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Abstract

Exposure to early adversity is implicated in the development of aggressive behavior later in life in some
but not all individuals. The reasons for the variability in response to such experiences are not clear but may
relate to pre-existing individual differences that influence its downstream effects. Applying structural
magnetic resonance imaging (MRI) to a rat model of abnormal aggression induced by peripubertal stress,
we examined whether individual differences in the development of an aggressive phenotype following
stress exposure were underpinned by variation in the structure of aggression-associated, cortico-limbic
brain regions. We also assessed whether responsiveness of the hypothalamic-pituitary-adrenal axis to
stress was associated with neurobehavioral outcome following adversity. A subset of the rats exposed to
peripubertal stress developed an aggressive phenotype, while the remaining rats were affected in other
behavioral domains, such as increased anxiety-like behaviors and reduced sociability. Peripubertal stress
led to changes in tissue microstructure within prefrontal cortex, amygdala and hippocampal formation
only in those individuals displaying an aggressive phenotype. Attenuated glucocorticoid response to stress
during juvenility predicted the subsequent development of an aggressive phenotype in peripubertal
stress-exposed rats. Our study establishes a link between peripubertal stress exposure in rats and
structural deviations in brain regions linked to abnormal aggression, and points toward low glucocorticoid
responsiveness to stress as a potential underlying mechanism. We additionally highlight the importance
of considering individual differences in behavioral response to stress when determining neurobiological

correlates.



Introduction

There is growing interest in identifying risk factors and neurobiological mechanisms associated with
pathological aggression (Haller, 2013; Dorfman et al., 2014; Glenn & Raine, 2014; Waltes et al., 2016).
Compelling evidence implicates early adversity in the subsequent development of aggressive and
anti-social behaviors (Widom & Maxfield, 1996; Caspi et al., 2002; Weder et al., 2009; Beach et al., 2011,
Viding & McCrory, 2012; Fanning et al., 2014; Haller et al., 2014; Lee et al., 2014; Provencal et al., 2015;
Tzanoulinou & Sandi, 2017). However, there are clear individual differences in vulnerability to develop
aggression following early life stress exposure (Caspi et al., 2002; Odgers et al., 2008; Green et al., 2010).
Achieving a better understanding of the neurobiology underlying this variability may allow progress in the

prevention and treatment of pathological aggression.

Magnetic resonance imaging (MRI) of individuals diagnosed with aggression-related psychopathologies
has highlighted variation in brain structure in areas engaged in socio-emotional functions, including
prefrontal cortex (PFC), hippocampus, and amygdala (Raine et al., 2000; Dolan et al., 2002; Barkataki et
al., 2006; Zetzsche et al., 2007; Coccaro et al., 2015; Coccaro et al., 2016), in association with pathological
aggression. The PFC, hippocampus and amygdala form part of a corticolimbic circuit that is functionally
implicated in aggression (Haller, 2014; van der Kooij et al., 2014; Kohl et al., 2015; White et al., 2016). All
three regions undergo continuous development early in life, rendering them susceptible to the impact of
stress (Spear, 2000; Casey et al., 2008). Strikingly, structural variation in these brain regions has been
reported to correlate with relative severity of early life adversity in humans (Cohen et al., 2006; Pechtel et
al., 2014), suggesting that early life stress might contribute to structural variation observed in certain types
of pathological aggression. This possibility is supported by studies that have documented greater structural
differences in aggressive individuals with early life stress exposure versus those without (Sala et al., 2011,

Morandotti et al., 2013).



The timing of exposure to adversity during early life is associated with the nature of social dysfunctions
subsequently developed (Haller et al., 2014; Sandi & Haller, 2015; Walker et al., 2016; Tzanoulinou & Sandi,
2017). Here, we decided to focus on the peripubertal period as evidence from both animal and human
studies highlight it as a sensitive period for the development of stress-induced anti-sociality (Sandi &
Haller, 2015). In humans, exposure to adversity prior to and during puberty increases risk for
psychopathological alterations — such as borderline personality disorder (Newnham & Janca, 2014) or
intermittent explosive disorder (Fanning et al., 2014) — that present a high prevalence of ‘reactive’
aggression (McCloskey et al., 2009; Coccaro et al., 2015). Such individuals show functional alterations in
the amygdala and PFC in association with increased likelihood of aggressive behaviors (Coccaro et al.,
2007; Rosell & Siever, 2015). Similar amygdala and PFC dysfunctions were observed in adult rats submitted
to fearful experiences during the peripubertal period (Marquez et al., 2013). Behaviorally, peripubertally
stressed rats display reactive aggression towards conspecifics that goes far beyond species-specific norms
(Haller, 2017). Importantly, although development of such behavior following peripubertal stress has been
observed a number of times (Cordero et al., 2012; Cordero et al., 2013; Marquez et al., 2013; Tzanoulinou
et al., 2014; Cordero et al., 2016), as in humans, there is substantial variability in the data implying that it
is but a fraction of stressed individuals that develop subsequent aggressiveness (Tzanoulinou et al., 2014;

Cordero et al., 2016).

Here, we used structural MRI to investigate whether individual differences in the development of an
aggressive phenotype in rats following peripubertal stress are associated with individual differences in
brain structure. Rather than relying on a single measure of aggression, we adopted a profiling approach to
achieve a more holistic assessment of the aggressiveness of individual rats. Previous application of a
profiling approach has enabled the determination of neurobiologically meaningful subtypes of response
to trauma (Cohen et al., 2004; Anacker et al., 2016; Ritov et al., 2016). We focused on the medial prefrontal

cortex (mPFC), amygdala, and hippocampal formation, as these brain regions are: (i) involved in the



regulation of aggressive behavior (Haller, 2014; van der Kooij et al., 2014; Kohl et al., 2015); (ii) subject to
ongoing development during the peripubertal period (Spear, 2000; Casey et al., 2008); and iii) susceptible
to stress influences during this period (Isgor et al., 2004; Eiland et al., 2012; Marquez et al., 2013).
Furthermore, we analyzed the link between the emerging phenotype and glucocorticoid responsiveness

to early stress exposure.

Methods & Materials

Subjects

Experimental subjects (N=24 [n=12/group]) were male offspring of Wistar Han rats (Charles River, France)
bred in our animal facility. Stimulus animals (i.e. juveniles [n=6], intruders [n=24] and females [n=24]) were
bought from the same supplier. All were maintained on a 12-h light-dark cycle (lights on: 0700 h). At
weaning on postnatal day (p)21, pairs of rats from different litters were matched according to weight and
housed together. Rats remained undisturbed, except for the peripubertal stress protocol and standard
husbandry, until p90. Experiments were performed between 0800 and 1200 h, except where otherwise
stated. All procedures were conducted in accordance with the Swiss National Institutional Guidelines on
Animal Experimentation and approved by a license from the Swiss Cantonal Veterinary Office Committee

for Animal Experimentation.

Peripubertal Stress protocol

The stress protocol was performed as previously described (Marquez et al., 2013). Briefly, following
exposure to an open field for five minutes on p28, two different stressors were presented intermittently
between p28-42, each one lasting 25 minutes (see Fig.1 for the schema). Stressors were either exposure
to the synthetic fox odor, trimethylthiazoline (Phero Tech Inc., Canada), or to an elevated platform. To
assess the effect of stress exposure on hypothalamic-pituitary-adrenal axis activity we took tail-blood

samples following stress on p28, p30 and p42. Blood samples were collected by tail nick: rats were



wrapped in a cloth and, within 1 minute, up to 100ul of blood was collected from a small incision made in

one of the tail arteries. Control rats underwent brief handling on stress days, no blood samples were taken.

Behavioral procedures

This study focused on the identification of neurodevelopmental trajectories that lead to differential
aggression following exposure to peripubertal stress. To gain a better understanding of the behavioral
phenotype associated with differential aggression, animals were characterized with a battery of behavioral
tests. The sequence of behavioral tests progressed from low to increasing stressfulness, with a one-week

break imposed between tests (see Fig.1 for details).

Novelty stress

Following 20 minutes of exposure to a dimly-lit (30 Ix) novel environment (circular plastic container; 35 cm
x 25 cm), blood samples were obtained via tail-nick. A second tail-blood sample was obtained from the

same tail-nick following 30 minutes in a neutral holding cage.

Elevated plus maze (EPM)

Anxiety-like behavior was evaluated using the EPM test (Pellow & File, 1986). The EPM used consisted of
two opposing open arms (50 x 10 x 50 cm) perpendicular to two enclosed arms (50 x 10 x 50 cm) that
extend from a central platform (10 x 10 cm) elevated 65 cm above the floor. Light levels were maintained
at 14-16 Ix on the open arms and 5-7 Ix on the closed arms. At the start of the test, the rat was placed on
the central platform facing a closed arm and allowed to explore the maze for five minutes. The maze was
cleaned with 5% ethanol solution, and thoroughly dried, between subjects. Behavior was monitored using
a ceiling-mounted video camera and analyzed with a computerized tracking system (Ethovision 9; Noldus
IT, Netherlands). The time spent and entries in the open and closed arms, and distance moved, were

automatically recorded.



Social preference test

The social preference test was performed in a rectangular, polycarbonate, three-chambered box that
included a central compartment (20 x 35 x 35 cm) and two side compartments (30 x 35 x 35 cm). After five
minutes of habituation to the central chamber, retractable doors were removed and the rat was allowed
to explore the whole apparatus for 10 minutes. Side compartments were each equipped with a central,
floor-fixed, transparent, perforated cylinder that contained either an unfamiliar male juvenile rat or an
unfamiliar object. The apparatus was cleaned with 5% ethanol solution, and thoroughly dried, between
subjects. Each trial was video-recorded (MediaCruise, Canopus Co. Ltd, Japan) and manually scored offline
by an experimenter blind to experimental group. The percentage of time spent exploring (snout <2 cm
from the cylinder) either the juvenile or the novel object was recorded, and a social preference ratio
calculated according to the formula: time spent exploring the juvenile/time spent exploring the juvenile +

object.

Resident-intruder test

Prior to the resident-intruder test, experimental rats cohabited with a female partner for 10 days to
encourage territoriality. The female was removed 30 minutes prior to the test, and then replaced
afterwards. Tests were performed between 1900 and 2200 h. The resident was exposed in its home cage

to a lighter (5-10%), unfamiliar male for 30 minutes. Intruders were used only once.

Encounters were video-recorded and scored offline by an experimenter blind to the experimental group,
assisted by Observer software (Noldus IT, Netherlands). The following parameters were quantified in
terms of frequency and duration: attack (a rapid and intense contact with the intruder, often involving a
clinch), offensive upright (pushing the intruder away whilst both are standing on hindpaws), lateral threat
(approaching the intruder laterally, with arched back), keeping down (actively pinning the intruder on its

back), biting, social investigation (sniffing and grooming the intruder), non-social investigation (exploring



the cage) and auto-grooming. The cumulative frequency and duration of the first four behaviors were
summed to provide measures of total offensive behavior. Latency to the first offensive event initiated by

the resident was also recorded.

Additionally, detailed video analysis of biting attacks was performed to assess their signaling, targeting
and intensity (Toth et al., 2012; Haller, 2017). Specifically, a bite was considered to be signaled when it
occurred in the context of an ongoing bout of offensive behavior. Bites were scored as targeted toward
vulnerable (head, throat and belly) or non-vulnerable (back or flanks) parts of the opponent. Bites were
also scored as hard or soft, depending on the response elicited by the bite. A hard bite was scored when
the bite evoked a strong startle response from the opponent. Soft bites elicited little or no response from
the opponent. The ratio of each of the following was calculated for all bites performed by one rat: i)
unsignalled versus signaled bites; ii) bites targeted to vulnerable versus non-vulnerable areas; iii) hard
versus soft bites. For bite-related measurements the number of rats in the control group reduced to eight,
since three control rats did not perform any bites and to include them in the analysis with scores of zero

would have biased results to make the peripubertal stress group appear more aggressive by comparison.

Profiling for aggression

Many behaviors exhibited during a social encounter are deemed aggressive. Aggressive behaviors can be
both ‘normal’ (i.e. within species-typical norms) and ‘abnormal’ in nature (Haller, 2017). Here, in line with
the literature, we considered abnormal forms of aggression to include attacks that were excessively violent
(i.e. causing a strong reaction in the bitten rat), unsignaled (i.e. not occurring in the context of an ongoing
bout of offensive behavior) or targeted towards vulnerable body parts (i.e. head, belly or genitals) (Haller,

2017).

To measure holistically the development of an aggressive phenotype, an individual profiling approach was

applied (Cohen et al., 2004; Ritov et al., 2016). Classification criteria were defined according to the



extremes (20" or 80" percentile, depending on index) of the control group’s distribution for each measure,
including: offensive behavior duration; offensive behavior frequency; latency to offend; frequency of bites
with any abnormal component; proportion of all bites that were unsignaled, targeted toward vulnerable
body parts or excessively ‘hard’. Rats scoring above the cutoff for a particular measure received an

‘aggressive’ score. Any rat accruing five such scores from seven was considered an ‘aggressive’ rat overall.

Aggression z scores were calculated from the raw scores for the seven variables described above using the
formula: ((score — mean of all scores) / standard deviation of all scores). The z scores were averaged to
derive a single aggression score (Guilloux et al., 2011), subsequently used as a continuous variable against

which corticosterone responses to stress were correlated.
Forced swimming test (FST)

Whilst still cohabitating with females, rats were submitted to the FST to evaluate coping-style (Porsolt et
al., 1978). Animals were placed in a plastic beaker (25 cm diameter x 46 cm) containing 30 cm of water
(25°C) for 15 minutes. The following day, rats were re-exposed under the same conditions for a further
five-minute session. The apparatus was cleaned with 5% ethanol solution, and dried, between subjects.
Both sessions were recorded using a ceiling mounted video camera, and the times spent immobile (making
only those movements necessary to keep the snout above the water), swimming or climbing were

quantified by an experimenter blind to the condition using in-house software (Clicker; EPFL, Switzerland).

Perfusion

Two weeks after the FST, rats were anesthetized with a lethal dose of pentobarbital (Esconarkon, Streuli
Pharma, Switzerland, 150 mg/kg) and transcardially perfused using 0.9% saline solution followed by a
fixative solution of paraformaldehyde 4% in phosphate-buffered saline (pH=7.5). Heads were stored in 4%
paraformaldehyde overnight and rehydrated in phosphate-buffered saline containing 0.05% sodium azide

for at least one week prior to scanning.



Ex vivo MRI

Before scanning, the lower jaw was removed from each head to reduce the required field-of-view. The
skull and brain were then immersed in fluorinated fluid (Galden, Solvay, Belgium) to reduce susceptibility
artefacts, and imaged with a 7-Telsa pre-clinical scanner (Agilent Technologies, UK) and 39 mm diameter
birdcage radiofrequency coil (Rapid GmbH, Germany). A 3D Fast Spin-Echo (FSE) image was acquired with
TE/TR=60/2000 ms, echo-train-length 8, echo-spacing 15 ms, matrix 192x128x192, isotropic 150 um voxel
size, and acquisition time 104 minutes. A diffusion-weighted segmented echo-planar image was acquired
with TE/TR=35/5000 ms, 4 segments, 10 averages, matrix 128x96, 40 slices, voxel size 200x200x500 pum,

30 diffusion directions with b=2000 s/mm?2, 4 b=0 images, /A=4/16 ms and acquisition time 234 minutes.

Image processing

Diffusion tensor indices were calculated from diffusion imaging using previously published methods
(Wood et al., 2016). The FSE images were used to construct a study-specific template image (Avants et al.,

2010) which was then registered to an atlas image (Valdes-Hernandez et al., 2011).

Regions of interest (ROIs) covering the mPFC (prelimbic and infralimbic cortex), hippocampal formation
(hippocampus, subiculum), amygdala and globus pallidus (equivalent to external globus pallidus in
primates) were drawn on the atlas with Jim (Xinapse Systems, UK). The globus pallidus, a region still

developing during adolescence but not implicated in aggressive behavior, was selected as a control region.

The inverse transforms from subject to atlas space were applied to the ROIs to move them to individual
subject space, where their volumes were calculated. In addition, for each ROI the mean value of mean

diffusivity (MD) and fractional anisotropy (FA) were extracted from their respective quantitative image.
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Corticosterone measurement

Total corticosterone was measured from blood plasma samples via enzymatic immunoassay performed
according to manufacturer’s instructions (Enzo Life Sciences, Switzerland). Levels were calculated using a

standard curve method.

Statistics

Data were analyzed using either SPSS 17.0 (Chicago, USA; behavioral) or Python (Anaconda Software
Distribution Version 4.3.29; MRI). Both behavioral and MRI variables were analyzed using two-tailed
Mann-Whitney tests (median and interquartile range are shown), with correction for multiple comparisons
applied using the Holm-Bonferroni method (corrected p-values are shown). Two-way repeated measures
analysis of variance (ANOVA) was used to analyze corticosterone measurements, with group as the
between-subjects factor and postnatal day as the within-subjects factor (mean + SEM). Correlations were
performed using Pearson’s method. Statistical significance was set at p<0.05. Given the risk of Type Il error
owing to low sample size, findings at p<0.1 are reported as marginally significant. One rat was excluded
from the control group as it was an outlier (defined as being >3 standard deviations from the mean) in the

key measure of several behavioral tests.
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Results

Exposure to peripubertal stress induced an aggressive phenotype

We first confirmed that rats exposed to peripubertal stress showed increased aggression relative to the
control group, and independent of an individual differences approach. In accordance with previously
published data, peripubertally stressed rats displayed an aggressive phenotype (Aggression z score: U=13,

p=0.007).

Individual differences in development of an aggressive phenotype indicated two subtypes of

behavioral response to peripubertal stress

As predicted, and as previously observed, variability in aggressiveness of individuals exposed to
peripubertal stress was evident. To discern aggressive individuals, we applied a profiling approach
according to the distribution of scores from the control group. Classification was made according to the
extremes of the control distribution (see Supplemental Information [SI] for cutoff values) of several
variables (Fig.2A-C, ‘normal’ aggression; Fig.2D-G, ‘abnormal’ aggression). Every rat achieving an
‘aggressive’ score in five of the seven variables was classified as an aggressive rat overall. This delineated
two subpopulations within the peripubertal stress group, depicted in Fig.2H, one defined as aggressive

(n=5; ‘aggressive PPS’) and the other as non-aggressive (n=7; ‘non-aggressive PPS’).

Underlining the validity of the profiling approach, a normalized aggression score considering all seven
aggression variables was higher in aggressive PPS rats than in control or non-aggressive PPS rats (U=39,
p=0.027 and U=32, p=0.072, respectively; Fig.2l). The increased ‘violence’ of aggressive PPS rats relative
to controls appeared to be driven by qualitatively ‘abnormal’ aggression (U=39, p=0.009) rather than by

‘normal’ aggression (U=27, p=0.843; Fig.2K-L; see Sl Table 1 for all group comparisons).
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Non-aggressive peripubertally stressed rats were affected by stress in other behavioral domains

Responses of the two peripubertal stress subgroups were compared to control animals in other behavioral
tests. Differences between groups were observed in the social preference test. Non-aggressive PPS rats
showed reduced social preference compared to the control rats (Fig.3C: U=5, p=0.003), whereas the
aggressive group did not (U=17, p=0.534). Decreased social preference ratio in non-aggressive rats
appeared primarily driven by increased exploration of the object (SI Table 1: U=69, p=0.012) rather than

decreased exploration of the juvenile (U=16, p=0.132).

Differences in anxiety-like behaviour on the EPM were also evident. Specifically, non-aggressive PPS rats
tended to spend less time on the open arms of the EPM than control rats (Fig.3B: U=13, p=0.060) and
aggressive PPS rats (U=30, p=0.096). Control and aggressive PPS rats did not differ (U=27, p=1.000).
Differences in locomotion did not account for this disparity, control and non-aggressive PPS rats travelled

comparable distances during EPM testing (Sl Table 1: U=53, p=0.633).

Peripubertal stress experience did not appear to alter corticosterone responsiveness to acute novelty

stress (Fig.3A, Sl Table 1), nor the time spent immobile during a forced swimming test (Fig.3D, Sl Table 1).

Individual differences in aggression following peripubertal stress were associated with differences in

tissue microstructure in stress-sensitive brain regions

Ex vivo MRI revealed a lack of significant differences in regional brain volume between the control group

and either of the peripubertal stress subgroups (see Sl Table 2 for full details).

Reduced FA was observed in the amygdalae of aggressive PPS rats relative to non-aggressive PPS rats

(U=33, p=0.045). No additional differences in FA were observed (Fig.4; see Sl Table 3 for full details).

Reduced MD was observed in the subiculum of aggressive PPS rats relative to both control rats (U=54,
p=0.001) and non-aggressive PPS rats (U=34, p=0.019). Similar reductions in MD were observed in the
infralimbic cortex and hippocampus of aggressive PPS rats versus control rats (infralimbic: U=46, p=0.083;

13



hippocampus: U=48, p=0.069) and non-aggressive PPS rats (infralimbic: U=32, p=0.069; hippocampus:
U=32, p=0.069), although these findings were not statistically significant after correction for multiple
comparisons. Additionally, reduced MD was found in prelimbic cortex of aggressive PPS rats as compared
to non-aggressive PPS rats (U=35, p=0.017). Mean diffusivity did not differ between control rats and

non-aggressive PPS rats in any region studied (see Sl Table 4).

Glucocorticoid responsiveness to peripubertal stress exposure was associated with adult

aggressiveness.

Corticosterone response to peripubertal stress declined from first to last stress exposure (Fig.5A: effect of
day: F(1,20)=20.86, p<0.001). Whilst the pattern of glucocorticoid responsiveness did not differ between
peripubertal stress subgroups across the stress protocol (day*group: F(1,20)=1.03, p=0.322), aggressive rats
had a blunted corticosterone response to stress relative to non-aggressive rats (effect of group:

F(1,20)=36.06, p<0.0001).

Rats’ corticosterone response to the first stress exposure (i.e. on p28) was significantly negatively
correlated with aggressiveness at adulthood (Fig.5B: p28 CORT*aggression z score: r=-0.61, p=0.034),
whereas rats’ corticosterone response to the last stress exposure (i.e. on p42) was not (Fig.5C:

p42 CORT*aggression z score: r=-0.43, p=0.159).
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Discussion

Using a well characterized rat model of peripubertal stress-induced abnormal aggression (Cordero et al.,
2012; Cordero et al., 2013; Marquez et al., 2013; Cordero et al., 2016), we show here that peripubertal
stress leads to structural alterations in selected brain regions only in those individuals in which adversity
triggers an abnormal aggression phenotype. Structural alterations were found in brain regions implicated
in the regulation of aggression, such as the mPFC, amygdala, and hippocampus, but not in an aggression
unrelated region such as the globus pallidus. In addition to this aggression-related neurodevelopmental
trajectory, we identify an alternative one also triggered by peripubertal stress. This second one comprises
animals devoid of abnormal aggression but showing increased anxiety-like behavior, reduced sociability,

and absence of structural changes in the brain regions examined.

In line with previous findings from our laboratory, we report here that, when examined at the group level,
peripubertal stress exposure in rats leads to abnormal aggression, increased anxiety and reduced
sociability (Cordero et al., 2013; Marquez et al., 2013; Tzanoulinou et al., 2014). Crucially, by applying a
profiling approach, we were able to identify different profiles in the long-term response to peripubertal
stress that were related to variability in concomitant brain structural changes. This approach adds to
earlier contributions to the literature that have emphasized the importance of profiling for individual
differences when examining neurobiology associated to a behavioral outcome (Cohen et al., 2004; Anacker

et al., 2016; Ritov et al., 2016).

We focused our structural analyses in several candidate brain regions, including different subdivisions of
the mPFC, amygdala, and hippocampus, all brain regions subject to ongoing development during
adolescence; functionally affected by peripubertal stress; and involved in the regulation of aggression in
both humans and animals (Spear, 2000; Gregg & Siegel, 2001; Andersen & Teicher, 2008; Casey et al.,

2008; Marquez et al., 2013; Haller, 2014; van der Kooij et al., 2014; Kohl et al., 2015; White et al., 2016).
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No significant volumetric differences were found between peripubertally stressed and control animals, in
contrast to volumetric reductions reported in PFC (Raine et al., 2000; Sala et al., 2011), hippocampus
(Dolan et al., 2002; Barkataki et al., 2006; Zetzsche et al., 2007; Sala et al., 2011; Morandotti et al., 2013;
Coccaro et al., 2015), and amygdala (Coccaro et al., 2015) in patients with aggression-related
psychopathologies. Furthermore, volume decrements in aggressive, borderline personality disordered
individuals in the PFC appeared to be exacerbated by a history of early adversity (Sala et al., 2011;
Morandotti et al., 2013). In our study, we cannot exclude that the lack of detection of volumetric
differences, particularly in the subiculum where the data depicts a picture for smaller volume in the
aggressive PPS group, is due to the small sample size. Previous studies in rats in which brain structure was
analyzed using MRI following chronic stress exposure at adulthood have depicted mixed results. Following
10 days of immobilization stress, (Henckens et al., 2015) identified increased volume and diffusivity of the
lateral ventricles, whereas no other volumetric changes in specific brain regions were observed. On the
contrary, following 3-weeks of exposure to chronic unpredictable stress, (Magalhaes et al., 2017a)
reported small structural reductions in a large number of brain regions. The experimental approach of
these two studies differs in a number of ways. In addition to the differences in length and nature of the
stressors applied, the former study applied a deformation-based morphometry analyses to MRI data,
whereas the latter one used a voxel-based morphometry analysis. Rodent brain morphometric analysis
remains a new field. In the future, it will be important to standardize experimental procedures in animal

MRI studies and to apply stringent statistical analyses that guarantee validity of the reported conclusions.

The amygdala was the only brain region in which group differences of FA were observed, with reduced
values in aggressive PPS rats relative to non-aggressive rats. The exact biological basis of FA is complex,
but it is likely related to axonal density and weakly to myelination (Jones et al., 2013; De Santis et al.,
2014). Early life stress has been shown to increase FA in hippocampal CA1l in correspondence with a

reduction in total apical dendritic length (Molet et al., 2016). Although no data regarding amygdala have
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yet been reported, our findings indicating reduced FA in the amygdala in aggressive PPS rats add to several
examples whereby stress leads to opposite effects in hippocampus and amygdala at the structural level
(Chattariji et al., 2015; McEwen et al., 2016). Of note, the amygdala projects to the hypothalamic attack
area (Toth et al., 2010); structural alterations in the amygdala in aggressive PPS rats might thus contribute

to the abnormal aggressive behaviors observed in this subset of rats.

Regarding MD, we found aggression-related reductions in hippocampus and subiculum, as well as in the
infralimbic and prelimbic regions of the mPFC, but not in the globus pallidus. Though some of these
findings did not survive correction for multiple comparison, in light of the relatively low number of animals
and the conservative statistical approach used in the study, the potential for Type Il error is high and we
do not therefore disregard them. Studies in which tissue properties were assessed jointly with diffusion
tensor imaging and histology indicated that diffusivity measures, as well as deriving from myelination and
neuronal density, may also derive from cellularity, and neurite density (Khan et al., 2016; Tu et al., 2016).
Diffusivity reductions observed here might therefore reflect decreased alignment of neurites, increased
complexity of neuronal processes or increased glial cells (Beaulieu, 2002; Delgado y Palacios et al., 2011,
Evans, 2013; Hemanth Kumar et al., 2014; Khan et al., 2016). ldentification of sources of diffusivity
fluctuations may be complicated by concurrent changes in several such parameters (Tu et al., 2016). In
accordance with this, species-atypical aggressive behavior displayed by rats exposed to post-weaning
social isolation was associated with several structural alterations in the mPFC, including a reduction in

thickness, a decrease in dendritic and glial density, and reduced vascularization (Biro et al., 2017).

We additionally asked whether individual differences in glucocorticoid responsivity to stress during
peripuberty might be associated with the development of an aggressive phenotype and found that
corticosterone response to stress indeed differed between aggressive and non-aggressive PPS subgroups,
in @ manner that was associated with subsequent aggressiveness. Our data is in line with previous work

highlighting a link between abnormal glucocorticoid levels and aggressive behavior (Haller et al., 2000;
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Kruk et al., 2013; Haller, 2014) and our own work using the peripubertal stress model revealing a role for
glucocorticoids during peripubertal stress on the long-term programming of aggressive behaviors (Veenit

et al., 2013; Papilloud et al., 2018; Walker & Sandi, 2018).

In line with our findings, repetitive stress has been found to have differential impact on brain structure in
more versus less stress responsive rat strains (Bourgin et al., 2015; Magalhaes et al., 2017a; Magalhaes et
al., 2017b). Non-aggressive PPS rats, that had greater corticosterone responses to peripubertal stress,
displayed more anxiety-like and less social behavior, in accordance with the phenotype of recently
developed high-corticosterone rat lines (Walker et al., 2017; Walker & Sandi, 2018). The brain regions
studied here are particularly responsive to the programming effects of stress and are still maturing during
the peripubertal period (Spear, 2000; Andersen & Teicher, 2008; Romeo et al., 2013). Glucocorticoids are
potent modulators of biological processes, including neuroanatomical plasticity (de Kloet et al., 2005;
Eiland & Romeo, 2013; McEwen, 2016), and could conceivably induce brain structure changes associated
with aggressive phenotypes. Interestingly, experiments determining the impact of stress exposure timing
on brain microstructure implicated pre-puberty as a moment of heightened vulnerability to stress-induced
alterations (Zalsman et al., 2015). Many neurodevelopmental processes take place during this narrow
window including synaptic overproduction, synaptic pruning, and myelination (Andersen & Teicher, 2008;

Liston & Gan, 2011) and all are sensitive to disruption by stress (Liston & Gan, 2011; Pattwell et al., 2016).

Several clinical studies have indicated a relationship between glucocorticoid reactivity and brain tissue
microstructure. For example, in older men, a relationship was found between higher cortisol responses to
mild stressors and higher MD in white matter (Cox et al., 2015). Moreover, patients with Cushing’s disease
(with a history of endogenous hypercortisolism but presently in remission) showed widespread reductions
in FA throughout the brain, indicative of persistent structural effects of hypercortisolism (van der Werff et
al., 2015). Our finding that only a subset of individuals showed structural and behavioral susceptibility to

early life stress, and that those individuals already presented lower glucocorticoid responsiveness early in
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life, suggests that gene x environment interactions could account for the findings. Indeed, similar
interactions have been reported in human studies. For example, possession of a single nucleotide
polymorphism of the FKBP5 gene in conjunction with experience of childhood maltreatment was reported
to predict structural changes in brain regions involved in emotional processing in depression (Tozzi et al.,

2016).

A limitation of this study is that we cannot determine the causal relationships between aggressive
behavioral phenotype, stress responsiveness, and brain structure. Indeed, a longitudinal chronic social
defeat stress study in mice indicated that pre-existing differences in hippocampal structure, as well as

magnitude of stress-induced volume change, predicted behavioral susceptibility to stress (Tse et al., 2014).

Emerging clinical evidence highlights alterations in brain structure in individuals diagnosed with
aggression-related psychopathologies typically associated with exposure to early life trauma (Widom &
Maxfield, 1996; Raine et al., 2000; Barkataki et al., 2006; Zetzsche et al., 2007; Sala et al., 2011; Viding &
McCrory, 2012; Morandotti et al., 2013; Fanning et al., 2014; Lee et al., 2014; Provencal et al., 2015).
However, establishing a direct association between stress exposure and the interrelated emergence of
both behavioral and brain structural phenotypes is difficult due to limitations associated with human

studies. Our preclinical study in rats takes a step toward closing this gap.

In summary, we present evidence of two distinct neurodevelopmental trajectories arising from
peripubertal stress in rats, one of them leading to abnormal aggression and structural alterations including
reduced FA in the amygdala and reduced MD in the PFC and hippocampal formation. The second one, low
in aggression and devoid of structural changes in the brain regions examined, exhibited increased levels
of anxiety-like behavior and reduced sociability. Interestingly, all brain regions showing structural changes
in aggressive PPS individuals have been highlighted in structural and functional human studies as altered
in individuals showing emotion dysregulation and psychopathology following early life stress exposure

(Tottenham & Sheridan, 2009; VanTieghem & Tottenham, 2017) and abnormal levels of reactive
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aggression (Coccaro et al., 2007; Coccaro et al., 2015; Rosell & Siever, 2015). Our study establishes a link
between peripubertal stress exposure and structural deviations in these brain regions in association with
abnormal aggression, and points toward differential glucocorticoid responsiveness across stressful
challenges encountered throughout life as a potential contributing mechanism. Our data, obtained under
controlled laboratory conditions in a rodent model of reactive aggression, support the view that
alterations in brain structure described in aggressive humans subjected to early life adversity may indeed

reflect their prior stress exposure and underlie their behavioral dysfunctions.

20



Acknowledgements

We thank Dr. Aurélie Papilloud, Dr. Damien Huzard, Jocelyn Grosse and Olivia Zanoletti for their valuable
technical assistance. This project has been supported by grants from the Swiss National Science
Foundation (31003A-152614; and NCCR Synapsy, grant no. 51NF40-158776), European Union’s Seventh
Framework Program for research, technological development and demonstration under grant agreement
no. 603016 (MATRICS), and intramural funding from the EPFL to CS. The funding sources had no additional
role in study design, in the collection, analysis and interpretation of data, in the writing of the report or in
the decision to submit the paper for publication. This paper reflects only the authors’ views and the

European Union is not liable for any use that may be made of the information contained therein.

Abbreviations

ANOVA Analysis of variance mPFC Medial prefrontal cortex
EPM Elevated plus maze MRI Magnetic resonance imaging
FA Fractional anisotropy p Post-natal day

Fig. Figure PFC Prefrontal cortex

FST Forced swimming test ROI Region of interest

MD Mean diffusivity Sl Supplemental information

Financial disclosures

The authors have no conflicts of interest to declare.

21



References

Anacker, C., Scholz, J., O'Donnell, K.J., Allemang-Grand, R., Diorio, J., Bagot, R.C., Nestler, E.J., Hen, R,
Lerch, J.P. & Meaney, M.J. (2016) Neuroanatomic Differences Associated With Stress Susceptibility

and Resilience. Biol Psychiatry, 79, 840-849.

Andersen, S.L. & Teicher, M.H. (2008) Stress, sensitive periods and maturational events in adolescent

depression. Trends Neurosci, 31, 183-191.

Avants, B.B., Yushkevich, P., Pluta, J., Minkoff, D., Korczykowski, M., Detre, J. & Gee, J.C. (2010) The optimal

template effect in hippocampus studies of diseased populations. Neuroimage, 49, 2457-2466.

Barkataki, I., Kumari, V., Das, M., Taylor, P. & Sharma, T. (2006) Volumetric structural brain abnormalities

in men with schizophrenia or antisocial personality disorder. Behav Brain Res, 169, 239-247.

Beach, S.R., Brody, G.H., Todorov, A.A., Gunter, T.D. & Philibert, R.A. (2011) Methylation at 5SHTT mediates
the impact of child sex abuse on women's antisocial behavior: an examination of the lowa adoptee

sample. Psychosom Med, 73, 83-87.

Beaulieu, C. (2002) The basis of anisotropic water diffusion in the nervous system - a technical review.

NMR Biomed, 15, 435-455.

22



Biro, L., Toth, M., Sipos, E., Bruzsik, B., Tulogdi, A., Bendahan, S., Sandi, C. & Haller, J. (2017) Structural and
functional alterations in the prefrontal cortex after post-weaning social isolation: relationship with

species-typical and deviant aggression. Brain Struct Funct, 222, 1861-1875.

Bourgin, J., Cachia, A., Boumezbeur, F., Djemai, B., Bottlaender, M., Duchesnay, E., Meriaux, S. & Jay, T.M.
(2015) Hyper-responsivity to stress in rats is associated with a large increase in amygdala volume.

A 7T MRI study. Eur Neuropsychopharmacol, 25, 828-835.

Casey, B.J.,, Jones, R.M. & Hare, T.A. (2008) The adolescent brain. Ann N Y Acad Sci, 1124, 111-126.

Caspi, A., McClay, J., Moffitt, T.E., Mill, J., Martin, J., Craig, I.W., Taylor, A. & Poulton, R. (2002) Role of

genotype in the cycle of violence in maltreated children. Science, 297, 851-854.

Chattariji, S., Tomar, A., Suvrathan, A., Ghosh, S. & Rahman, M.M. (2015) Neighborhood matters: divergent

patterns of stress-induced plasticity across the brain. Nat Neurosci, 18, 1364-1375.

Coccaro, E.F., Lee, R. & Gozal, D. (2016) Elevated Plasma Oxidative Stress Markers in Individuals With
Intermittent Explosive Disorder and Correlation With Aggression in Humans. Biol Psychiatry, 79,

127-135.

23



Coccaro, E.F,, Lee, R., McCloskey, M., Csernansky, J.G. & Wang, L. (2015) Morphometric analysis of amygdla
and hippocampus shape in impulsively aggressive and healthy control subjects. J Psychiatr Res, 69,

80-86.

Coccaro, E.F., McCloskey, M.S., Fitzgerald, D.A. & Phan, K.L. (2007) Amygdala and orbitofrontal reactivity

to social threat in individuals with impulsive aggression. Biol Psychiatry, 62, 168-178.

Cohen, H., Zohar, J., Matar, M.A,, Zeev, K., Loewenthal, U. & Richter-Levin, G. (2004) Setting apart the
affected: the use of behavioral criteria in animal models of post traumatic stress disorder.

Neuropsychopharmacology, 29, 1962-1970.

Cohen, R.A., Grieve, S., Hoth, K.F., Paul, R.H., Sweet, L., Tate, D., Gunstad, J., Stroud, L., McCaffery, J.,
Hitsman, B., Niaura, R., Clark, C.R., McFarlane, A., Bryant, R., Gordon, E. & Williams, L.M. (2006)
Early life stress and morphometry of the adult anterior cingulate cortex and caudate nuclei. Biol

Psychiatry, 59, 975-982.

Cordero, M.l.,, Ansermet, F. & Sandi, C. (2013) Long-term programming of enhanced aggression by

peripuberty stress in female rats. Psychoneuroendocrinology, 38, 2758-2769.

Cordero, M.I., Just, N., Poirier, G.L. & Sandi, C. (2016) Effects of paternal and peripubertal stress on
aggression, anxiety, and metabolic alterations in the lateral septum. Eur Neuropsychopharmacol,

26, 357-367.

24



Cordero, M.1,, Poirier, G.L., Marquez, C., Veenit, V., Fontana, X., Salehi, B., Ansermet, F. & Sandi, C. (2012)
Evidence for biological roots in the transgenerational transmission of intimate partner violence.

Transl Psychiatry, 2, e106.

Cox, S.R., Bastin, M.E., Ferguson, K.J., Maniega, S.M., MacPherson, S.E., Deary, |.J., Wardlaw, J.M. &
MacLullich, A.M. (2015) Brain white matter integrity and cortisol in older men: the Lothian Birth

Cohort 1936. Neurobiol Aging, 36, 257-264.

de Kloet, E.R., Joels, M. & Holsboer, F. (2005) Stress and the brain: from adaptation to disease. Nat Rev

Neurosci, 6, 463-475.

De Santis, S., Drakesmith, M., Bells, S., Assaf, Y. & Jones, D.K. (2014) Why diffusion tensor MRI does well
only some of the time: variance and covariance of white matter tissue microstructure attributes

in the living human brain. Neuroimage, 89, 35-44.

Delgado y Palacios, R., Campo, A., Henningsen, K., Verhoye, M., Poot, D., Dijkstra, J., Van Audekerke, J.,
Benveniste, H., Sijbers, J., Wiborg, O. & Van der Linden, A. (2011) Magnetic resonance imaging and
spectroscopy reveal differential hippocampal changes in anhedonic and resilient subtypes of the

chronic mild stress rat model. Biol Psychiatry, 70, 449-457.

25



Dolan, M., Deakin, W.J., Roberts, N. & Anderson, |. (2002) Serotonergic and cognitive impairment in
impulsive aggressive personality disordered offenders: are there implications for treatment?

Psychol Med, 32, 105-117.

Dorfman, H.M., Meyer-Lindenberg, A. & Buckholtz, J.W. (2014) Neurobiological mechanisms for impulsive-

aggression: the role of MAOA. Curr Top Behav Neurosci, 17, 297-313.

Eiland, L., Ramroop, J., Hill, M.N., Manley, J. & McEwen, B.S. (2012) Chronic juvenile stress produces
corticolimbic dendritic architectural remodeling and modulates emotional behavior in male and

female rats. Psychoneuroendocrinology, 37, 39-47.

Eiland, L. & Romeo, R.D. (2013) Stress and the developing adolescent brain. Neuroscience, 249, 162-171.

Evans, A.C. (2013) Networks of anatomical covariance. Neuroimage, 80, 489-504.

Fanning, J.R., Meyerhoff, J.J., Lee, R. & Coccaro, E.F. (2014) History of childhood maltreatment in

intermittent explosive disorder and suicidal behavior. J Psychiatr Res, 56, 10-17.

Glenn, A.L. & Raine, A. (2014) Neurocriminology: implications for the punishment, prediction and

prevention of criminal behaviour. Nat Rev Neurosci, 15, 54-63.

26



Green, J.G., Mclaughlin, K.A., Berglund, P.A., Gruber, M.J., Sampson, N.A., Zaslavsky, A.M. & Kessler, R.C.
(2010) Childhood adversities and adult psychiatric disorders in the national comorbidity survey

replication |: associations with first onset of DSM-IV disorders. Arch Gen Psychiatry, 67, 113-123.

Gregg, T.R. & Siegel, A. (2001) Brain structures and neurotransmitters regulating aggression in cats:

implications for human aggression. Prog Neuropsychopharmacol Biol Psychiatry, 25, 91-140.

Guilloux, J.P., Seney, M., Edgar, N. & Sibille, E. (2011) Integrated behavioral z-scoring increases the
sensitivity and reliability of behavioral phenotyping in mice: relevance to emotionality and sex. J

Neurosci Methods, 197, 21-31.

Haller, J. (2013) The neurobiology of abnormal manifestations of aggression--a review of hypothalamic

mechanisms in cats, rodents, and humans. Brain Res Bull, 93, 97-109.

Haller, J. (2014) The glucocorticoid/aggression relationship in animals and humans: an analysis sensitive
to behavioral characteristics, glucocorticoid secretion patterns, and neural mechanisms. Curr Top

Behav Neurosci, 17, 73-109.

Haller, J. (2017) Studies into abnormal aggression in humans and rodents: Methodological and

translational aspects. Neurosci Biobehav Rev, 76, 77-86.

27



Haller, J., Harold, G., Sandi, C. & Neumann, |.D. (2014) Effects of adverse early-life events on aggression

and anti-social behaviours in animals and humans. J Neuroendocrinol, 26, 724-738.

Haller, J., Millar, S., van de Schraaf, J., de Kloet, R.E. & Kruk, M.R. (2000) The active phase-related increase

in corticosterone and aggression are linked. J Neuroendocrinol, 12, 431-436.

Hemanth Kumar, B.S., Mishra, S.K., Trivedi, R., Singh, S., Rana, P. & Khushu, S. (2014) Demyelinating

evidences in CMS rat model of depression: a DTI study at 7 T. Neuroscience, 275, 12-21.

Henckens, M.J., van der Marel, K., van der Toorn, A,, Pillai, A.G., Fernandez, G., Dijkhuizen, R.M. & Joels,
M. (2015) Stress-induced alterations in large-scale functional networks of the rodent brain.

Neuroimage, 105, 312-322.

Isgor, C., Kabbaj, M., Akil, H. & Watson, S.J. (2004) Delayed effects of chronic variable stress during
peripubertal-juvenile period on hippocampal morphology and on cognitive and stress axis

functions in rats. Hippocampus, 14, 636-648.

Jones, D.K., Knosche, T.R. & Turner, R. (2013) White matter integrity, fiber count, and other fallacies: the

do's and don'ts of diffusion MRI. Neuroimage, 73, 239-254.

28



Khan, A.R., Chuhutin, A., Wiborg, O., Kroenke, C.D., Nyengaard, J.R., Hansen, B. & Jespersen, S.N. (2016)
Biophysical modeling of high field diffusion MRI demonstrates micro-structural aberration in

chronic mild stress rat brain. Neuroimage, 142, 421-430.

Kohl, C., Wang, X.D., Grosse, J., Fournier, C., Harbich, D., Westerholz, S, Li, J.T., Bacq, A., Sippel, C., Hausch,
F., Sandi, C. & Schmidt, M.V. (2015) Hippocampal neuroligin-2 links early-life stress with impaired

social recognition and increased aggression in adult mice. Psychoneuroendocrinology, 55, 128-143.

Kruk, M.R., Haller, J., Meelis, W. & de Kloet, E.R. (2013) Mineralocorticoid receptor blockade during a rat's
first violent encounter inhibits its subsequent propensity for violence. Behav Neurosci, 127, 505-

514.

Lee, R., Meyerhoff, J. & Coccaro, E.F. (2014) Intermittent Explosive Disorder and aversive parental care.

Psychiatry Res, 220, 477-482.

Liston, C. & Gan, W.B. (2011) Glucocorticoids are critical regulators of dendritic spine development and

plasticity in vivo. Proc Natl Acad Sci U S A, 108, 16074-16079.

Magalhaes, R., Barriere, D.A., Novais, A., Marques, F., Marques, P., Cerqueira, J., Sousa, J.C., Cachia, A.,
Boumezbeur, F., Bottlaender, M., Jay, T.M., Meriaux, S. & Sousa, N. (2017a) The dynamics of stress:

a longitudinal MRI study of rat brain structure and connectome. Mol Psychiatry.

29



Magalhaes, R., Bourgin, J., Boumezbeur, F., Marques, P., Bottlaender, M., Poupon, C., Djemai, B.,
Duchesnay, E., Meriaux, S., Sousa, N., Jay, T.M. & Cachia, A. (2017b) White matter changes in
microstructure associated with a maladaptive response to stress in rats. Transl Psychiatry, 7,

e10009.

Marquez, C., Poirier, G.L., Cordero, M.I., Larsen, M.H., Groner, A., Marquis, J., Magistretti, P.J., Trono, D. &
Sandi, C. (2013) Peripuberty stress leads to abnormal aggression, altered amygdala and
orbitofrontal reactivity and increased prefrontal MAOA gene expression. Transl Psychiatry, 3,

e216.

McCloskey, M.S., New, A.S., Siever, L.J., Goodman, M., Koenigsberg, H.W., Flory, J.D. & Coccaro, E.F. (2009)
Evaluation of behavioral impulsivity and aggression tasks as endophenotypes for borderline

personality disorder. J Psychiatr Res, 43, 1036-1048.

McEwen, B.S. (2016) In pursuit of resilience: stress, epigenetics, and brain plasticity. Ann N Y Acad Sci,

1373, 56-64.

McEwen, B.S., Nasca, C. & Gray, J.D. (2016) Stress Effects on Neuronal Structure: Hippocampus, Amygdala,

and Prefrontal Cortex. Neuropsychopharmacology, 41, 3-23.

30



Molet, J., Maras, P.M., Kinney-Lang, E., Harris, N.G., Rashid, F., lvy, A.S., Solodkin, A., Obenaus, A. & Baram,
T.Z. (2016) MRI uncovers disrupted hippocampal microstructure that underlies memory

impairments after early-life adversity. Hippocampus, 26, 1618-1632.

Morandotti, N., Dima, D., Jogia, J., Frangou, S., Sala, M., Vidovich, G.Z., Lazzaretti, M., Gambini, F.,
Marraffini, E., d'Allio, G., Barale, F., Zappoli, F., Caverzasi, E. & Brambilla, P. (2013) Childhood abuse
is associated with structural impairment in the ventrolateral prefrontal cortex and aggressiveness

in patients with borderline personality disorder. Psychiatry Res, 213, 18-23.

Newnham, E.A. & Janca, A. (2014) Childhood adversity and borderline personality disorder: a focus on

adolescence. Curr Opin Psychiatry, 27, 68-72.

Odgers, C.L., Moffitt, T.E., Broadbent, J.M., Dickson, N., Hancox, R.J., Harrington, H., Poulton, R., Sears,
M.R., Thomson, W.M. & Caspi, A. (2008) Female and male antisocial trajectories: from childhood

origins to adult outcomes. Dev Psychopathol, 20, 673-716.

Papilloud, A., Veenit, V., Tzanoulinou, S., Riccio, 0., Zanoletti, O., Guillot de Suduiraut, I., Grosse, J. & Sandi,
C. (2018) Peripubertal stress-induced heightened aggression: Modulation of the glucocorticoid
receptor in the central amygdala and normalization by mifepristone treatment.

Neuropsychopharmacology, DOI: 10.1038/s41386-018-0110-0.

31



Pattwell, S.S., Liston, C., Jing, D., Ninan, I., Yang, R.R., Witztum, J., Murdock, M.H., Dincheva, I., Bath, K.G.,
Casey, B.J.,, Deisseroth, K. & Lee, F.S. (2016) Dynamic changes in neural circuitry during

adolescence are associated with persistent attenuation of fear memories. Nat Commun, 7, 11475.

Pechtel, P., Lyons-Ruth, K., Anderson, C.M. & Teicher, M.H. (2014) Sensitive periods of amygdala

development: the role of maltreatment in preadolescence. Neuroimage, 97, 236-244.

Pellow, S. & File, S.E. (1986) Anxiolytic and anxiogenic drug effects on exploratory activity in an elevated

plus-maze: a novel test of anxiety in the rat. Pharmacol Biochem Behav, 24, 525-529.

Porsolt, R.D., Anton, G., Blavet, N. & Jalfre, M. (1978) Behavioural despair in rats: a new model sensitive

to antidepressant treatments. Eur J Pharmacol, 47, 379-391.

Provencal, N., Booij, L. & Tremblay, R.E. (2015) The developmental origins of chronic physical aggression:

biological pathways triggered by early life adversity. J Exp Biol, 218, 123-133.

Raine, A., Lencz, T., Bihrle, S., LaCasse, L. & Colletti, P. (2000) Reduced prefrontal gray matter volume and
reduced autonomic activity in antisocial personality disorder. Arch Gen Psychiatry, 57, 119-127,

discussion 128-119.

32



Ritov, G., Boltyansky, B. & Richter-Levin, G. (2016) A novel approach to PTSD modeling in rats reveals
alternating patterns of limbic activity in different types of stress reaction. Mol Psychiatry, 21, 630-

641.

Romeo, R.D., Kaplowitz, E.T., Ho, A. & Franco, D. (2013) The influence of puberty on stress reactivity and
forebrain glucocorticoid receptor levels in inbred and outbred strains of male and female mice.

Psychoneuroendocrinology, 38, 592-596.

Rosell, D.R. & Siever, L.J. (2015) The neurobiology of aggression and violence. CNS Spectr, 20, 254-279.

Sala, M., Caverzasi, E., Lazzaretti, M., Morandotti, N., De Vidovich, G., Marraffini, E., Gambini, F., Isola, M.,
De Bona, M., Rambaldelli, G., d'Allio, G., Barale, F., Zappoli, F. & Brambilla, P. (2011) Dorsolateral
prefrontal cortex and hippocampus sustain impulsivity and aggressiveness in borderline

personality disorder. J Affect Disord, 131, 417-421.

Sandi, C. & Haller, J. (2015) Stress and the social brain: behavioural effects and neurobiological

mechanisms. Nat Rev Neurosci, 16, 290-304.

Spear, L.P. (2000) The adolescent brain and age-related behavioral manifestations. Neurosci Biobehav Rev,

24, 417-463.

33



Toth, M., Fuzesi, T., Halasz, J., Tulogdi, A. & Haller, J. (2010) Neural inputs of the hypothalamic "aggression

area" in the rat. Behav Brain Res, 215, 7-20.

Toth, M., Tulogdi, A., Biro, L., Soros, P., Mikics, E. & Haller, J. (2012) The neural background of hyper-

emotional aggression induced by post-weaning social isolation. Behav Brain Res, 233, 120-129.

Tottenham, N. & Sheridan, M.A. (2009) A review of adversity, the amygdala and the hippocampus: a

consideration of developmental timing. Front Hum Neurosci, 3, 68.

Tozzi, L., Carballedo, A., Wetterling, F., McCarthy, H., O'Keane, V., Gill, M., Morris, D., Fahey, C., Meaney,
J. & Frodl, T. (2016) Single-Nucleotide Polymorphism of the FKBP5 Gene and Childhood
Maltreatment as Predictors of Structural Changes in Brain Areas Involved in Emotional Processing

in Depression. Neuropsychopharmacology, 41, 487-497.

Tse, Y.C., Montoya, |.,, Wong, A.S., Mathieu, A., Lissemore, J., Lagace, D.C. & Wong, T.P. (2014) A
longitudinal study of stress-induced hippocampal volume changes in mice that are susceptible or

resilient to chronic social defeat. Hippocampus, 24, 1120-1128.

Tu, T.W., Williams, R.A,, Lescher, J.D., Jikaria, N., Turtzo, L.C. & Frank, J.A. (2016) Radiological-pathological
correlation of diffusion tensor and magnetization transfer imaging in a closed head traumatic brain

injury model. Ann Neurol, 79, 907-920.

34



Tzanoulinou, S., Riccio, O., de Boer, M.\W. & Sandi, C. (2014) Peripubertal stress-induced behavioral
changes are associated with altered expression of genes involved in excitation and inhibition in

the amygdala. Transl Psychiatry, 4, e410.

Tzanoulinou, S. & Sandi, C. (2017) The Programming of the Social Brain by Stress During Childhood and

Adolescence: From Rodents to Humans. Curr Top Behav Neurosci, 30, 411-429.

Valdes-Hernandez, P.A., Sumiyoshi, A., Nonaka, H., Haga, R., Aubert-Vasquez, E., Ogawa, T., Iturria-
Medina, Y., Riera, J.J. & Kawashima, R. (2011) An in vivo MRI Template Set for Morphometry,

Tissue Segmentation, and fMRI Localization in Rats. Front Neuroinform, 5, 26.

van der Kooij, M.A., Fantin, M., Kraev, |., Korshunova, l., Grosse, J., Zanoletti, O., Guirado, R., Garcia-
Mompo, C., Nacher, J., Stewart, M.G., Berezin, V. & Sandi, C. (2014) Impaired hippocampal
neuroligin-2 function by chronic stress or synthetic peptide treatment is linked to social deficits

and increased aggression. Neuropsychopharmacology, 39, 1148-1158.

van der Werff, S.J., Pannekoek, J.N., Andela, C.D., Meijer, O.C., van Buchem, M.A., Rombouts, S.A., van der
Mast, R.C., Biermasz, N.R., Pereira, A.M. & van der Wee, N.J. (2015) Resting-State Functional
Connectivity in  Patients with  Long-Term  Remission of Cushing's Disease.

Neuropsychopharmacology, 40, 1888-1898.

35



VanTieghem, M.R. & Tottenham, N. (2017) Neurobiological Programming of Early Life Stress: Functional
Development of Amygdala-Prefrontal Circuitry and Vulnerability for Stress-Related

Psychopathology. Curr Top Behav Neurosci.

Veenit, V., Cordero, M.I., Tzanoulinou, S. & Sandi, C. (2013) Increased corticosterone in peripubertal rats

leads to long-lasting alterations in social exploration and aggression. Front Behav Neurosci, 7, 26.

Viding, E. & McCrory, E.J. (2012) Genetic and neurocognitive contributions to the development of

psychopathy. Dev Psychopathol, 24, 969-983.

Walker, S.E., Papilloud, A., Huzard, D. & Sandi, C. (2016) The link between aberrant hypothalamic-pituitary-
adrenal axis activity during development and the emergence of aggression-Animal studies.

Neurosci Biobehav Rev.

Walker, S.E. & Sandi, C. (2018) Long-term programing of psychopathology-like behaviors in male rats by

peripubertal stress depends on individual's glucocorticoid responsiveness to stress. Stress, 1-10.

Walker, S.E., Zanoletti, O., Guillot de Suduiraut, I. & Sandi, C. (2017) Constitutive differences in
glucocorticoid responsiveness to stress are related to variation in aggression and anxiety-related

behaviors. Psychoneuroendocrinology, 84, 1-10.

36



Waltes, R., Chiocchetti, A.G. & Freitag, C.M. (2016) The neurobiological basis of human aggression: A
review on genetic and epigenetic mechanisms. Am J Med Genet B Neuropsychiatr Genet, 171, 650-

675.

Weder, N., Yang, B.Z., Douglas-Palumberi, H., Massey, J., Krystal, J.H., Gelernter, J. & Kaufman, J. (2009)
MAOA genotype, maltreatment, and aggressive behavior: the changing impact of genotype at

varying levels of trauma. Biol Psychiatry, 65, 417-424.

White, S.F., VanTieghem, M., Brislin, S.J., Sypher, 1., Sinclair, S., Pine, D.S., Hwang, S. & Blair, R.J. (2016)
Neural Correlates of the Propensity for Retaliatory Behavior in Youths With Disruptive Behavior

Disorders. Am J Psychiatry, 173, 282-290.

Widom, C.S. & Maxfield, M.G. (1996) A prospective examination of risk for violence among abused and

neglected children. Ann N Y Acad Sci, 794, 224-237.

Wood, T.C., Simmons, C., Hurley, S.A., Vernon, A.C., Torres, J., Dell'Acqua, F., Williams, S.C. & Cash, D.

(2016) Whole-brain ex-vivo quantitative MRI of the cuprizone mouse model. PeerJ, 4, e2632.

Zalsman, G., Gutman, A, Shbiro, L., Rosenan, R., Mann, J.J. & Weller, A. (2015) Genetic vulnerability, timing
of short-term stress and mood regulation: A rodent diffusion tensor imaging study. Eur

Neuropsychopharmacol, 25, 2075-2085.

37



Zetzsche, T., Preuss, U.W., Frodl, T., Schmitt, G., Seifert, D., Munchhausen, E., Tabrizi, S., Leinsinger, G.,
Born, C., Reiser, M., Moller, H.J. & Meisenzahl, E.M. (2007) Hippocampal volume reduction and
history of aggressive behaviour in patients with borderline personality disorder. Psychiatry Res,

154, 157-170.

38



Figure legends

Figure 1 Experimental design. Animals were weaned at postnatal day (p)21 and assigned to Control
or Peripubertal Stress (PPS) groups (n=12/group). The stress protocol consisted of exposure to an open
field (OF) for 5 minutes on p28, followed by an elevated platform (EP, 25 minutes), with predator odor
(trimethylthiazoline; TMT, 25 minutes) also used as a stressor. Stressors were presented as depicted in the
schema. Blood sampling days are indicated with a red drop. Control animals were handled briefly on the
days on which their experimental counterparts were exposed to stress but no blood samples were taken.
Behavioral testing started at p90, with a delay of one week imposed between each test in the series of

tests.

Figure 2 There were individual differences in the development of an aggressive phenotype
following exposure to peripubertal stress (PPS). When exposed to an unfamiliar intruder, adult PPS rats
did not differ at the group level from the control group in terms of the total amount of time spent engaged
in offensive behavior (A), nor in the frequency of offensive behaviors (B). However, PPS rats did offend
more readily (C). Compared to control rats, the attacks of PPS rats tended to be more frequently abnormal
in nature (D), with a non-significant trend to target vulnerable body parts more readily (E). A higher
proportion of biting attacks performed by PPS rats were ‘hard’, eliciting a strong startle response from the
opponent (F). Control and PPS rats showed similar signaling of their intent to attack (G). Statistical
differences between groups are indicated by red symbols (A-C: n: Control = 11, PPS = 12; D-G, I-K:
n: Control = 8 [non-biting rats not included], PPS = 12; Mann-Whitney tests: * = significantly different,
# = marginally significant). Large inter-individual variability was evident in all aspects of aggressive
behavior. Profiling was conducted using the values of the control group as a reference. Dashed lines
indicate the 80" (A, B, D, E, F, G) or 20" (C) percentile for each variable considered within the profile. A rat
was considered to be aggressive overall when it exceeded the cutoff in a minimum of five of these indices.
This yielded two subgroups amongst PPS-exposed rats, the non-aggressive (n=7) and aggressive (n=5)
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individuals (H). Aggressive PPS rats had a higher aggression score than control and non-aggressive PPS rats
when all variables were considered (l). This difference was driven more by abnormal forms of aggression
(L: frequency of bites having an abnormal aspect, bite targeting to vulnerable parts, hard bites and
unsignaled bites) than by normal aggression (K: duration and frequency of offensive behavior and latency

to offend).

Figure 3 Individual differences in behavior were found following exposure to peripubertal stress
(PPS) in other measures of emotionality. Non-aggressive PPS rats tended to spend less time on the open
arm of an elevated plus maze (B) and showed reduced preference for a social target in a test of sociability
(C) relative to the control group. These differences were not evident in PPS rats classified as aggressive.
No differences were found between either of the peripubertal stress groups and the control rats in
corticosterone response to novelty stress (A), or in immobility during the second exposure to forced
swimming (D). Statistical differences between groups are indicated by red symbols (n: Control = 11, PPS
non-aggressive = 7, PPS aggressive = 5; Mann-Whitney tests: * = significantly different, # = marginally

significant).

Figure 4 Development of an aggressive phenotype following peripubertal stress (PPS) exposure
was associated with reductions in mean diffusivity (MD) in subcortical brain regions often associated with
aggression but not in a control region not associated with aggression. Statistical differences between
groups are indicated by red symbols (n: Control = 11, PPS non-aggressive = 7, PPS aggressive = 5;
Mann-Whitney tests: * = significantly different, # = marginally significant; see text for further details).

Abbreviations: FA = Fractional anisotropy; MD = Mean diffusivity.

Figure 5 Development of an aggressive phenotype following peripubertal stress (PPS) exposure
was associated with differential corticosterone (CORT) responsiveness to that stress exposure. Rats from
the PPS aggressive subgroup had lower CORT at the offset of stressors on postnatal day (p) 28 and p42

than those from the PPS non-aggressive subgroup (A). CORT response on p28 was significantly correlated
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with overall aggressiveness in the resident-intruder test (B), whereas CORT response on p42 was not (C).
Pearson’s correlations (r) and significant p-values are shown on graphs (n: PPS non-aggressive = 7, PPS

aggressive = 5).
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Supplemental information

Results

Breakdown of the aggressive phenotype of peripubertal stress exposed rats

Breaking down the cumulative z score into individual variables, group differences in total percentage of
time engaged in offensive behavior (Fig. 2A: U=49, p=0.295) and frequency of offensive behaviors (Fig. 2B:
U=59.5, p=0.689) were not evident. However, peripubertally stressed rats engaged in offensive behavior
more readily (Fig 2C: U=32, p=0.036), and the biting attacks they performed were of greater intensity
(Fig 2G: U=16, p=0.013). Peripubertally stressed rats also displayed non-significant trends toward higher
proportion of biting attacks targeted to vulnerable body parts of the opponent (Fig 2F: U=24, p=0.052), as
well as higher frequency of attacks characterized as abnormal in terms of targeting or signaling (Fig 2E:

U=28, p=0.097). Biting attacks were equally well signaled to the opponent (Fig 2H: U=43, p=0.634).

Cutoffs used to determine ‘aggressiveness’

Cutoffs related to the 20" or 80" percentile (depending on index) of the control group’s scores were used
to determine the aggressiveness of peripubertally stressed rats in several variables. These cutoffs were,
specifically: total duration of offensive behavior (>10.92%), frequency of offensive behaviors (>130),
latency to first offence (<78.8s), frequency of abnormal bites (>1), proportion of all biting attacks that were
unsignalled (>0.17), proportion of all biting attacks targeted toward vulnerable parts (>0.11), and

proportion of all biting attacks that were ‘hard’ (>0.5).

Walker et al.



Behavioral results

Table 1 - Behavior

Comparison

Control vs. Non-aggressive Control vs. Aggressive Non-aggressive vs. Aggressive
Parameter U p-value U p-value U p-value
Cortresponse 24 0.633 22 1.000 16 1.000
to novelty
EPM OA% 13 0.060 27 1.000 30 0.096
EPM distance 53 0.633 30 0.827 11 0.686
SP ratio 5 0.003 17 0.534 12 0.534
SP juvenile % 16 0.132 27 1.000 29 0.146
SP object % 69 0.012 41 0.290 19 0.876
FST floating % 35 1.000 25 1.000 13 1.000
Rl z-score all 44 0.072 39 0.027 32 0.072
variables
RI z-score 38 0.843 27 0.843 22 0.843
‘normal’
aggression
RI z-score 42 0.121 39 0.009 30 0.096
‘abnormal’
aggression

Cort = Corticosterone; EPM = Elevated plus maze; FST = Forced swimming test; OA = Open arm; Rl = Resident intruder;
SP = Social preference; U = Mann-Whitney statistic.

Note: p-values shown are Holm-Bonferroni corrected.

MRI results

Table 2 - Volume

Comparison
Control vs. Non-aggressive Control vs. Aggressive Non-aggressive vs. Aggressive
ROI U p-value U p-value U p-value
ILCx 18 0.210 23.5 0.691 27 0.288
PLCx 35 1.000 25.5 1.000 21 1.000
Hippocampus 24 0.614 28 1.000 25 0.614
Amygdala 31 1.000 34 1.000 23 1.000
Subiculum 32 0.587 44 0.140 31 0.104
GP 35 1.000 30 1.000 22 1.000

GP = Globus pallidus; ILCx = Infralimbic cortex; PLCx = Prelimbic cortex; ROl = Region of interest; U = Mann-Whitney statistic.

Note: p-values shown are Holm-Bonferroni corrected.

Walker et al.




Table 3 - Fractional anisotropy

Comparison
Control vs. Non-aggressive Control vs. Aggressive Non-aggressive vs. Aggressive
ROI U p-value U p-value U p-value
ILCx 40 1.000 33 1.000 20 1.000
PLCx 47 0.469 45 0.162 27 0.288
Hippocampus 24 0.614 20 0.856 19 0.871
Amygdala 29 0.415 45 0.108 33 0.045
Subiculum 20 0.309 18 0.511 25 0.511
GP 41 1.000 24 1.000 14 1.000

GP = Globus pallidus; ILCx = Infralimbic cortex; PLCx = Prelimbic cortex; ROI = Region of interest; U = Mann-Whitney statistic.
Note: p-values shown are Holm-Bonferroni corrected.

Table 4 - Mean diffusivity

Comparison
Control vs. Non-aggressive Control vs. Aggressive Non-aggressive vs. Aggressive
ROI U p-value U p-value U p-value
ILCx 43 0.717 46 0.083 32 0.069
PLCx 38 1.000 44 0.140 35 0.017
Hippocampus 44 0.651 48 0.069 32 0.069
Amygdala 40 0.928 43 0.179 30 0.154
Subiculum 43 0.717 54 0.001 34 0.019
GP 49 0.730 41 0.422 22 0.730

GP = Globus pallidus; ILCx = Infralimbic cortex; PLCx = Prelimbic cortex; ROl = Region of interest; U = Mann-Whitney statistic.
Note: p-values shown are Holm-Bonferroni corrected.

Walker et al.
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