respectively. Rats were maintained in a light
cycle of 12:12 h with lights off at 0800 h. No rat was
handled except for regular cage cleaning. The experiments
were carried out in accordance with the European Com-
munities Council Directive of 2010 (2010/63/EU) and were
reviewed and approved by the Animal Welfare Committee
of the Institute of Experimental Medicine.

Experimental design

Pups were weaned on the 21st postnatal day. During the
following 7 weeks, littermates were randomly assigned
either to individual housing (post-weaning social isolation,
PWSI), or to social housing in groups of 4 (socially reared,
SR) in Makrolon cages (42 x 26 x 19 cm). Each social
group contained pups coming from at least three different
litters. SR rats were moved to larger Makrolon cages when
their weight reached approximately 200 g (60 x 38 x
19 cm). On the 8th post-weaning week, all subjects were
moved to individual cages for 3 days to induce the terri-
torial behavior that is studied in the resident—intruder test.
In the early hours of the active (dark) period of the third
day, subjects were either submitted to the resident/intruder
test, or were left undisturbed in their home cages. Four
groups of animals were studied: (1) SR not exposed to the
resident—intruder test (N = 10), (2) SR studied in the res-
ident—intruder test (N = 14), (3) PWSI not exposed to the
resident—intruder test (N = 10), and (4) PWSI studied in
the resident—intruder test (N = 14). Three brains were
damaged during processing; two belonged to fighting SR
whereas one to the fighting PWSI group. These animals
were discarded from the study. Ninety minutes after the
end of the encounter, all rats were anesthetized, their brains
were perfused, and sampled for histological and immuno-
histochemical procedures.

A second experiment was run to study the neurochem-
ical nature of activated mPFC neurons. The reason of
performing this additional experiment was that the mPFC
study was performed on sections made between Bregma
3.20 and 2.70 to ensure the comparability of findings
obtained with different technologies, and there were no
sufficient sections to perform this neurochemistry-oriented
investigation. The second experiment was performed under
the same, highly standardized conditions. Importantly, the
behavioral consequences of PWSI as well as its effect on
prefrontal activation were entirely similar to that observed
in the first experiment (see below).
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Resident—-intruder test

Subjects were faced with a smaller intruder (body weight
difference was of 30 %) for 20 min in their home cage (a
Plexiglas cage measuring 60 x 40 x 50 cm). The test was
carried out in the early phase of the dark period under dim
red illumination. Behavior was video recorded through the
transparent front wall of the cage. Video recordings were
evaluated for biting attack episodes by an experimenter
blind to treatment conditions, who recorded the number of
attacks, their targets on the body of opponents and their
behavioral context, i.e., behaviors typically altered by
PWSI (T6th et al. 2008; Toth et al. 2011). Analysis was
made at low speed, frame-by-frame when necessary.
Attacks were considered vulnerable if targeted the head
(areas anterior to the ears), throat (the ventral area below
the ears), belly (ventral areas between legs) or paws, and
non-vulnerable if targeted the back or flanks (posterior to
the ears and dorsal to the legs) of opponents. As regards the
behavioral context, an attack was considered signaled if it
was preceded by offensive threats (aggressive grooming,
mounting, lateral threat, chasing, wrestling, offensive
upright) or dominant posture (keeping down the opponent
while it is lying on its back), and non-signaled if it was
preceded by non-aggressive behaviors (e.g., exploration,
grooming, resting, etc.).

Brain processing

Rats were deeply anesthetized with a mixture of ketamine—
xylazine—pipolphen (50-10-5 mg/kg) and were perfused
through the ascending aorta with 100 ml ice-cold 0.1 M
phosphate-buffered saline followed by approximately
200 ml 4 % paraformaldehyde (in 0.1 M phosphate-buf-
fered saline). Brains were removed, post-fixed in the same
solution for 3 h and cryoprotected overnight by 20 %
sucrose in phosphate-buffered saline at 4 °C. 30-pm frozen
sections were cut in the frontal plane on a sliding
microtome.

Assessment of structural changes in the mPFC

Structural changes were investigated on two sec-
tions 180 um apart situated between levels 3.20 and
2.70 mm from Bregma (Paxinos and Watson 1998). In this
region, the forceps minor is a clearly recognizable closed
structure, which allowed the precise measurement of cor-
tical thickness by a method adapted from earlier studies
(Day-Wilson et al. 2006; Schubert et al. 2009; Spivey et al.
2009). Rest of the measurements was made at the same
mPFC rostrocaudal level for consistency.

The thickness of the medial prefrontal cortex was
measured bilaterally on dark-field images. We drew two

lines perpendicular to the medial longitudinal fissure; one
through the upper, whereas the other through the lower end
of the forceps minor of the corpus callosum (for a graphical
illustration of the measurement see Fig. 1). The thickness
of the medial prefrontal cortex was characterized by the
length of these lines. To evaluate changes in forceps minor
size, the distance between the lines was also measured. To
investigate whether the observed changes were due to an
overall change in brain volume, we also estimated the size
of the periaqueductal gray (PAG) by delineating the whole
central gray area on dark-field images on three consecutive
sections 180 pm apart. “Volumetric’ change was estimated
by calculating the average PAG areas (mm?) excluding the
aqueductus.

We further assessed neuron and glia counts, dendritic
density and the vascularization in the area by staining for
the neuronal nuclear antigen (NeuN), glial fibrillary acidic
protein (GFAP), neurofilament H (SMI-32), and lectin (as a
marker for glycoproteins on the endothelial surface) as
described earlier (van Praag et al. 2007; Van De Werd and
Uylings 2008; Aksic et al. 2013; Sanada et al. 2014). Free-
floating sections were incubated in 0.5 % H,0O, with 0.3 %
Triton X-100 in phosphate buffer saline (PBS), then
blocked by 5 % normal horse or goat serum in PBS (NHS/
NGS; Jackson ImmunoResearch) using 10-min PBS rinses
between all incubations. In case of SMI-32, permeability
was increased by means of liquid nitrogen application
without Triton X-100 treatment. Sections were incubated in
primary antibody solutions that contained 2.5 % NHS or
NGS in PBS (NeuN: 1:5000, MAB377, Millipore; GFAP:
1:2000, G3893, Sigma-Aldrich; SMI-32: 1:1000, NE1023,
Millipore) for 48-72 h at 4 °C. Primary antibodies were
detected by biotinylated secondary antibodies (1:1000 in
PBS with 2.5 % NHS or NGS; Jackson ImmunoResearch)
and avidin—biotin complex (ABC, 1:1000; Vector Labo-
ratories) for 1 h each at room temperature in case of NeuN,
and SMI-32. The peroxidase reaction was developed in the
presence of diaminobenzidine tetrahydrochloride (0.2 mg/
ml), nickel-ammonium sulfate (0.1 %) and hydrogen per-
oxide (0.003 %) dissolved in Tris buffer. Anti-GFAP
antibodies were detected by Alexa Fluor 594-conjugated
secondary antibody (Life Technologies). Lectin was visu-
alized by a slightly different protocol. Briefly, sections
were rinsed in Tris-buffered saline (TBS), permeabilized
by 0.3 % Triton X-100, and blocked by 5 % pre-immune
donkey serum in TBS for 30 min at room temperature.
Lectin was detected by means of 72 h incubation in
biotinylated Lycopersicon esculentum solution at 4 °C
(1:4000 in TBS, L0651, Sigma-Aldrich), which was visu-
alized by streptavidin-Alexa Fluor 488-conjugate (1:1000,
Life Technologies). Microscopic images were digitized by
an Olympus CCD camera using a 10x magnification lens.
Relative optical density was assessed in the same area
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Fig. 1 Changes in the thickness of the mPFC at Bregma 3.20-2.70.
a Dark-field image of the mPFC at Bregma 3.20-2.70. Labeled
arrows indicate the distances measured (A, the thickness of the mPFC
at the upper end of the fmi; B, the thickness of the mPFC at the lower
end of the fmi; C, the height of the fmi). b The thickness of the mPFC
on the left- and right-hand side of the brain at the same Bregma level.
¢ The height of the fmi (same Bregma level). d Dark-field image of
the PAG at Bregma —6.8. The white line shows the region
investigated. e. The area of the PAG as measured at Bregma —6.8.

delineated above for cortical thickness analysis, i.e.,
between the upper and lower end of the forceps minor of
corpus callosum, using Image J software (v1.41; http://
rsbweb.nih.gov/ij/) with standardized settings across
experimental subjects (Fig. 2). A background level
(threshold) was obtained from each section and subtracted
from measured optical density for statistical analysis.

Neuronal activation patterns: c-Fos expression
in the mPFC

Sections were processed as described above. The primary
antibody for c-Fos staining was sc-52 (1:5000, Santa Cruz
Biotechnology) which was detected by biotinylated sec-
ondary antibodies (1:1000 in PBS with 2.5 % NHS or
NGS; Jackson ImmunoResearch) and avidin-biotin
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The area of the Aq was deduced. A the thickness of the mPFC at the
upper end of the fmi, Aq aqueduct, B the thickness of the mPFC at the
lower end of the fmi, C the height of the fmi, Cg/ anterior cingulate,
control socially reared rats, DP dorsal peduncular cortex, DR dorsal
raphe, fimi forceps minor, /L infralimbic cortex, PAG periaqueductal
gray, PrL prelimbic cortex, PWSI post-weaning social isolation, and
asterisk statistically significant differences between control and PWSI
rats (p < 0.05 at least). Note that the size of the fmi and PAG were
established to asses overall changes in brain size

complex (ABC, 1:1000; Vector Laboratories) for 1 h each
at room temperature. The peroxidase reaction was devel-
oped in the presence of diaminobenzidine tetrahydrochlo-
ride (0.2 mg/ml), nickel-ammonium sulfate (0.1 %) and
hydrogen peroxide (0.003 %) dissolved in Tris buffer.
Microscopic images were digitized by an Olympus CCD
camera using a 10x magnification lens and stained parti-
cles were counted by an experimenter blind to treatment
conditions.

In the mPFC, the c-Fos signal was counted by over-
laying a grid over the structure as shown in Fig. 3a. The
size of individual cells within the grid was
0.01 x 0.01 mm. The grid was adjusted to the sections
based on anatomical landmarks including the medial lon-
gitudinal fissure and the forceps minor of the corpus cal-
losum. Labeled neuronal nuclei were counted separately
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Fig. 2 Micro-structural changes in the mPFC at Bregma 3.20-2.70.
a The number of NeuN-positive nuclei counted on one section at
Bregma 3.20-2.70 within the area outlined in Fig. 3a. b, ¢, d The
optical density of SMI-32, GFAP, and Lectin staining at the same
Bregma level, which indicates the density of dendrites, glia cells, and
micro-vessels, respectively. A representative photomicrograph of

for each grid, and identified based on column and row
identifiers (letters and figures, respectively). To check
whether differences in c-Fos expression were due to
changes in neuron counts, the NeuN signal was also
counted within the same grid.

Neurochemical characterization of activated
neurons in the mPFC

We assessed the neurochemical characteristics of c-Fos-
expressing neurons by triple labeling for c-Fos, the cal-
cium/calmodulin-dependent protein kinase II (CaMKII), a
marker of cortical glutamatergic pyramidal projection
neurons (Liu and Jones 1996), and GABA, a marker of
GABAergic interneurons (Menegola et al. 2008; Wolansky
et al. 2007). Briefly, sections were processed as described
above with minimal changes described below. After
blocking with 0.1 M PB containing 10 % NGS for 30 min,
sections were labeled at 4 °C with primary antibodies
against c-Fos (polyclonal guinea pig, 1:5000, Cat. No. 226
004; Synaptic Systems), CaMKII (monoclonal mouse,

each staining was shown next to the graph. Control socially reared
rats, L left-hand side of the brain, PWSI post-weaning social isolation,
R right-hand side of the brain, asterisk significant difference between
control and PWSI rats, and hash significant left-right differences
(p < 0.05 at least in both cases)

1:500, MA1-048; Pierce Biotechnology), and GABA
(polyclonal rabbit, 1:500, A2052; Sigma-Aldrich) by 48-h
incubation in 0.1 M PB solution containing 0.1 % Triton
X-100 and 2 % NGS. After multiple rinsing, sections were
incubated with goat anti-rabbit Alexa Fluor 594-labeled
secondary antibody (1:200, Life Technologies) in TBS for
overnight at 4 °C. This step was followed by 2 h incuba-
tion with secondary antibodies Alexa Fluor 488-labeled
goat anti-guinea pig (1:200, Life Technologies) and Alexa
Fluor 647-labeled goat anti-mouse (1:200, Life Technolo-
gies). Finally, sections were rinsed in TBS, mounted on
slides, and coverslipped using Mowiol fluorescent mount-
ing medium. Fluorescent images of infralimbic and pre-
limbic cortices of mPFC were studied by a C2 confocal
laser scanning microscope (Nikon Europe, Amsterdam,
The Netherlands). We used 488, 561 and 642 nm lasers
(CVI Melles Griot), and scanning was performed in
channel series mode through Plan-Apochromat VC 20x
objective (with 0.75 numerical aperture). Using tile scan-
ning, bilateral mPFC images (at Bregma 3,2 rosto-caudal
level) were taken across four sections in each subject. The
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Fig. 3 The effects of PWSI and fighting on brain activation levels at
Bregma 3.20-2.70. a The mPFC area investigated, also showing the
grid overlaid over sections. The grid was adapted to each particular
brain section based on anatomical landmarks. Cells within the grid
were identified by column and row headings (letters and numbers,
respectively). b Average number of c-Fos-labeled nuclei within the
whole grid (within the gray area outlined in panel a). ¢ Photomicro-
graph showing the triple staining for c-Fos, CaMKII and GABA. Co-
localization was indicated by arrows (closed arrows CaMKII + c-
Fos; open arrows GABA + c-Fos). Note that about 10 % of neurons

number of c-Fos immunopositive cells that were either
CaMKII co-labeled or GABA co-labeled was quantified
using NIS Elements software.

Neuronal activation patterns: c-Fos expression
in other nuclei

C-Fos labeling was studied in the same brains, with sec-
tions processed and analyzed as described above. C-Fos
signal was counted bilaterally in two or three sections that
were 180 pm apart, and their average was considered.
Section planes were standardized according to the atlas of
(Paxinos and Watson 1998). A similar study was recently
published (Toth et al. 2012); as such, the aim of this
analysis was not the obtaining of novel information but to
provide data for studying brain connectivity with special
focus on the mPFC, amygdala, and hypothalamus. Brain
connectivity was studied as described in the next sec-
tion. We studied c-Fos activation in the central, medial, and
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were negative for both CaMKII and GABA. d, e C-fos staining in
CaMKII- and GABA-expressing neurons, respectively. Control
socially reared rats, fin forceps minor (see the schematic below the
grid), not fighting not exposed to the RI test, PWSI post-weaning
social isolation, RI test exposed to the resident—intruder test, VO
ventral orbitofrontal cortex (see the schematic below the grid),
asterisk significant effect of fighting (within rearing condition), and
hash significant control-PWSI differences (p < 0.05 at least in both
cases)

basolateral amygdala (CeA, MeA, and BLA, respectively),
which showed to have important roles in aggression control
in earlier studies (Haldsz et al. 2002; Toth et al. 2010;
Tulogdi et al. 2015), as well as in the mediobasal
hypothalamus (MBH, also known as the hypothalamic
attack area), and the lateral hypothalamus (LH) which have
crucial roles in the elicitation of attack behavior (Kruk
et al. 1983; Siegel et al. 1999; Tulogdi et al. 2010).

Mathematical modeling

We used Structural Equation Modeling (SEM) with Max-
imum Likelihood estimator and cluster-robust standard
errors to analyze the effect of mPFC activation on the
activation observed in amygdala and hypothalamic struc-
tures, and their influence on aggression. We analyzed the
data using each individual grid-cell count of the mPFC as
subjects. We analyzed the relationship between the dif-
ferent brain areas using the whole sample (N = 45). For
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Table 1 The behavior of

Total bite counts Vulnerable (%) Not signaled (%)

subjects in the resident—intruder Group Biting latency
test SR 796.3 + 126.6
PSWI 330.2* £ 112.9

833+ 64
234% £6.2

1.0+ 03
6.85% £ 1.9

83+ 64
44.2*% + 6.9

SR socially reared, PSWI post-weaning social isolation, vulnerable attacks targeting the head, throat, belly,
or paws of opponents, not signaled bite initiated while engaged in non-offensive behavior (e.g., exploration,
self-grooming, resting, social interaction). Asterisk significant effect of PWSI (see text for details). The
medians (75 % confidence intervals) were as follows: biting latency, SR = 139 (335-543); biting latency,
PWSI = 791 (322-566); total bites, SR = 1 (0.8-1.3); total bites, PWSI = 5 (5.9-9.5); vulnerable targets
(%), SR = 0 (12.7-22.3); vulnerable targets (%), PWSI = 40 (22.2-36.9); not signaled attacks (%),
SR = 0 (12.7-22.3); not signaled attacks (%), PWSI = 22.1 (18.2-29.6)

Table 2 The behavior of

subjects in the second Group Biting latency Total bite counts ~ Vulnerable (%)  Not signaled (%)
experiment, which was Controls 1027.4 £ 2125 20+ 1.0 40+ 45 0.0 £ 0.0
performed to establish the " " * w
neurochemical characteristics of PSWI 190.0* + 36.0 5.9% £ 0.7 35.8% + 11.6 13.9% £ 54
mPFC neurons activated by Kruskal-Wallis ANOVA  H(1,12) = 554  H(1,12) = 5.66 H(1,12) =397 H(1,12) = 3.75
fights p <0.02 p <002 p <0.05 p <0.05

Controls socially reared, PSWI post-weaning social isolation, vulnerable attacks targeting the head, throat,
belly, or paws of opponents, not signaled bite initiated while engaged in non-offensive behavior (e.g.,
exploration, self-grooming, resting, social interaction). Asterisk significant effect of PWSI (see text for

details)

the second model, relating brain activation and rat behav-
ior, we used the data from the subjects with observed
behavior (N = 25).

Statistical analyses

Data were expressed as mean £ SEM. Behavioral data
were analyzed by Kruskal-Wallis ANOVA because of the
non-normality of distribution. Histological data were ana-
lyzed by repeated measure ANOVA, followed by Tukey
post hoc analysis when appropriate. P values underwent
Bonferroni—-Holmes correction (Holm 1979) in case of
c-Fos data. When necessary, data were square-root trans-
formed to fulfill ANOVA requirements. Significance level
was set at p < 0.05 throughout.

Results
Resident—-intruder test

As expected based on earlier studies, PWSI increased
aggression in quantitative terms, and also induced the
expression of deviant forms of aggression (Table 1). Rats
submitted to the model started attacks sooner and delivered
more biting attacks than SR rats in the resident/intruder test
[H(1,23) = 7.58, p <0.01, H(1,23) =8.76, p < 0.01,
respectively]. They also exhibited more attacks on vul-
nerable targets [H(1,23) = 10.19, p < 0.01], and were less
prone to signal their attacks by offensive threats

[H(1,23) = 6.80, p < 0.01]. Rats submitted to the second
experiment behaved in a highly similar way (Table 2).

Structural alterations in the mPFC

The thickness of the mPFC was significantly reduced by
PWSI at both the upper and lower end of the forceps minor
in the right hemisphere [thickness at the dorsal end of
forceps minor (A):  Fgroup x brain  side(1,28) = 10.04;
p < 0.01; thickness at the ventral end of forceps minor (B):
Faroup x brain siae(1,28) = 8.17; p < 0.01; Fig. 1]. Reduc-
tion was around 15 % in both cases. The dorsoventral
extension of the forceps minor did not change significantly
[Fgroup(lazg) < la P> 045, Fgroup X brain side(l928) =
1.11; p > 0.30; Fig. 1, distance C]. The size of the PAG
did not change either [Fgoup(1,25) < 1, p > 0.57; Fig. Ic,
d], suggesting that the thinning of the mPFC was not due to
an overall reduction in brain size.

Despite the thinning of the right mPFC, the total number
of neurons in the whole area was not altered on either side
as shown by NeuN staining [Fgoup(1,42) <1, p > 0.60;
Fbrain side(1’42) < 1’ p> 065, Fgroup x brain side (1,42) =
1.36, p > 0.25; Fig. 2a]. By contrast, dendritic density
indexed by SMI-32 staining was reduced bilaterally in
PWSI rats [Fgroup(1,21) = 7.55, p < 0.05; Fprain sige(1,21)
<1, p>0.75 Faoup x brain sice (1,21) <1, p>0.61;
Fig. 2b]. A similar decrease was observed in glial cell
counts as indexed by reduced GFAP density in both
hemispheres [Fgroup(1,20) = 10.10, p < 0.01; Fyrain sige(1,20)
<1, p>0.62; Fyroup x brain sige (1,20) = 2.37, p > 0.14;
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Fig. 4 Voxel-like representation of c-Fos activation within the mPFC
area investigated (Bregma 3.20-2.70). The grids shown in this
figure are identical with the one outlined in Fig. 3a. a Differences
between rats exposed and not exposed to the resident—intruder test in
the control group. Row 7 was outlined by a thick frame to show the
region chosen for illustration in panel b. b Graph illustrating the
difference between fighting and not fighting control rats at row 7 of
the grid. ¢ Neuron numbers in control rats within the cells of the grid
as shown by NeuN staining. d Differences between rats exposed and
not exposed to the resident—intruder test in the PWSI group. Row 7

Fig. 2c]. The vascularization of the investigated mPFC
area was also reduced by PSWI specifically on the right-
hand side of the brain as shown by reduced staining for
lectin [Fgroup x brain side (1,26) = 4.79; Fig. 2d].

mPFC activation in the entire mPFC

When the whole area covered by the grid shown in Fig. 3a
was considered, c-Fos counts depended on the interaction
between housing and fighting, i.e., exposure to the resi-
dent—intruder test [Fhousing x fighting(1,54) = 9.69;
p < 0.01] but not on brain side. The latter factor did not
provide significant differences neither alone nor in inter-
action with other factors (F values were between 0.08 and
0.26; corresponding p values were between 0.91 and 0.61).
Exposure to the resident—intruder test increased c-Fos
counts in both SR and PSWI rats, but the increase was
larger in the latter group (Fig. 3b).

In the second study performed for the neurochemical
identification of activated mPFC neurons, c-Fos counts
were increased by fights [Fghing(1; 15) = 48.89;
p < 0.01], and was further increased by PWSI [Fiyerac-
tion(1; 15) = 10.59; p < 0.01]. Surprisingly, similar situa-
tion was observed when CaMKII-expressing and GABA-

expressing  neurons were considered  separately
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was outlined by a thick frame to show the region chosen for
illustration in panel e. e Graph illustrating the difference between
fighting and not fighting PWSI rats at row 7 of the grid. f Neuron
numbers in PWSI rats within the cells of the grid as shown by NeuN
staining. g Graph illustrating group differences in neuron counts at
row 7 of the grid (this row was outlined in graphs ¢ and f). Control
socially reared rats, Nf not exposed to RIT (not fighting), PWSI post-
weaning social isolation, RIT exposed to the resident—intruder test,
and asterisk significant effect of fighting (p < 0.05 at least)

[Finteraction(l; 15) = 2167’ p < 0.01 and Finteraction(l; 15)
= 11.43; p <0.01, respectively]. Fights increased the
number of activated glutamatergic and GABAergic neu-
rons in controls, and activation was significantly higher in
PWSI rats (Fig. 3c—e).

The voxel-like analysis of mPFC activation

In grid-based comparisons, c-Fos counts depended on the
interaction between group and cell [Fiperaction(189,
3648) = 2.29; p < 0.001], but again not on the hemi-
sphere. In SR rats, few differences between controls and
fighting rats survived Bonferroni-Holmes corrections; in
fact, fighting animals showed significantly higher c-Fos
counts only in cells C7 and C11 as compared to the cor-
responding cells of non-fighting controls (Fig. 4a). This
suggests that the overall increase shown in Fig. 3b was
distributed relatively uniformly over the whole area,
without outstanding increases in particular sub-regions. By
contrast, grid-based comparisons revealed the activation of
a clearly circumscribable area in PWSI rats. The area
roughly corresponds to neuron layers 3 and 5-6, covers
both the PrL and IL, but does not entirely stretch over their
dorsoventral extension (Fig. 4d). The magnitude of dif-
ferences is illustrated by c-Fos counts shown for row 7
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Table 3 C- Fos activation patterns in brain areas studied by structural equation modeling

Group CeA £ SEM MeA £+ SEM BLA + SEM AMYtot £ SEM MBH + SEM LH + SEM N
SR—control 11.68 + 1.79 13.14 £+ 2.39 9.67 + 1.93 11.50 4 1.48 11.93 + 2.27 17.23 +£3.93 10
SR-RI test 28.00* £ 3.67 71.16% £+ 9.52 45.00*% & 8.22  48.06* £+ 6.97 32.35% £ 3.75 34.52* £+ 3.96 10
PWSI—control 14.01 £+ 3.02 15.62 £+ 3.59 9.30 £ 2.12 12.98 4+ 2.42 10.28 + 1.81 14.40 £+ 3.84 12
PWSI-RI test 29.05*% £+ 3.51 107.04+* + 1036 63.45% £+ 8.92 66.51%* 4+ 7.00 39.08*% £ 3.90  40.68* £ 3.98 13
Frearing(1,41) 0.28 6.18 1.92 3.48 0.65 0.18 45
p< 0.6 0.02 0.2 0.07 0.4 0.7

Fignting(1,41) 24.23 93.78 46.93 71.12 60.69 29.92

p< 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Finteraction(1,41) 0.04 4.68 2.07 2.52 1.76 1.28

p< 0.8 0.04 0.2 0.1 0.2 0.3

In an earlier study that investigated aggression-induced brain activation patterns in PWSI rats, the same nuclei were investigated in a more
detailed way, e.g., by dividing the nuclei rostrocaudally (Toth et al. 2012). Albeit no similar distinctions were employed here, the two studies
provided rather similar findings. SR socially reared, PWSI post-weaning social isolation, R/ resident—intruder test, CeA central amygdala, MeA
medial amygdala, BLA basolateral amygdala, AMYtot average of CeA, Mea, BLA, MBH mediobasal hypothalamus (hypothalamic attack area),
LH lateral hypothalamus, asterisk significant effect of fighting (control vs. fighting), hash significant difference between SR-RI test and PWSI-

RI test (p < 0.05 at least after Bonferroni—-Holmes correction in both cases)

mPFC | Mer
II/ .32*** \\\ .98***
046 / N, 003
/ " \\ ‘ % Vulnerable
/ y Bite counts bites (%)
. 82 92 X
LH MBH

Fig. 5 Structural Equation Model for the brain activation analysis.
AMY, c-Fos counts averaged for the amygdala sub-regions investi-
gated (see Table 2); LH c-Fos counts within the lateral hypothalamus,
MBH c-Fos counts within the mediobasal hypothalamus, mPFC
average c-Fos counts within the grid outlined in Fig. 3a; displayed

(cells A7-E7) in SR and PWSI rats (Fig. 4b, e, respec-
tively). To investigate whether changes in c-Fos expression
were associated with changes in neuron numbers, the NeuN
signal was counted using a grid similar to that used to study
c-Fos activation. Neuron counts depended on the interac-
tion between social background and cell [Fijeraction(63,
1152) = 1.37; p < 0.05]. However, no group differences
were observed at any of the grid cells (Fig. 4c, f). The
significant interaction resulted from group-specific rela-
tions between different cells of the grid. For instance,
NeuN counts in grid cells C6 and C12 were significantly
different in SR rats (C6 vs.C12: p < 0.05), whereas the
same cells did not differ in PWSI rats (C6 vs.C12:
p > 0.1). While such findings are potentially interesting, no
significant SR-PWSI differences were observed when the
same cells were compared. For instance, group differences

path values standardized path coefficients, asterisk significant con-
nections (p < 0.001). Note that similar path coefficients were
obtained with amygdala sub-regions; therefore, the whole amygdala
is shown in this graph

were seen neither in cell C6 (SR vs. PWSI, p = 0.2) nor in
cell C12 (SR vs. PWSI, p > 0.8). The similarity of cell
counts is illustrated for row 7 (cells A7-E7) in Fig. 4g.

Taken together, these findings show that the activation
of the mPFC was larger in PWSI rats, and the increase in
activation was restricted to a sub-region of the area. Dif-
ferences in activation patterns were not secondary to dif-
ferences in neuron counts.

The expression of the activation marker c-Fos
in the amygdala and hypothalamus

c-Fos expression analysis was performed for the assess-
ment of the effects of PWSI on neuronal activation within
selected regions of the amygdala and hypothalamus under
basal conditions and after fighting. The data of this analysis
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are shown in Table 3. Overall, no differences were found
between SR and PWSI rats at baseline. Fighting (exposure
to the resident—intruder test) increased c-Fos activation in
both groups, in all the five investigated areas. Fight-in-
duced activation was higher in the medial amygdala of
PWSI rats as compared to SR rats. A similar trend was
observed at the level of the whole amygdala. These find-
ings are essentially similar to those published earlier (Toth
et al. 2012), and were established to study brain
connectivity.

Brain connectivity: structural equation modeling

To evaluate whether neuronal co-activation in different
brain regions can explain different aggressive behaviors,
we performed SEM analyses based on anatomical evidence
for connectivity and correlational analyses between c-Fos
counting in different brain areas. First, we found that a
fully saturated cluster SEM model showed no significant
direct relationships between c-Fos counts in the prefrontal
cortex (the area depicted in Figs. la, 3a) and those
observed in the LH and MBH. There was, however, a
significant mediating effect of amygdala on both LH and
MBH. Higher prefrontal activation (higher c-Fos counts)
led to higher amygdala activation (f = 0.32, p < 0.001),
and amygdala activation was strongly associated with
higher c-Fos counts both in the LH (f = 0.82, p < 0.001)
and MBH (f = 0.92, p < 0.001) (Fig. 5a). Noteworthy,
similar findings were obtained when the three amygdala
sub-regions were considered separately; therefore, we
presented in Fig. 5 calculi based on total amygdala c-Fos
counts (depicted in Table 3 as AMYtot).

For behavioral measures, because of the highly uneven
distribution, the dependent variables (bites and vulnerable
attacks) were transformed into categorical variables based
on quintiles which represent degrees of aggressive behav-
ior. A structural equation model, including only the sample
with observed behavior, shows a significant effect of both
LH and MBH activation on vulnerable attack bites (LH:
p =-0.52, p<0.05, MBH:  =0.98, p <0.05). Only
MBH activation was significantly, and positively associ-
ated with regular bites (f = 0.63, p < 0.05) (Fig. 5b).

Discussion

Main findings

Post-weaning social isolation led to the development of
escalated aggression in adulthood as shown by all three
increased attack counts, increased share of bites directed

towards vulnerable body parts of opponents and reduced
social signaling of attacks. Effects were highly
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reproducible. These deviations from species-typical
behavioral characteristics were associated with significant
reduction in the thickness of the right medial prefrontal
cortex. Changes seemed specific to this brain region as, for
example, the size of the forceps minor and PAG did not
change. We also observed a bilateral decrease in dendritic
and glial density, and reduced vascularization on the right-
hand side of the same region. Despite the above-mentioned
structural deficits, aggressive encounters enhanced the
activation of the prefrontal cortex in PWSI rats as com-
pared to controls. A voxel-like functional analysis revealed
that overactivation was restricted to a circumscribed sub-
region of the mPFC.

Our present findings support the notion that escalated
aggression develops on the background of disturbed pre-
frontal development, fitting the general view that prefrontal
deficits promote aggressiveness; moreover, according to
the literature, those deficits may underlie aggression-re-
lated psychopathologies (Siever 2008; Blair 2010). At the
same time, however, chronic prefrontal deficits are asso-
ciated with increased abnormal fight-induced activation in
a distinct prefrontal sub-region, which cannot be explained
based on this theory. Importantly, both glutamatergic and
GABAergic neurons were overactivated, which precludes
the possibility that mPFC activation resulted from the
unilateral increase in the activity of local inhibitory
circuits.

Structural mPFC deficits and aggression

Early stress-induced changes in prefrontal volume or cor-
tical thickness have not been associated with aggression in
animals so far. Earlier studies focused on the role of such
deficits in schizophrenia-like symptoms, e.g., deficits in
prepulse inhibition, impulsivity, and locomotor hyperac-
tivity (Day-Wilson et al. 2006; Schubert et al. 2009). In
these studies, post-weaning social isolation reduced pre-
frontal cortex thickness or volume by 6-7 %, which is
smaller, but comparable with the reduction observed by us
(~15 %). By contrast, volume reductions were readily
observed in humans showing aggression-related psy-
chopathologies; moreover, the extent of reduction
(11-24 % depending on the study) was similar to that
observed in our rats and, in addition, changes were usually
also observed in the right hemisphere (antisocial person-
ality disorder Raine et al. 2000; borderline personality
disorder, Tebartz van Elst et al. 2003; childhood disruptive
behavior, Fahim et al. 2011; psychopathy, Boccardi et al.
2011). In our study, the total number of neurons was not
affected by post-weaning social isolation, despite size
differences in the investigated prefrontal area. Albeit this
may seem somewhat surprising, similar findings were
reported earlier, e.g., both experimental hypothyroidism
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and post-weaning social isolation reduced the size of the
prefrontal cortex while neuron counts increased or
remained unchanged, respectively (Madeira et al. 1990;
Day-Wilson et al. 2006). In these cases, size reductions
were attributed to neuropil impoverishment. It was also
repeatedly shown that early stressors reduce glia counts
and dendritic density in the medial prefrontal cortex. Such
findings were perceived as mechanistically relevant for the
development of anxiety, depression, or schizophrenia
(Pascual and Zamora-Leon 2007; Wang et al. 2012; Skupio
et al. 2015). By contrast, an early stressor-induced reduc-
tion in vascularization was not reported earlier in rodents,
but prefrontal reductions in blood flow and glucose meta-
bolism—Ilikely consequences of decreased vasculariza-
tion—are common in aggression-related psychopathologies
(Hirono et al. 2000; Goethals et al. 2005).

Taken together, our findings show that post-weaning
social isolation induces a complex array of structural deficits
in the medial prefrontal cortex. Similar deficits were
observed in rodents submitted to early stressors but this is
the first rodent study that links such changes to aggressive
behavior. Notably, similar deficits were observed in humans
suffering from aggression-related psychopathologies.

Prefrontal activation and aggression

Aggression increases prefrontal activity in both humans and
rodents (Lotze et al. 2007; Halasz et al. 2006); moreover, a
further increase in activation was reported in animal models
of escalated aggression (Haller et al. 2006; Beiderbeck et al.
2012; Toth et al. 2012) and aggression-related psy-
chopathologies (Herpertz and Sass 2000; Schneider et al.
2000; Veit et al. 2010; Vollm et al. 2010). The voxel-like
approach employed here refined these earlier observations
by showing that activation is restricted to a distinct sub-area
of the mPFC, which encompasses both the PrL and IL, but
does not cover their entire extension. Interestingly, this sub-
region overlaps with the area, which contains mPFC neurons
directly projecting to the mediobasal hypothalamus (Toth
et al. 2010), which indirectly suggests a role for this pro-
jection in the control aggression in general, and in its
abnormal manifestations in particular. While these findings
are in line with rodent and human data as regards the acti-
vation of the mPFC by aggression in general and its over-
activation in models of abnormal aggression, they question
the general aggression-inhibitory role of the PFC suggesting
that the theory needs adjustments.

mPFC: amygdala interactions in aggression
A bidirectional mPFC—amygdala connection plays a piv-

otal role in emotionally salient information processing and
social evaluation in both rodents and humans (Davidson

et al. 2000; Milad et al. 2006; Kim et al. 2011; Kumar et al.
2014). However, the role of this connection in aggression
control was studied so far in humans only, where reduced
PFC-amygdala connectivity was observed in antisocial
personality disorder and psychopathy (Motzkin et al. 2011;
Hoppenbrouwers et al. 2013; Contreras-Rodriguez et al.
2015; Wolf et al. 2015). Our findings are the first to indi-
cate that enhanced functional connectivity in the mPFC-
amygdala network is involved in the control of rodent
abnormal aggression as shown by the findings of the SEM
analysis. An interesting aspect of our findings is that anti-
social personality disorder and psychopathy are mainly
associated with instrumental/proactive forms of aggression,
whereas the PWSI paradigm models emotional/reactive
aggression (Haller et al. 2014). Tentatively, this suggests
that enhanced mPFC-amygdala connectivity subserves
abnormal manifestations of aggression depending on its
type (reactive or proactive).

Dual control of aggression by the mPFC

The main finding of this study is that PSWI interferes with
prefrontal development, and results in multiple structural
deficits in this area, but at the same time the mPFC is
overactivated by aggressive encounters in rats submitted to
PSWI.

The relevance of prefrontal deficits for aggression con-
trol can easily be deduced from earlier studies performed in
either rodents or humans. In the latter, prefrontal deficits
were associated with psychological features, which esca-
late aggressiveness, particularly with poor cognitive con-
trol over behavior, punishment resistance, predilection
towards rule braking, and increases in anger and impul-
siveness (Deckel et al. 1996; Dinn and Harris 2000; Potts
et al. 2006; Spitzer et al. 2007; Arnsten and Rubia 2012;
Fulwiler et al. 2012). Similar interactions between pre-
frontal and emotional/cognitive deficits were observed in
animals (Dalley et al. 2002; Sagvolden 2006; Chudasama
et al. 2012; Paine et al. 2013; Bicks et al. 2015), suggesting
a causal link between prefrontal deficits observed in PWSI
rats and their aggressiveness. This assumption supports the
“prefrontal deficit theory” of aggression.

Aggression-enhanced mPFC activation is more difficult
to interpret. Several alternative working hypotheses can be
proposed:

1. mPFC overactivation could, in fact, limit aggression if
interpreted in terms of a negative feedback mechanism.
Such a rebound effect may be stronger if aggression
was expressed at higher levels, which may explain
differences between PSWI and socially reared rodents.
However, visual and perceptual challenges by physi-
cally inaccessible opponents also increase prefrontal
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activation in the absence of aggressive behavior, i.e.,
when there is no aggression to be “stopped” by the
mPFC (Halasz et al. 2006; Ferris et al. 2008; Ago et al.
2013). This decreases the plausibility of the explana-
tion. The study by Takahashi et al. (2014) ostensibly
still supports the assumption, as these authors showed
that the optogenetic stimulation of the “mPFC” in
resident—intruder tests decreases aggression. In their
study, however, the target of optogenetic stimulation is
unclear. The schematics that depict the site of stimu-
lation (Takahashi et al. (2014): Fig. 1d, and the left-
hand panel of Fig. 5) show the mouse brain at Bregma
2.2 mm (Paxinos and Franklin 2001). In contrast to
rats, the medial orbitofrontal cortex (MO) is situated
beneath the PrL at this level in mice, and the
schematics suggest that optic stimulation targeted
primarily the MO. As such, the findings of this study
remain unclear at present.

2. mPFC activation may have been unrelated to aggres-
sion control, and either resulted from disorganized
prefrontal functioning or reflected emotional processes.
While this assumption cannot be ruled out, our SEM
analyses identified clear associations between pre-
frontal activation and the functioning of hypothalamic
centers involved in the control of biting attacks. In
addition, the mPFC sub-region which was overacti-
vated by fights contains neurons that project directly to
the MBH (Toth et al. 2010). These two arguments
make this assumption somewhat unlikely.

3. One can assume that the mPFC, particularly the sub-
region identified by this study promotes the expression
of aggression by its subcortical projections. This may
be exerted either by the inhibition of subcortical
GABAergic neurons by long-ranging GABAergic
projections—disinhibition by the inhibition of inhibi-
tion; Potegal (2012)—or by the direct stimulation of
subcortical areas involved in the initiation and main-
tenance of attacks.

4. (iv) Finally, the mPFC may coordinate the movements
that make up a biting attack or may control the choice
of behavioral responses given to the actions of
partners. This assumption is based on recent hypothe-
ses on the role of the prefrontal cortex in the selection,
preparation, and execution of movements in both
humans and rodents (Badre and D’Esposito 2009;
Balleine and O’Doherty 2010; Chudasama et al. 2012).
In brief, the mPFC may affect aggressive behavior by
functionally coupling motor and cognitive functions.

Information available at present is insufficient for
definitive statements, but circumstantial evidence suggests
that last two assumptions are more likely than the first
two.
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Concluding remarks

Taken together, our findings may help resolving contra-
dictory structural and functional findings as it regards the
role of the mPFC in aggression control. On one hand, we
showed that—similar to humans—early stress-induced
structural deficits of the mPFC are associated with
heightened and abnormal forms of aggression in rodents.
We also showed that structural deficits do not simply result
in loss of functions, but are marked by enhanced fight-
induced activation of the mPFC in adulthood. This phe-
nomenon requires further studies with regard to their
underlying mechanisms and functional interpretation.
Overall, our findings indicate that the prefrontal control of
aggression cannot be solely explained by inhibitory
mechanisms; understanding requires more complex
approaches.
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