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Abstract

Adolescence is a highly vulnerable period where many external and environmental
factors can greatly impact brain maturation. Experiences of social stress in adolescence,
such as bullying, can hamper prefrontal cortex development and impair cognitive control
in adulthood. This developmental disruption can have negative consequences on mental
health trajectories. In adolescence, dopamine axons undergo targeting events in the
nucleus accumbens, with most of them forming local enduring synaptic connections. In
contrast, mesocortical dopamine axons continue to grow from the nucleus accumbens all
the way to the prefrontal cortex across adolescence, remaining vulnerable to ongoing

experiences.

To study long- and short-term effects of social adversity in adolescent C57BL/6
female and male mice and the underlying mechanisms, we modified and adapted an
accelerated version of the chronic social defeat stress paradigm used in adult male mice.
Our adolescent model, termed accelerated social defeat (AcSD), allows to expose mice
to social stress during discrete windows within adolescence. Exposure to AcSD in early
adolescent males and females leads to impulse control deficits in adulthood. In males,
but not females, these effects associate with alterations in the expression of axonal
guidance cues that control adolescent dopamine development.

To explore whether AcSD in adolescence alters the ongoing development of the
male and/or female dopamine circuitry, a targeted viral tracing strategy was used to track
the growth of dopamine axons to the prefrontal cortex during adolescence. Additionally,
longitudinal profiles of gonadal and stress hormones in follicular hair samples were
assessed in a different cohort of mice that underwent AcSD or control conditions. The
goal of this experiment was to understand if, how, and when, social adversity impacts
these endocrine systems.

In males exposed to AcSD, dopamine axons found in the nucleus accumbens
during adolescence underwent targeting errors leading to ectopic growth to the prefrontal

cortex in adulthood when compared to control counter parts. In female mice, however,
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AcSD reduced the number of dopamine axons that grew to the prefrontal cortex. Notably,
in control non-stressed male and female mice, significantly more axons were found to
grow to the prefrontal cortex in females compared to males. Regarding the profile of
follicular hair hormones, corticosterone levels were differently affected by AcSD in males
and females: while AcSD-exposed males showed short and long-term elevated
corticosterone levels, in females corticosterone levels correlated significantly with social
avoidance behavior. These results are the first demonstration that social adversity in
adolescence disrupts dopamine long-distance axonal pathfinding and that this effect is
opposite in males and females exposed to stress during the same chronological age.
Sexually dimorphic molecular mechanisms involving axonal guidance cues and
corticosterone may be at play. We propose that adverse experiences in adolescence
increases susceptibility to mental illnesses by inducing sex-specific alterations in ongoing
dopamine axon targeting and growth.



Résumé

L'adolescence est une période de grande vulnérabilité ou de nombreux facteurs
externes et environnementaux peuvent avoir un impact important sur la maturation du
cerveau. Les expériences de stress social telles que lintimidation a l'adolescence
peuvent entraver le développement du cortex préfrontal et altérer son rdle dans le
contréle cognitif. Cette perturbation du développement peut avoir des conséquences
négatives sur le bon développement de la santé mentale. A I'adolescence, les axones
dopaminergiques ciblent majoritairement le noyau accumbens, la plupart d'entre eux
formant des connexions synaptiques locales durables. En revanche, les axones
dopaminergiques mésocorticaux continuent de croitre du noyau accumbens jusqu'au
cortex préfrontal durant cette période et restent donc trés vulnérables aux expériences

en cours.

Pour étudier les effets a court et long terme de I'adversité sociale chez les souris
adolescentes C57BL/6 males et femelles, nous avons adapté une version accélérée du
paradigme de stress chronique de défaite sociale pour étudier les effets de I'exposition
de ce stress pendant des périodes distinctes de I'adolescence. Nous avons appelé notre
modéle d'adolescent "défaite sociale accélérée" (AcSD). L'exposition a la défaite sociale
acceélérée au début de I'adolescence chez les males et les femelles entraine des déficits
du contrbéle de l'impulsion a I'dge adulte. Chez les méles seulement, ces effets sont
associés a des altérations de I'expression des signaux de guidage axonal qui contrélent
le développement de la dopamine chez I'adolescent.

Pour déterminer si ’'AcSD a I'adolescence modifie le développement du circuit
dopaminergique chez les méles et/ou les femelles, une stratégie de tracage viral a été
utilisée pour suivre la croissance des axones dopaminergiques vers le cortex préfrontal
au cours de I'adolescence. Dans une autre cohorte de souris, des profils longitudinaux
d'hormones gonadiques et de stress ont été étudiés dans des échantillons de poils
folliculaires de souris ayant subi ’AcSD, ou de conditions de contréle. L'objectif de cette
expérience était de comprendre si, comment, et quand 'adversité sociale a un impact sur

ces systémes endocriniens.



Il a été constaté que chez les males, 'AcSD induit des erreurs de ciblage des
axones dopaminergiques dans le noyau accumbens, ce qui déclenche leur croissance
ectopique vers le cortex préfrontal. Chez les souris femelles en revanche, 'AcSD réduit
le nombre d'axones dopaminergiques qui se migrent normalement vers le cortex
préfrontal. Notamment, lorsque I'on suit la croissance des axones dopaminergiques au
méme age chronologique a I'adolescence, on constate qu'un nombre significativement
plus important d'axones se développent vers le cortex préfrontal chez les femelles que
chez les méles. En ce qui concerne le profil des hormones folliculaires, les niveaux de
corticostérone sont differemment affectés par 'AcSD chez les males et les femelles: alors
que les males présentent une corticostérone élevée a court et a long terme, les niveaux
chez les femelles sont significativement corrélés avec le comportement d'évitement
social. Ces résultats sont la premiere démonstration que I'adversité sociale a
I'adolescence perturbe le cheminement axonal a longue distance de la dopamine. Il est
intéressant de noter que ces résultats sont diamétralement opposés chez les males et
les femelles, ce qui souléve un questionnement des mécanismes moléculaires

sexuellement dimorphiques, et le rle potentiel de la corticostérone a cet égard.
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numerous years the female sex has been neglected in scientific research.

14



Introduction and Statement of Problem

Adolescence is defined as a very broad period of development where we observe
a gradual transition from a juvenile state to independence. During this period, many
changes are ongoing including a variety of physiological, hormonal, and behavioral
alterations that make it such that we mature into an adult. The field of neuroscience is
very keen on studying the adolescent population since this age marks future mental
health trajectories (Clark et al., 1997; Hicks et al., 2009; Larsen & Luna, 2018; Lee et al.,
2014; Rao et al.,, 1999; Wills et al., 2001). The age of onset for many different
psychopathologies is in fact during the fragile, but plastic, adolescent period (Larsen &
Luna, 2018; Paus et al., 2008). Enhanced vulnerability during this age can be explained
in part by the fact that the prefrontal cortex (PFC) is still undergoing substantial
developmental changes as it is one of the very last brain regions to fully mature (Gogtay
et al., 2004).

Via the orchestration of important axonal guidance molecules, such as the Netrin-
1/deleted in colorectal cancer (DCC) guidance cue system, dopamine (DA) axons in the
mesocortical pathway are still innervating their frontal cortical targets (Hoops et al., 2018;
Reynolds, Pokinko, et al., 2018). This gradual increase in the density of DA fibers growing
up to the PFC until early adulthood, renders this process highly vulnerable to experiences
during adolescence (Kalsbeek et al., 1988; Manitt et al., 2011; Naneix et al., 2012;
Rosenberg & Lewis, 1995). In parallel to the maturation of the DA input to the PFC,
inhibitory control capacity improves gradually from adolescence to adulthood in rodents,
non-human primates, and humans (Luna et al., 2015; Reynolds & Flores, 2021). Since
several psychiatric disorders of adolescent onset are characterized by impulse control
deficits, this PFC-mediated behaviour can serve as an endophenotype of psychiatric risk
(Paus et al., 2008).

Regardless of gender, one of the most important events in adolescence is
socialization and peer interaction (Smetana, 2015). Unfortunately, during this stage of life,
stressful incidents of bullying, domestic/sexual violence and navigating one’s sexual and

gender identity are highly prevalent (Collier et al., 2013; Rijlaarsdam et al., 2021). These
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experiences of social stress put individuals at a high risk of developing internalizing and
psychiatric disorders (Bowes et al., 2015; Lereya et al., 2015; Oram et al., 2013; Stapinski
et al., 2014) due to dysfunctions in PFC-dependent cognitive functions (Clark et al., 1997;
Rao et al., 1999; Wills et al., 2001; Wills & Cleary, 1996).

It is essential to note that there are significant individual differences in how
adolescents respond to social stress. Some adolescents remain resilient and unaffected
by social adversity, while those who are susceptible may experience it in different ways
(Notaras & Buuse, 2020; Wood & Bhatnagar, 2015). Whether it be chronological age or
biological sex, many different factors contribute to individual differences in resilience and
susceptibility to the psychiatric impact of stress exposure in adolescence (Beesdo et al.,
2009; Paus et al., 2008). For one, many obvious differences exist between males and
females in their onset and prevalence of depression, substance use disorder and other
mental illnesses that emerge during adolescence that are tightly linked to stress
(Dalsgaard et al., 2020; Pedersen et al., 2014). When compared to males, females
exposed to adversity during adolescence have a higher risk of developing mood disorders
(Bale & Epperson, 2015; Boyd et al., 2015; Heim et al., 2010; Kessler et al., 2007. It
seems that the vulnerability to experiences in an adolescent’s environment is highly
dependent on both the type of stressor occurring as well as the physiological or behavioral

outcomes being examined (Hankin et al., 2007; Kim et al., 2017).

Social stress during this developmental period can be damaging in many ways.
Understanding how immediate and enduring consequences of social stress manifest
differently in males and females is critical and timely. There is an increasing incidence in
peer victimization and depression in youth and therefore there is a pressing need for
research data to inform early detection, prevention, and intervention programs. This work
was aimed at modeling social stress in adolescent C57BL/6 female rodents and at
providing insights regarding the dimorphic sensitivity to adversity at the behavioral,

neuroanatomical, and molecular level.
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Background and Rationale

Adolescent Dopamine Development in the Maturing Prefrontal Cortex

As is the case in humans, there are no precise boundaries demarcating the
beginning and end of adolescence in rodents (Hollenstein & Lougheed, 2013; Sawyer et
al., 2018). Our group as well as others suggest that adolescence in C57BL/6 mice spans
from postnatal day (PND) 21, when mice are weaned, until the start of adulthood at PND
60 (Reynolds & Flores, 2021; Schneider, 2013). Within this adolescent window of
transformation, we can further subdivide this period into what we refer to as a peripubertal
“early adolescence” (PND 21-34) and pubertal mid adolescence (PND 35-48). These age
ranges encompass discrete DA developmental periods (Kalsbeek et al., 1988; Manitt et
al., 2011; Reynolds & Flores, 2019) and distinct behavioural characteristics (Adriani &
Laviola, 2004; Makinodan et al., 2012; Spear, 2000; Wheeler et al., 2013).

Our group is interested particularly in the development of the DA system whereby
DA neurons originating from the ventral tegmental area (VTA) form the mesolimbic and
mesocortical pathways respectively by innervate the nucleus accumbens (NAcc), or the
medial prefrontal cortex (mPFC). Both pathways travel together through the medial
forebrain bundle (Nieuwenhuys et al., 1982) and then diverge at the NAcc into their
separate DA systems serving different brain areas and functions. While most axons
remain in the NAcc to form enduring connections (Hoops et al., 2018; Manitt et al., 2011;
Reynolds & Flores, 2021) others continue to bypass through this region to reach the
mPFC and other frontal cortical regions, including the orbitofrontal cortex (Hoops et al.,
2018; Manitt et al., 2011; Reynolds & Flores, 2021). Since collaterals of NAcc DA axons
to the mPFC are extremely rare (Beier et al., 2015; J. Fallon, 1981; J. H. Fallon &
Loughlin, 1982; Lammel et al., 2008; Reynolds, Yetnikoff, et al., 2018; Swanson, 1982),
the NAcc is a decision-making point whereby axons either settle in the NAcc or continue
to grow up to the mPFC. Interestingly, these two segregated DA pathways have very
different developmental temporal trajectories whereby in rodents, DA axon innervation of
the NAcc reaches full maturation by early adolescence (Antonopoulos et al., 1997; Manitt
et al., 2011; Voorn et al., 1988) whereas mesocortical DA axons to the mPFC gradually
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increase from early adolescence all the way up until adulthood (Benes et al., 1996, 2000;
Hoops et al., 2018; Kalsbeek et al., 1988; Leslie et al., 1991; Manitt et al., 2011; Naneix
et al., 2012; Willing et al., 2017). This prolonged maturation of the PFC development
occurs both in non-human primates (Rosenberg & Lewis, 1995) and most likely in humans
too (Padmanabhan & Luna, 2014). By labeling DA axons in the NAcc in early adolescence
and tracking their trajectory afterwards, our lab showed that indeed, DA axons still grow
from the NAcc to the mPFC across adolescence in mice (Hoops et al., 2018; Reynolds,
Yetnikoff, et al., 2018). This demonstration of long-distance axon growth during late
postnatal development occurs to the DA system and renders it uniquely vulnerable to
environmental disruptions during this prolonged developmental time (Hoops & Flores,
2017). Unlike DA inputs to the mPFC, norepinephrine and serotonergic inputs to the
mPFC reach adult density levels much before adolescence by PND 7 and PND 14
respectively (Benes et al., 2000; Levitt & Moore, 1979; Lidov et al., 1980).

Role of the Netrin-1/DCC Guidance Cue System in Dopamine Development

Within the mesocorticolimbic system, several important proteins play a key role in
shaping the development of the DA circuitry, such that DA axons end up forming
connections at the right place and at the right time. One of these organizers is the Netrin-
1/DCC guidance cue system which controls targeting decisions by axons along their
growth to their final endpoint. This guidance cue system is expressed in DA systems of
rodents, non-human primates, and humans across the lifespan (Cuesta et al., 2018;
Manitt et al., 2010, 2011; Osborne et al., 2005; Reyes et al., 2013). The Netrin-1 ligand
which is distributed as a gradient across the brain makes it such that axons can either be
attracted or repelled depending on the type of receptor they express (Lanoue & Cooper,
2019; Sun et al., 2011). DCC receptors expressed on the growth cone of DA axons
mediate their attraction towards sources of Netrin-1 (L. Finci et al., 2015; L. I. Finci et al.,
2014).

DCC receptors are highly expressed in VTA DA neurons (Phillips et al., 2022), with
levels diminishing from early life to adulthood (Manitt et al., 2010). Interestingly, the level
of expression of Netrin-1 and DCC receptors in terminal regions of mesocorticolimbic DA
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pathways differ both spatially and PFC

pe Mesocortical [

temporally. Lower levels of Netrin-1 \ axons A
protein are found in the NAcc and very | .-'| 'A) gMesolimbic

v ¢ @ axons
high levels are found in the mPFC (Manitt Ve
et al.,, 2011), particularly in the inner NAC

_ 8 DCC receptor

layers, where there is the densest DA Netrin-1 protein  Reynolds et al., 2023

input (Cowan et al.,, 1994; Eden et al,,
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al., 2022). However, in the mPFC, very
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(Figure 1; Reynolds et al., 2023).

The Netrin-1/DCC guidance cue system has crucial roles in shaping the mature
mesocorticolimbic DA pathway. When DCC levels are reduced in DA axons that have
reached the NAcc by early adolescence, these axons fail to recognize the NAcc as their
final target and instead, they grow ectopically to the mPFC (Reynolds, Pokinko, et al.,
2018). This rerouting of NAcc axons to the mPFC leads to (i) the presence of DCC+ axons
in the mPFC (Manitt et al., 2013; Reynolds, Yetnikoff, et al., 2018), (ii) altered mPFC DA
release (Grant et al., 2007; Hernandez et al., 2022) and (iii) a disorganized DA
connectivity in the mPFC (Cuesta et al., 2020; Manitt et al., 2011, 2013; Reynolds et al.,
2015). DCC is thus a critical receptor for the proper segregation of mesolimbic and
mesocortical DA pathways (Reynolds, Pokinko, et al., 2018). Interestingly, during
adolescence, the NAcc undergoes abundant changes in its connectivity and activity,
including in humans, rendering it a vulnerable target at this developmental period
(Antonopoulos et al., 1997; Manitt et al., 2011; Mastwal et al., 2014; McCutcheon et al.,
2012; Naneix et al., 2012).

However, variations in DCC not only cause enduring alterations at the circuitry
level, but also at the level of behavior and cognitive function. In rodents, ectopic growth
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of NAcc DA axons to the mPFC leads to alterations in impulse control in adulthood
(Reynolds et al., 2018, 2023). Human work studying adult individuals with DCC
haploinsufficiency not only show changes in PFC connectivity but also in inhibitory control
in adulthood (Vosberg et al., 2018, 2020). An increasing number of studies are also now
showing that genetic variations in the Netrin-1/DCC system are tightly linked to disorders
that are characterized by deficits in inhibitory control such as major depressive disorder
and substance use disorder (Bechara & Martin, 2004; Manitt et al., 2013; Torres-Berrio
et al., 2017; Vocci, 2008; Woicik et al., 2011). Dysregulation of these guidance cues
during adolescence in the mesocorticolimbic system can perhaps explain mechanistically
how experiences during this age lead to enduring impulsivity traits in rodents and humans
(Torres-Berrio et al., 2020; Vosberg et al., 2020).

Consequences of Social Stress in Adolescent Male Mice

To reproduce aspects of physical and psychological stress experienced by victims of
bullying during adolescence, researchers have used the chronic social defeat stress paradigm
initially implemented in adult male rodents (Burke et al., 2016; Hasegawa et al., 2018; Huang
et al., 2013; Ihiguez et al., 2014, 2016; Kim et al., 2018; Montagud-Romero et al., 2015, 2017,
Mouri et al., 2018; Resende et al., 2016; Rodriguez-Arias et al., 2015; Xu et al., 2018; F. Zhang
et al., 2016; H. Zhang et al., 2016). In this model, a mouse is subjected to repeated physical
attacks from a larger dominant and aggressive mouse. We recently adapted the accelerated
social defeat (AcSD) version of the chronic social defeat stress model to expose male mice to
social stress during specific adolescent chronological ages (Pantoja-Urban et al., 2022;
Vassilev et al., 2021, 2022) such that we could capture critical windows of vulnerability and
assess possible molecular players. In males, it was found that AcSD in early adolescence
induced social avoidance, soon after exposure, and had enduring detrimental consequences
on impulse control (Vassilev et al., 2021). Although not all males exposed to adolescent AcSD
showed impaired social behavior, all defeated mice exhibit impulse control deficits in
adulthood. This indicated that a social avoidant phenotype was not a consistent measure of
susceptibility to AcSD in adolescence and that there may be a trade-off between protection
against social deficits in adolescence and poor inhibitory control in adulthood (Brody et al.,
2020; Pantoja-Urban, Richer, et al., 2023). Indeed, all mice subjected to AcSD showed
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reduced expression of the Netirn-1 guidance cue receptor DCC, one week after exposure,
when DA axons were undergoing targeting events in the NAcc (Vassilev et al., 2021). As
mentioned, DCC receptors in mesolimbic DA neurons controls the extent of the protracted
growth of DA axons to the PFC — an event occurring in parallel to the gradual refinement of
impulse control (Cuesta et al., 2020; Hoops et al., 2018; Reynolds, Pokinko, et al., 2018).

Rationale and Hypothesis

Because dominance hierarchies in rodents involve males fighting against males, but
not females, building a model of adolescent social defeat stress in females was challenging
for many groups. Here we overcame this limitation by modifying and adapting our adolescent
AcSD male paradigm to female mice. Using a combination of behavioral, molecular,
anatomical, and cognitive measures, we were able to assess, for the first time, the short- and
long-term impact of social defeat stress in early adolescent female mice and to determine

whether sex-specific characteristics emerged.

Because of sex-specific neurodevelopmental trajectories, we hypothesized that
social defeat stress during the same adolescent chronological window would affect
female mice differently than what was previously reported in males (Vassilev et al., 2021).
We anticipated that AcSD would have a different impact in males and females regarding

(i) social avoidance patterns, (i) mPFC DA development, and (iii) hormone levels.
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Project Aims

Aim 1: To determine if the AcSD model works for female adolescent mice.

Aim 2: To determine if social stress in early adolescence leads to dopamine axon

mistargeting in both male and female mice.

Aim 3: To measure levels of stress and gonadal hormone before and after adolescent

AcSD exposure in male and female mice.
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Materials & Methods

Animals*

All experiments conducted in this study adhered to the guidelines set forth by the
Canadian Council of Animal Care (CCAC) and received approval from the McGill
University/Douglas Mental Health University Institute Animal Care Committee. All mice
used were housed in a controlled environment at the Douglas’s Neurophenotyping Center
where a temperature of 21-22°C and humidity level of approximately 60% was
maintained. Except for the C57BL/6 DAT"™ mice bred in our animal facility specifically for
the purpose of the axonal mistargeting experiment (Aim 2), all other C57BL/6J
experimental mice were obtained from Jackson Laboratories. For the AcSD paradigm,
male CD-1 retired breeder mice were acquired from Charles-River Canada and used as
aggressor mice. These single housed CD-1 mice were used for no more than three
months and a maximum of three consecutive experiments. All non-experimental C57BL/6
adult and adolescent mice used for the screening and priming during AcSD were also
obtained from Charles-River Canada. Throughout the experiments, all mice were given
ad libitum access to food and water.

Accelerated Social Defeat*

To replicate aspects of the physical and psychological stress experienced by
adolescent victims of bullying, researchers have employed a modified version of the
chronic social defeat stress paradigm originally used in adult male rodents (Burke et al.,
2016; Hasegawa et al., 2018; Huang et al., 2013; Iiiguez et al., 2014, 2016; Kim et al.,
2018; Montagud-Romero et al., 2015, 2017; Mouri et al., 2018; Resende et al., 2016;
Rodriguez-Arias et al., 2015; Xu et al., 2018; F. Zhang et al., 2016; H. Zhang et al., 2016).
Our lab adapted an accelerated version of this stress model called the Accelerated Social
Defeat Stress Model (AcSD) such that both adolescent male and female mice could be
subjected to attacks by an aggressive CD-1 mouse during precise periods in adolescence
(Figure 1A; Pantoja Urban, Richer, et al., 2023; Vassilev et al., 2021).

*The Material and Methods section regarding Animals, Accelerated Social Defeat and Social Interaction 23
were all adapted from (Pantoja-Urbadn, Richer, et al., 2023)



Phase 1- CD-1 Screening: When male CD-1 mice are obtained from Charles River,
approximately half of the cohort exhibits aggression towards adolescent C57BL/6 mice,
while the other half do not display aggressive behaviour. Due to this variability, it is
essential to carefully select aggressor CD-1 mice before undergoing the AcSD
experiment. For at least two consecutive days, an adult male C57BL/6 mouse was
introduced into the home cage of the CD-1 for 3 minutes or until it experienced 10 attacks,
whichever occurred first. From these observations collected, aggressive CD-1 mice were

selected to move onto phase 2 based on whether they attacked or not.

Phase 2- CD-1 Priming: The next phase of preparation before starting AcSD is called
the priming phase. This phase has the objective of firstly, finding mice that will attack
adolescent C57BL/6 mice and secondly, it has the aim of getting CD-1 mice primed and
consistently aggressive. Twice a day (9:00 & 14:00) an adult C57BL/6 was introduced to
the CD-1's home cage for a brief 30 seconds to stimulate aggressiveness and was
immediately replaced by an adolescent C57BL/6 mouse for 5 minutes or until there were
10 attacks. The sex and age (early adolescent PND 21-31) of the priming adolescent
mice were matched to that of the experimental mice that would soon follow in the
upcoming AcSD phase. This careful matching allowed for the accurate selection of a
subset of CD-1 mice aggressive towards experimental mice that would be used in the
subsequent step. This was done for 3-4 days until the desired number of CD-1 mice were
able to consistently attack for more than one day.

Accelerated Social Defeat Stress: The AcSD set-up consisted of a transparent rat cage
with a perforated and see-through central divider separating the area into two mouse
housing compartments. Selected aggressive CD-1 mice were housed on one side of the
divider 2 days prior to the commencement of the AcSD to allow time to explore the new
environment and heighten territorial conduct. Additionally, during these two pre-AcSD
days, the priming process used in phase 2 was repeated to ensure the CD-1 mice still
displayed aggression towards the adolescent mice.

*The Material and Methods section regarding Animals, Accelerated Social Defeat and Social Interaction 24
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Once the AcSD phase begun, newly arrived experimental mice were randomized
into the AcSD group or the control group. AcSD mice underwent two sessions of physical
attacks per day (9:00 & 14:00) for a total of four consecutive days. Each physical stress
session consisted of briefly introducing an adult C57BL/6 mouse for 30 seconds to the
CD-1 to prime the CD-1 with aggressive behaviour. Immediately after, the adult mouse
was replaced by the experimental adolescent C57BL/6 mouse until 10 attacks occurred
(see Table 1 for the operational definition of an attack: adapted from (Pantoja-Urban et
al., 2022; Vassilev et al., 2021)) or until 10 minutes had passed. After the physical stress
session, the experimental mouse was placed in the adjacent empty compartment beside
the CD-1 that had just aggressed it to provoke a form of psychological stress. Every attack
session consisted of a novel aggressive CD-1 mouse to allow a variety of attackers.

Més - Table 1: Operational Definition of an "Attack” in Accelerated Social Defeat (AcSD)

(7) | Anattack is defined as “when the CD1 mouse bites the C57BL/6J mouse, and the C57BL/6J mouse moves
away in response to the bite.”

2) | Abite is defined as “when the CD1 mouse places its teeth on any part of the C57BL/6J mouse’s body.”

\ = Moving away is defined as “when the C57BL/6J mouse moves both of its hind paws from the position they
/| were in before the CD1 engaged it

/7y | There must be ~2 seconds between separate attacks. If more than one bite occurs <2 s apart, count as
—/ | one attack.

('s) Ifthe CD1 mouse bites more than once in succession without a break (<~2 s apart), gently separate animals.

(6)  If the CD1 mouse bites and does not let go, gently separate animals.

—~, | If the C57BL/6J mouse becomes trapped in a corner or is pinned down by the CD1 mouse and cannot move

\/ | away in response to a bite, gently separate animals with a ruler.
E) In cases 5-7, count as one attack (up to separation).

Control mice were housed in the same dual housing apparatus (rat cage with
transparent divider) as the AcSD mice. As opposed to AcSD mice, control counterparts
were housed next to an age and sex matched C57BL/6 mouse and did not have any
physical contact with any CD-1 nor C57BL/6 mouse. After the final session of AcSD,
mice in both control and stress groups were single housed individually until the completion

of experiments to avoid aggression amongst the mice.

*The Material and Methods section regarding Animals, Accelerated Social Defeat and Social Interaction
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Limited Attacks- “Female-Like” Pattern of Attacks in Males

Based on our operational attack criteria outlined in Table 1, it was observed that
during the AcSD, a lower occurrence of attacks was directed to female adolescent cohorts
when compared to male adolescent cohorts. In light of this disparity, it was essential to
ensure that behavioural, molecular and neuroanatomical outcomes were not a result of
these differences in attack patterns. For this reason, a limited attacks AcSD experiment
was performed whereby a cohort of male adolescent mice were subjected to a pattern of
attacks resembling those that females were exposed to. This was achieved by carefully
aligning the number of attacks and the duration of exposure with the CD-1 aggressor to
match the recorded values observed in previous female AcSD experiments. Regulating
the number of attacks to match the desired number was achieved by using a ruler to

maintain separation between the mice.

Social Interaction Test*

To evaluate the potential immediate impact of AcSD on social approach and
avoidance behaviour, the Social Interaction Test (SIT) was conducted the day after the
final AcSD attack session between 10:00-16:00. This test, widely employed in various
social defeat studies, aimed to gauge alterations in social behaviour resulting from
adolescent AcSD (Golden et al., 2011). Under redlight conditions, AcSD and control mice
were placed in a 42cm x 42cm open field for two consecutive sessions each lasting 2.5
minutes long. The first session consisted of a habituation phase where an unoccupied
wire mesh enclosure was centered against one wall of the arena. Immediately following
this, a second session followed whereby an unfamiliar CD-1 mouse was placed inside the
wire mesh enclosure. To determine social approach/avoidance behaviour, a social
interaction zone measuring 14cm x 9cm was delineated surrounding the wire-mesh
enclosure. Behaviour was recorded with an overhead video camera such that analysis
could be performed with the software TopScanTM 3.0 (Clever Systems Inc.). Using this
software, a social interaction ratio was calculated by taking the time spent in the social
interaction zone in session 2 when the CD-1 was present divided by the amount of time
spent when the CD-1 was not present in session 1. A ratio <1.00 signified that mice did

not spend as much time in the social interaction zone when the social target was present,

*The Material and Methods section regarding Animals, Accelerated Social Defeat and Social Interaction 26
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and they were labeled as “susceptible”. Mice with a ratio >1.00 that did spend more time
in the social interaction zone when the CD-1 was present were deemed to be “resilient”.

Social Interaction Test with an Anesthetized CD-1 Target

To validate the AcSD model in female mice, a separate cohort of mice underwent
either AcSD or control conditions during early adolescence and were tested to see
whether the state of the social target (awake or asleep) affected proportions of
resiliency/susceptibility. The day after the last AcSD session, mice underwent the regular
SIT with an awake CD-1 as a social target. The following day, the same mice were tested
once again in the SIT but this time with an anesthetized novel CD-1 mouse instead of an
awake social target in the second session. Anesthesia was performed using a mixed
solution administered intraperitoneally, containing 50 mg/kg of ketamine, 5 mg/kg of
xylazine, and 1 mg/kg of acepromazine.

Stereotaxic Surgery
To study Aim 2 and the effect of AcSD on the segregation of NAcc and mPFC DA
projections, a dual viral strategy was employed to track DA axon growth in adolescence

(Figure 2). Using axon-initiated viral recombination in DATC" mice, we were able to label
specifically VTA DA neurons whose axons had reached the NAcc by early adolescence.
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transported virus expressing a Cre-dependent FIp recombinase (CAV-FLEX-FIp,
BioCampus Montpellier, Titer: 11x10'2 pp/ml) as in (Reynolds et al., 2023). This design
limited expression of the Flp recombinase to DAT-expressing VTA neurons that had
reached the NAcc by PND 21. Simultaneously, we injected 0.5ul of Flp-dependent
enhanced yellow fluorescent protein (eYFP) virus (pAAV-Ef1a-fDIO-EYFP-WPRE-pA,
UNC Vector Core, Titer: 5x10"2 pp/ml) into the ipsilateral VTA (-2.56 anterior/posterior; -
0.9 medial/lateral; -4.21 dorsal/ventral relative to bregma at a 4° angel). The delivery of
each viral construct spanned 6 minutes followed by a 10-minute waiting period before
removing the injector. Mice were then exposed to AcSD or to control conditions from PND
25-28, and tested in the SIT at PND 29. Mice were single housed until they reached
adulthood (PND 75 + 10), when their brains were processed for stereological

qguantification of eYFP+ fibers in the mPFC.

Perfusion

Axonal mistargeting experiments (Aim 2) required perfusion of mice at PND 75 +
10. Mice were administered an overdose of ketamine (50 mg/kg), xylazine (5 mg/kg) and
acepromazine (1 mg/kg) intraperitoneally. Following this, they were subjected to an
intracardial prefusion with 50 ml of 1x phosphate buffered saline (PBS). After clearing all
circulating blood, 75ml of chilled 4% paraformaldehyde (PFA) in PBS was intracardial
perfused to fix the brain. The brains were carefully removed from the skull and placed in
the PFA fixative solution at 4°C for 1 day and then transferred to a 1x PBS solution for 1-
2 days. A Leica vibratome was used to section the brains into 35 um coronal slices where
they then underwent immunohistochemistry and mounting onto gelatine coated slides and
cover slipped using SlowFade Gold Antifade mounting medium (Invitrogen).

Immunohistochemistry

Brain sections underwent three 10-minute washes in PBS followed by a 1-hour
incubation in a blocking solution (2% bovine serum albumin, 0.2% Tween-20, in PBS).
Subsequently, these sections were immersed in a polyclonal anti-TH raised in rabbit
antibody (1:1000, #AB152; Millipore Bioscience Research Reagents) and a polyclonal
anti-GFP raised in chicken antibody (1:1000, antibody #1020, Aves labs) for a period of
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48 hours at 4°C. The anti-GFP antibody was raised against whole recombinant GFP so
any of the other Aequorea Victoria GFP derivatives would be recognized by the antibody
as they differ via only a small mutation in a fraction of amino acid substitutions (For more
information see: (Lambert, 2024)). For this reason, anti-GFP antibodies are often used to
visualize eYFP (Bechelli et al., 2023; Shimizu et al., 2023; O. Singh et al., 2023; U. Singh
et al., 2022). Following this, three 10-minute washes in PBS were performed and tissue
was then incubated for an hour in the two following secondary antibodies: Alexa Fluor
594 donkey anti-rabbit antibody (1:500, Invitrogen) & Alexa Fluor 488 goat anti-chicken
antibody (1:500, Invitrogen). Sections underwent three 10-minute washes in PBS and
were then carefully mounted onto gelatin-coated slides and cover-slipped using
SlowFade Gold Antifade mounting medium (Invitrogen).

Stereology
Blinded stereological quantification of eYFP+ varicosities in the mPFC was

performed using the Stereoinvestigator© (Microbrightfield) software on a Leica DM400B
microscope as in (Reynolds et al., 2018; Reynolds et al., 2023). Briefly, eYFP and TH
expressing varicosities in the mPFC were identified using the mouse brain atlas (Franklin
& Paxinos, 2008) to locate the pre-genual mPFC (plate 14-18, in a 1:4 series). In this
region, delineation of cingulate (Cg1), prelimbic (PrL), and infralimbic (IL) subregions
were contoured according to the TH-positive innervation using a 5x magnification. The
number of co-expressing eYFP+ and TH+ varicosities was quantified at 100x
magnification. This was done using an unbiassed counting frame measuring 50 x 50 um
(x =175 um, y = 175 um intervals). An established guard zone of 4um and optical
dissector height 10um. Following that we averaged all regions to get a measure of the
total number of mMPFC eYFP+ fibers.
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Hormone Analysis

To begin assessing levels of stress and gonadal hormones throughout
development in male and female mice exposed to AcSD or control conditions, a protocol

to measure corticosterone, testosterone, progesterone from follicular hair was

implemented (Figure 3). (f{ W ﬁ{
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(Stalder et al., 2017; Steudte-Schmiedgen et al., 2017; Ullmann et al., 2016; Wippert et
al., 2014) whereby circulating hormones get incorporated into the growing hair overtime.
Concentrations of hormones in follicular hair provide a retrospective reflection of
corticosterone/cortisol, testosterone, progesterone, and of other hormone secretions that
accumulate over time (Scorrano et al., 2015; Smyth et al., 2016; Uarquin et al., 2016;
Walther et al.,, 2019, 2021; Wang et al., 2015; Weckesser et al., 2021). Although
measures of salivary or plasma corticosterone concentrations can accurately detect acute
effects of stress as well as variations in hormone levels throughout the day in rodents,
many studies have reported that hair glucocorticoid concentrations vary more gradually
and better represent the levels of these hormones over prolonged periods of time
(Erickson et al., 2017; Scorrano et al., 2015; Uarquin et al., 2016). The following timeline
and protocol was used in our laboratory to study levels of follicular hair hormones in

adolescent male and female mice exposed to AcSD or to control conditions.

Hair Collection #1 - Pre-Stress

At PND21, C57BL/6J male and female mice arrived from the Jackson Laboratory
to the Douglas Research Centre Phenotyping Centre group-housed with 3 mice per cage.
Mice were given one day to acclimate and at PND 22, they underwent the first shave
using a Wahl Peanut clipper. While awake mice were restrained, bilateral flank hair was

collected and placed into a folded square of aluminum foil. Hair was kept in at 4°C.
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Between each shaving, a can of compressed air was used to clear any remaining hairs

on the clipper.

At PND 22 following the first shave, male and female mice were randomly assigned
into one of the following groups:

GROUP 1: AcSD- Male and female mice were exposed to the AcSD paradigm from
PND 25-28, and on PND29 they underwent the SIT. Mice stayed single housed for
the rest of the experiment.

GROUP 2: Single housed control group- Male and female mice were exposed to
the control condition from PND 25-28, and on PND 29 they underwent the SIT. Mice
stayed single housed for the rest of the experiment.

GROUP 3: Group housed control group- To assess whether housing conditions
were a confound, in this group, mice were kept group housed throughout the entirety
of the experiment and were not exposed to any aspect of the AcSD paradigm. The
only manipulation done to them was the shaving along with the same frequency of
handling as the other two groups.

Hair Collection #2: Post-Stress

As a measure of “post stress” hormone levels, two weeks after the last day of AcSD
(PND 42), follicular hair was collected from male and female mice by bilaterally shaving
the exact same flank area as was done in Hair Collection #1 prior to stress. Mice were
left undisturbed until they reached adulthood.

Hair Collection #3: Adulthood

In adulthood (PND 90 £ 15), follicular hair was collected from male and female
mice by bilaterally shaving the exact same flank area as priorly done in Hair Collection #1
and Hair Collection #2. At this time point, trunk blood and brains were collected, and flash

frozen with 2-methylbutane for future molecular analysis.
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Follicular Hair Hormone Analysis

The analysis of follicular hair samples was performed in collaboration with Dr.
Clemens Kirshbaum at the Technical University of Dresden (Biopsychology Department)
was. This lab specializes in the analysis of hormones from specimens of human and non-
human origins and offers state-of-the-art steroid hormone analysis from hair samples. A
hair sample >5mg was shipped at 4°C and a steroid panel analysis was performed to
measure corticosterone, progesterone, and testosterone via Liquid Chromatography with
tandem Mass Spectrometry (LC-MS/MS).

Statistical Analysis

Statistical analyses were performed using Prism version 9.4.0 (GraphPad
Software, La Jolla, CA, USA). A significant threshold value of o <0.05 was used across
all experiments. The data are presented as means = the standard error of the mean
(SEM). Depending on the number of factors analyzed, t-tests, 2-way ANOVAs and
correlations were utilized to address statistical validation of any data. Planned
comparisons as well multiple comparison tests were conducted post hoc when conditions
were met and underwent a rigorous correction for the family-wise alpha using a Holm-

Sidak or Holm-Bonferroni correction.
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Results

Aim 1: To determine if the AcSD model works for female adolescent mice.

Previous work conducted in our laboratory demonstrated that the AcSD model is
an effective and robust model of adolescent social stress in male mice (Pantoja-Urban et
al., 2022; Vassilev et al., 2021, 2022). What was unknown, was whether this AcSD model
could also be implemented in female adolescent mice. The modified AcSD model for
adolescent females, as shown in Figure 4A, did work (Pantoja-Urban, Richer, et al.,
2023). The great majority (85%) of female mice exposed to AcSD were classified as
“resilient” because they did not develop social avoidance in the SIT. In contrast, only a
small proportion of females (15%) showed social avoidance and were categorized as
“susceptible” (Figure 4B; from (Pantoja-Urban et al., 2022)).

Compared to the previous reporting in male mice whereby 55% of AcSD mice
displayed resilience (Figure 4C; from (Vassilev et al., 2021)), the proportion of resilience
in females significantly surpassed the resilience rate reported in males (one-tailed
binomial test p < 0.0001). Importantly, no difference in the frequency of received attacks
was observed amongst resilient and susceptible mice in both the female cohort (Figure
4D, two-way repeated measures ANOVA, F(7, 763) = 0.84, p = 0.56) and the male cohort
(Figure 4E, from (Pantoja-Urban et al., 2022; Vassilev et al., 2021), two way repeated
measures ANOVA, F511)=1.321 p = 0.2378).

When we compared the number of attacks between female and all male mice
(using previously published data (Vassilev et al., 2021)), we found that females received
fewer attacks throughout all defeat sessions (Figure 4F, from (Pantoja-Urban et al., 2022),
two-way repeated measures ANOVA, main effect of session, Fs2, 1207y = 27.53 p <
0.0001, main effect of sex, F1, 180)= 170.4, p < 0.0001; session x sex interaction F 7, 1260)
=1.63, p = 0.12). With this concern in mind, to prove the effectiveness of this stress model
in adolescent female mice, it was essential to investigate whether reduced physical harm
in females could possibly account for their heightened resilience. Firstly, a typical attack

pattern previously recorded in female mice was replicated in a cohort of adolescent male
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mice through a limited attacks strategy as outlined in the methodology section. It was
found that this manipulation did not substantially alter the ratio of resilient (67%) versus
susceptible (33%) phenotypes in males when compared to regular AcSD male
proportions (Figure 4G, from (Pantoja-Urban et al., 2022), one-tailed binomial test p =
0.31). Secondly, we retroactively looked back at previous attack numbers in our cohorts
and divided the cumulative number of received attacks among all female subjects (n =
107) into two groups: “high number of attacks” and “low number of attacks” based on a
median split. When comparing both groups having received high and low attack numbers,
the proportion of susceptible and resilient females displayed no notable differences
(Figure 4H, from (Pantoja-Urban et al., 2022), one-tailed binomial test p = 0.45). These
two results both demonstrated that female adolescents undergoing AcSD exhibit
resilience to social avoidance irrespective of the number of attacks endured. Lastly, to
validate the segregation of resilience and susceptibility to a social target in the SIT, it was
important to confirm that these phenotypes were specific to an awake and behaving social
target as was done in some of the first chronic social defeat studies to prove robustness
of the model (Krishnan et al., 2007). We found that susceptible defeated female mice
showed avoidance in the presence of an awake, but not anesthetized CD1 social target
(Figure 41, Two-way repeated measures ANOVA, CD-1 state x phenotype interaction
Fe19= 7.411, p=0.004, Holm-Sidak post hoc tests: susceptible/awake vs
susceptible/anesthetized, p=0.0016; control/awake vs susceptible/awake p=0.009;

resilient/awake vs susceptible/awake p=0.0251).
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A Preparation for AcSD Accelerated Social Defeat (AcSD)

Phase 1 Phase 2 2 sessions per day

CD-1 Screening CD-1 Priming .

N - 30 seconds 10 minutes OR ‘Adolescent =
10 attacks

Attacking CD-1 gy
or Q .

-« =l I

PHYSICAL STRESS SENSORY STRESS SOCIA‘\FElgTTEsﬁ"?CTION
10 minutes OR 10 attacks W&, - (sIT)

Adolescent
(PND 25-28)

or Q)

-

CD-1 Not Attacking

2 days 4 days 4 days 1 day
B FEMALES © c MALES
Control BEY %@@ oo o ‘ Control{ o of
ili Mg ili i
Resilient g o m ] i g Resilient mu- om & ]g }g
A
Susceptible ;&Iﬁ: Susceptible %
! ) ! ! 1 B“S:iggﬂusllie L ! T T T ] n=105
" 0 1 2 3 4 = 55% Reslient
0 ! 2 3 4 15 Suscepice . . . = 45% Susceptible
Social Interaction Ratio Social Interaction Ratio
Modified from: Vassilev, Pantoja-Urban et al., 2021
D = Q o Resilient E 12 5 F
4 Susceptible P ) A . ) .
g8 e 2 8 'i/ ii?/§\§ 2 ° ¢ E T et e Males
8 b F] . S - A3
o T 4
& F1 vt - 1 % 1/ g 6 g B . & o Females @
*® 4 /) * ® 4 4 o Resilient 3 ' 3o
d / 4 Susceptible 3 ~
i d
s s A T L T 0-— T T T T T T T 0 T T T T T
T 2345678 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Session Session Session

VALIDATING THE FEMALE AcSD MODEL
G H = I

Eied

N

=]
£
67% Resilient g 40 [ Resilient -
mm 33% Susceptible e B Susceptible | 3
k] 8 2
2 2 Z
£ 1
= 8
;  ,
l & 0 Below Above Awake Awake Awake i
B Median Split Control Resilient Susceptible
Limited Attack # Attacks Median Split Anesthetized CD-1

*Adapted from (Pantoja-Urban, Richer, et al., 2022)

FIGURE 4. Validating the AcSD model in adolescent female mice. A, Experimental timeline of early
adolescent AcSD (PND 25-28). B, Female SIT results after adolescent AcSD with the proportion of
“resilient” & “susceptible” mice. C, Male SIT results after adolescent AcSD with the proportion of
“resilient” & “susceptible” mice. D, Attack number in resilient and susceptible mice was not significantly
different in females. E, Attack number in resilient and susceptible mice was not significantly different in
males. F, Attack number received by males was significantly higher than those received by females
during AcSD. G, Proportions of “resilient” and “susceptible” mice when male adolescent mice
underwent a female pattern of attacks. This proportion did not differ from the typical male AcSD
protocol. H, When performing a median split on the cumulative number of received attacks, the
proportion of susceptible or resilient females did not differ between the “low” versus “high” received
attack groups. I, An awake and behaving CD1 mouse was required to elicit the susceptible phenotype in

female mice. All data are shown as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001.
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Aim 2: To determine if social stress in early adolescence leads to dopamine axon
mistargeting in both male and female mice.

Through a DA specific targeted viral tracing technique using DATC® mice, we
asked whether adolescent AcSD impacts DA axon targeting and growth in adolescent
male and female mice (Figure 5A). After undergoing a viral surgery to track axonal growth
and adolescent AcSD, the social interaction test was employed to parse out resilient and
susceptible male (Figure 5B, one-way ANOVA, F2, 11)= 10.47, p = 0.003, Holm-Sidak
post hoc tests: control vs susceptible, p = 0.003; control vs resilient, p = 0.13; resilient vs
susceptible, p = 0.024) and female mice (Figure 5C, one-way ANOVA, F, 12)= 14.93, p
= 0.0006, Holm-Sidak post hoc tests: control vs susceptible, p = 0.0005; control vs
resilient, p = 0.20; resilient vs susceptible, p = 0.004). In adulthood, brains were perfused,
sliced, and underwent immunohistochemistry via a dual stain. Anti-TH labeling delineated
the mPFC (Figure 5D top panel) and anti-GFP staining allowed visualization of the eYFP+
terminals in this outlined region (Figure 5D bottom panel). To assess axonal growth from
the NAcc to the mPFC after adolescent AcSD or control conditions, stereological
quantification was performed to assess the number of eYFP+ varicosities.

We found a strong stress by sex interaction in mPFC eYFP+ fibers (Figure 5E,
two-way ANOVA, stress x stress interaction F2, 24)= 9.922, p = 0.0007; main effect of
stress, F, 24)=4.679 p = 0.019, main effect of sex, F(1,24)= 19.04, p = 0.0002). First, we
were interested in how resilient and susceptible mice differed in mPFC eYFP+ fibers when
compared to controls. We found that male mice showed an increased number of eYFP+
fibers growing to the mPFC in resilient but not susceptible mice when compared to
controls (Figure SE left panel, Holm-Bonferroni post hoc tests: control vs resilient, p =
0.019; control vs susceptible, p = 0.238). Opposite result in females were found whereby
a greater number of eYFP+ axons spanned the mPFC of control animals when compared
to resilient and susceptible mice (Figure 5E right panel, Holm—Bonferroni post hoc tests:
control vs resilient, p = 0.0011; control vs susceptible, p = 0.0065). This remarkable sex-
difference indicates that the number of mistargeted axons growing from the NAcc to the

mPFC following social stress during adolescence increases in males but decreases in
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females. Note that rerouting of NAcc DA axons to the mPFC occurred even though mice
displayed resilience against social avoidance in adolescence implying that this social trait
did not protect against disruption of DA development. We also wanted to compare how
normative control levels of mMPFC eYFP+ fibers differed in males and females and found
less rerouted fibers to the mPFC in control males versus females (Figure 5E, Holm—
Bonferroni post hoc tests: control male vs control female, p < 0.0001). VTA stereology

will be needed to quantify infected DA cells to ensure equal transfection across groups.
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FIGURE 5. Dopamine axon mistargeting to the mPFC in males and females as a result of AcSD in early
adolescence. A, Experimental timeline of dopamine axon mistargeting experiment after adolescent AcSD.
B, Social interaction ratio for male mice during SIT. C, Social interaction ratio for female mice during SIT.
D, Top Panel: 5X representative micrograph of control TH+ fibers in the mPFC Bottom Panel: 40X
representative micrograph of control eYFP+ fiber which grew to the mPFC with a 100X zoom in on a
representative co-labeled TH+/eYFP+ labeled varicosity. E, Stereological quantification revealed that
compared to control counterparts, resilient but not susceptible males exposed to adolescent AcSD showed
increased number of eYFP+ fibers. Opposingly, when compared to control counterparts, resilient and
susceptible females showed a drastic reduction in the number of eYFP+ fibers innervating the mPFC
following AcSD in early adolescence. F, 40X representative micrographs of TH+/eYFP+ fibers that grew to
the mPFC. Data are shown as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001. 38



Aim_3: To measure levels of stress and gonadal hormone before and after
adolescent AcSD exposure in male and female mice.

Follicular hair analysis of corticosterone, testosterone and progesterone levels
were quantified in males and females during three developmental periods (Figure 6A). In
female mice, the developmental trajectory of follicular hair corticosterone levels increased
from early adolescence to adulthood (Figure 6B, two-way repeated measures ANOVA,
main effect of time, F(1.6s,38.74)= 198.6, p < 0.0001). Amongst female mice that underwent
AcSD or either control condition, there were no difference in corticosterone levels at any
given time (Figure 6B, two-way repeated measures ANOVA, main effect of condition, F,
23)= 2,44 p = 1.09, time x condition interaction Fa4, 46)= 1.11, p = 0.36). However, there
was a negative and significant correlation in the AcSD group between the time in the
interaction zone (with the target during the SIT) and corticosterone post stress (PND 42)
(Figure 6C, correlation Pearson’s rg = -0.80, p=0.01, R2=0.007). Notably, the correlation
was absent in control mice (Figure 6D, correlation Pearson’s rg = 0.695, p= 0.06, R? =
0.48) and importantly, the number of attacks received did not corelate with corticosterone
levels (Figure 6E, correlation Pearson’s ryg = -0.16, p= 0.67, R? = 0.03).

Developmentally, corticosterone in males also showed increases from early
adolescence to adulthood in all three groups (Figure 6F, two-way repeated measures
ANOVA, main effect of time, F, 45)= 90.63, p < 0.0001). Unlike females however, male
mice that underwent AcSD showed significantly higher levels of corticosterone post stress
(PND 42) when compared to their AcSD control group and the group house controls
(Figure 6F, two-way repeated measures ANOVA, time x condition interaction, Fy4, 45) =
4.73, p < 0.003, Holm-Sidak post hoc tests: AcSD vs AcSD control, p = 0.02; AcSD vs
group-house control, p = 0.0017; AcSD control vs group-house control, p = 0.48). Male
mice that underwent AcSD also differed from females whereby they exhibited no
significant correlation between corticosterone post stress (PND 42) and time in the
interaction zone (Figure 6G, correlation Pearson’s rig = 0.04, p= 0.9, R? = 0.002).
Additionally, in controls, there existed no correlation between corticosterone levels and
time spent in the interaction zone with the social target (Figure 6H, correlation Pearson’s
riz) = 0.05, p=0.92, R? = 0.002) nor was there a correlation between corticosterone levels
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and number of attacks received by the AcSD group (Figure 6l, correlation Pearson’s r)
=-0.16, p= 0.67, R? = 0.03).

Overall, when comparing male and female mice, striking differences arise. Firstly,
during normative development, both males and females showed increased corticosterone
levels from adolescence to adulthood, with female controls displaying much higher
corticosterone levels compared to male control counterparts during the mid-
adolescent/pubertal age of PND42 (Figure 6J, two-way repeated measures ANOVA, time
x sex interaction F2,62)= 18.13, p < 0.0001, post hoc test: PND42 male control vs PND42
female control, p = 0.0001). As previously mentioned, at PND 42, females display no
changes in corticosterone after undergoing AcSD whereas a trend of elevated
corticosterone in males was seen (Figure 6J, two-way repeated measures ANOVA, time
x condition interaction F, 19)= 8.27, p = 0.003 post hoc test: PND42 female control vs
PND42 female AcSD, p =0.997;, PND42 male control vs PND42 male AcSD, p =0.068).
Later in adulthood (PND 75), corticosterone levels were similar between control and
AcSD mice in both males (Figure 6J, two-way repeated measures ANOVA, time x
condition interaction F2, 19)=8.27, p = 0.003 post hoc test: PND75 male control vs PND75
male AcSD, p =0.67) and females (Figure 6J, two-way repeated measures ANOVA, time
x condition interaction F, 19)= 8.27, p = 0.003 post hoc test: PND75 female control vs
PND75 female AcSD, p =0.9998).

Additionally, when studying gonadal hormones across development, we found
increased male testosterone levels (Figure 6K, two-way repeated measures ANOVA,
main effect of time F1.22, 428)= 276, p < 0.0001) and female progesterone levels (Figure
6L, two-way repeated measures ANOVA, main effect of time F(1.76,30.7)= 163, p < 0.0001)
across development. However, when comparing mice having undergone adolescent
AcSD or control conditions, there was no significant difference in male testosterone
(Figure 6K, two-way repeated measures ANOVA, time x condition interaction Fp, 70) =
0.66, p = 0.52, main effect of condition F1,70)= 0.65, p = 0.42) nor in female progesterone
levels (Figure 6L, two-way repeated measures ANOVA, time x condition interaction F,
45=0.33, p = 0.72, main effect of condition F1,24)= 0.47, p = 0.50) amongst these groups.
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FIGURE 6. Follicular hair hormone analysis in adolescent mice exposed to AcSD or control conditions.
A, Experimental timeline of adolescent AcSD and hair collection. B, Female levels of corticosterone
increased from adolescence to adulthood with no differences in corticosterone levels at each timepoint
between female mice having undergone AcSD, AcSD control or group house control. C, Female
corticosterone levels post stress (PND 42) correlated negatively with social interaction in the AcSD group.
D, Female corticosterone levels post stress (PND 42) did not correlate with social interaction in the AcSD
control group. E, In females, the number of attacks received by the AcSD group did not correlate with
corticosterone levels. F, Male levels of corticosterone increased from adolescence to adulthood. After
undergoing AcSD stress in adolescence, male mice displayed significantly higher levels of corticosterone
post stress (PND 42) when compared to the AcSD control and group house control mice. G, Male
corticosterone levels post stress (PND 42) correlated negatively with social interaction in the AcSD group.
H, Male corticosterone levels post stress (PND 42) did not correlate with social interaction in the AcSD
control group. I, In males, the number of attacks received by the AcSD group did not correlate with
corticosterone levels. J, Male and female mice showed normative corticosterone differences and only
AcSD male mice show elevated corticosterone post stress (PND 42). K, Male mice showed increased
testosterone levels throughout development but no differences amongst control or AcSD groups. L,
Female mice showed increased progesterone levels throughout development but no differences amongst
control or AcSD groups. All data are shown as mean + SEM.
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Discussion

Paradigms of adolescent social defeat stress have long served as valuable models
to reproduce certain physical and psychological aspects experienced by victims of
bullying and domestic violence (Bourke & Neigh, 2011; Burke et al., 2016; Harris et al.,
2018; Hoeve et al., 2013; Huang et al., 2013; Iiiguez et al., 2014; Montagud-Romero et
al., 2015). Constructing such models in female adolescent mice has proven challenging
for numerous research teams, as dominance hierarchies in rodents primarily entail male-
male aggressive behaviour. Here, for the first time, we were able to assess the immediate
and future consequences of social defeat stress during early adolescence in female
C57BL/6 mice using the modified AcSD paradigm (Pantoja-Urban et al., 2022; Vassilev
et al., 2021). We found that social defeat stress in adolescence induced robust targeting
errors by DA axons with completely opposite effects in males versus females. Resilient
male mice that underwent AcSD in adolescence showed a greater number of eYFP+
axons in the adult mPFC when compared to control and susceptible mice. Contrastingly,
all female mice that underwent AcSD showed a decrease in eYFP+ axons growing to the
mPFC when compared to their control counterparts. Lastly, our findings highlight the
presence of sex differences in endocrine response to AcSD as corticosterone levels are
influenced differently in males and females: AcSD males exhibited both short and long-
term elevations in corticosterone when compared to controls whereas in females, these
levels were significantly associated with social avoidance behaviour. These findings
revealed for the first time that an adverse social experience in adolescence could
significantly disrupt ongoing long-distance dopamine axon pathfinding in adolescence,
with opposite changes in males versus females. Our results suggest that sex-specific
alterations in brain development and in corticosterone levels following AcSD may be at
play. Overall, this work allows us to better understand the mechanistic underpinnings
that might be at play in the sexually dimorphic development of the dopaminergic system
in adolescence and how it is influenced by adverse experiences that are common during

this age.
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The early adolescent AcSD model leads to a large majority of “resilient”’ females
that do not display social avoidance

When exposed to the AcSD stress paradigm during early adolescence, both males
and females received consistent attacks from the CD-1 aggressor mouse across all 8
sessions, yet, they showed very different social avoidance behaviour as a result of this
experience. Unlike in male cohorts that typically displayed around 50% susceptibility to
AcSD-induced social avoidance, very few females (~15%) consistently and repeatedly
exhibited resilience to social deficits as measured by the SIT. While the origin of this
disparity remains unknown, sexually dimorphic trajectories of adolescent social behaviour
may help explain how males and females distinctively adapt to such an experience during
this vulnerable period (Burke et al., 2011; Panksepp et al., 2007). During adolescent
development, rodents exhibit heightened social behaviour more than at any other age
(Burke et al., 2017; Kopec et al.,, 2018). Rodent males and females have shown
divergence in the timing of when behaviours such as social play or social exploration
occur (Kopec et al., 2018). Perhaps protective mechanisms are in place aimed at
preserving social behaviour relevant to males or females at this critical developmental
stage and could be important to understand brain maturation and vulnerability.
Interestingly, when observing proportions in adulthood social defeat models, numerous
studies have reported that both male (Krishnan et al., 2007; Vassilev et al., 2021) and
female rodents (Greenberg et al., 2015; Harris et al., 2018; Hoeve et al., 2013; Steinman
& Trainor, 2017; Trainor et al., 2011) display markedly greater proportions of susceptibility
when compared to those seen in our adolescent AcSD model emphasizing the critical
importance of studying age and sex. Numerous social defeat studies have emphasized
resiliency and susceptibility based on only the SIT outcomes however in this study we
emphasize the need for prudence when using such terms as we have learnt that
susceptibility is age, sex, and domain-specific depending on which behavioural outcome

is being measured.

To confidently assess the robustness of this model, we report that there was no
discernible difference in the number of received attacks between resilient and susceptible
mice. Additionally, we show that the susceptible phenotype is truly due to social
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interaction since an anesthetized CD-1 does not induce susceptibility. While females
experience slightly fewer attacks than males due to the nature of aggressive behaviour
between males, we show that proportions are not a result of the number of attacks. We
do so by exposing male mice to a “female” attack pattern and showing similar proportions
of susceptibility. When ranking mice based on the cumulative number of attacks they
received and performing a medium split, we show that the proportions of susceptibility
are the same in the mice subjected to a higher cumulative number of attacks when
contrasted to those subjected to a lower cumulative number of attacks. As was shown in
our study, other groups studying adult chronic social defeat models in females report
variable amounts of aggression by the attacker yet still show the stress induced
physiological increases in corticosterone as well as behavioural manifestations of a stress
response (Harris et al., 2018). The fact that an aggressive CD-1 mouse attacks a female
rodent differently than its male counterpart should not be a reason to halt the development
and use of social defeat models to advance our knowledge on female specific impacts of
stress and our understanding of psychiatric vulnerability in females.

AcSD in adolescence significantly disrupts ongoing dopamine axon growth to the
PFC with opposite effects in males and females

It has long been known that the cortical and striatal dopaminergic pathways exhibit
markedly different temporal trajectories during development. In rodents, the mesolimbic
system attains matured axonal growth in the NAcc by prepubertal adolescence
(Antonopoulos et al., 1997; Manitt et al., 2011; Voorn et al., 1988) whereas mesocortical
DA axon projections to the PFC experience a gradual increase up until early adulthood
(Benes et al., 1996, 2000; Hoops & Flores, 2017; Kalsbeek et al., 1988; Leslie et al.,
1991; Manitt et al., 2011; Naneix et al., 2012; Willing et al., 2017). Previous work has
shown that altering guidance cue levels, specifically reducing levels of DCC receptors in
DA axons that have reached the NAcc during adolescence, causes them to reroute
towards the mPFC and to recognize this region as their final target (Manitt et al., 2013;
Reynolds, Pokinko, et al., 2018). Furthermore, this misrouting event leads to aberrant DA
metabolisms and release in this region (Grant et al., 2007; Hernandez et al., 2022) and
to impaired impulse control in adulthood (Reynolds et al., 2018).
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The NAcc is an important intermediate target for axons to pass through along their
way to the cortex. Indeed, this region undergoes substantial dynamic changes in activity
and connectivity during adolescence rendering it highly vulnerable to external
experiences (Antonopoulos et al., 1997; Manitt et al., 2011; Mastwal et al., 2014;
McCutcheon et al., 2012; Naneix et al., 2012). Amphetamine administration in adolescent
male, but not female mice has been shown to induce significant alterations in the ongoing
growth of DA axons to the mPFC when compared to saline-treated counterparts
(Reynolds et al.,, 2023). Here, for the first time, we assess how a social adverse
experience in adolescence can induce axonal targeting errors in DA axons in both males
and females. In male mice we observed an increase of eYFP+ fibers in the mPFC of
resilient AcSD exposed mice compared to control and susceptible mice. This notable
discovery suggests that resilience to social stress during early adolescence redirects DA
axons, originally intended to innervate the NAcc, all the way up to the mPFC in males.
Critically, it is important to note that these findings of rerouted axons from the NAcc to the
mPFC occurred in mice that exhibited resilience against social avoidance in adolescence
as measured by the SIT. This displays once again that this social trait does not provide
protection against the disruption of DA development. Understanding the molecular
mechanisms that dictate ectopic axonal growth to the PFC and how susceptible mice

avoid this circuitry change remains an area to be further studied.

To our surprise, resilient and susceptible females undergoing AcSD in early
adolescence showed the exact opposite pattern: they had a decrease in eYFP+ fibers in
the mPFC compared to their control counterparts, indicating reduced mesocortical
dopamine axon growth in adolescence. The fate of the DA axons that were initially
destined to innervate the mPFC remains to be investigated to understand where they go
instead and why they innervate elsewhere. These findings reveal that sexually dimorphic
mechanisms may mediate the effects of adolescent AcSD on the maturation of the
dopamine system and of impulse control (Vassilev et al., 2021; Pantoja-Urban, Richer, et
al., 2023).
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It is also interesting to see that when looking at normative control development,
there was a greater number of eYFP+ fibers in female control mice when compared to
male control mice. This may be explained by several studies suggesting that the dynamic
period of DA activity and connectivity occurs at an earlier chronological age in females
compared to males (Drzewiecki et al., 2016; Mastwal et al., 2014; McCutcheon et al.,
2012; Willing & Juraska, 2015). Another scenario that could possibly account for this
discrepancy amongst male and female controls is that some studies report a higher
proportion of VTA DA neurons projecting to the mPFC in females (>50%) compared to
males (~30%) (Kritzer & Creutz, 2008).

While in males the changes in dopamine axon growth are associated with stress-
induced reductions in DCC receptor levels, in females this guidance cue system is not
altered (Pantoja-Urban, Richer, et al., 2023). We are currently conducting RNAseq
experiments in male and female mice exposed to AcSD or to control conditions to

investigate guidance cue alterations in dopamine regions.

Normative corticosterone levels are sexually dimorphic and are divergently altered
in male and female mice exposed to early adolescent AcSD

Many studies have demonstrated a prominent interaction between gonadal and
HPA hormones which makes it critical to consider corticosterone when looking at the
developmental trajectories of adolescent male and female mice. As reported in other
rodent studies, we have corroborated that female mice have much higher normative
levels of corticosterone in comparison to males both during adolescence (Martinez-Mota
et al., 2011; McCormick et al., 2005) and during adulthood (Weinstock et al., 1998) which
could potentially explain the many sexually dimorphisms outlined throughout this thesis.
Overall, it seems that although females displayed much higher levels of corticosterone
during normative development compared to males, only males displayed corticosterone
elevations in response to AcSD in adolescence. This intriguing finding leads us to
question whether the high basal level of female corticosterone makes it such that no

experiences could further increase such levels via a ceiling effect (Kokras et al., 2019).
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Additionally, we did not find differences in the levels of testosterone in males nor
in female progesterone levels measured in the follicular hair analysis between the AcSD
and control groups. Perhaps repeating this experiment with AcSD during a mid-
adolescent period when the activation effects of sex hormones ramp up, would allow us
to better address the interaction between these two systems. Many studies have found
that testosterone inhibits the HPA axis (Handa et al., 1994), while estrogens have an
opposing stimulatory effect due to the estrogen receptor’s role in blunting the normal
negative feedback regulation of the HPA axis’ corticosterone secretion (Weiser & Handa,
2009). Such changes in the female stress response have even been noted in the estrous
cycle whereby basal corticosterone is much higher at periods of the cycle that report
higher estrogen levels (Carey et al., 1995). While many studies convey that estrogens
can protect adolescent females from anxiety-like behaviours after social stress
(McCormick et al., 2008), many groups show the same trade off we report whereby
estrogens contribute to the impaired PFC functioning during stress (Shansky et al., 2004).
It is clear that the opposing effects sex hormones have on the HPA axis influence the
effects of social stress in a sex-specific manner and may be an important mechanism in
understanding the human sex-differences that exist in onset and prevalence of many
psychiatric disorders.

Future Directions

While these findings have served as great insight into the sex and age dependent
mechanisms responsible in AcSD induced perturbations of the developing dopamine
system, many questions remain to be addressed. We have shown that the phenomenon
of axonal mistargeting occurs in dopamine axons whereby AcSD in adolescence induces
changes to the correct target that DA axons normally grow to. In males, it seems that the
coordinated effects of DCC and Netrin-1 may explain the mechanisms of axonal
mistargeting as well as explain the deficits in inhibitory control however, functional
analyses must be conducted to assess whether these proteins are causally implicated in
this pathway (Vassilev et al., 2021). Additionally, these guidance cues are not at all altered
in females (Pantoja-Urban, Richer, et al., 2023), yet we observe the opposite trend
whereby AcSD induces less axons rerouting to the mPFC. This finding highlights that
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other guidance cues must be responsible in dictating axonal growth including the
potentially critical UNC5C receptor which repels axons from Netrin-1. Moreover, studying
whether postsynaptic changes in dopamine axons (ie: spine density in the MSN) during
adolescence can help further explain mechanisms of rerouting would be very interesting
to understand.

Lastly, reproducing all studies (axonal mistargeting, guidance cue expression
levels and follicular hair hormones) with AcSD at a mid-adolescent time point will be
crucial to observe the effects that puberty and gonadal hormones have on the developing
DA system. The gonadectomising of male and female mice to blunt the antinational
effects of sex-hormones will provide many insights into the interaction between sex and

the response of the HPA axis.
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Conclusion and Expected Contributions

The experiments presented throughout this study have been essential in shaping
our understanding of male and female dopaminergic development and the possible
mechanisms that could be at play in orchestrating its growth to the right targets. The first
objective of this study was to validate the robustness of the AcSD model in assessing the
impacts of social stress in females. To our knowledge, this is the first model used to study
social defeat stress in early adolescent female C57BL/6 mice. Using this model, our
axonal tracking viral strategy showed that males and females differed in the number of
fibers that grew to the mPFC. Moreover, early adolescent AcSD produced sexually
dimorphic outcomes whereby resilient males showed more axons in the mPFC because
of adolescent social stress whereas AcSD females showed less fibers reaching the
cortex. Lastly, we started to explore the potential effects of stress and gonadal hormones
and how they may be important players in the stress response. We found that as a result
of AcSD, corticosterone levels differed in a sex-dependent manner with males displaying
elevated corticosterone immediately after AcSD as well as in adulthood when compared
to controls. Interestingly, this is not seen in females however, levels correlated

significantly with social avoidance behavior.

Adolescence is a highly vulnerable period for developing mental health trajectories.
Psychiatric susceptibility to experiences such as stress is heightened during this
developmental window and social stress during adolescence increases vulnerability to
psychopathology. Studies pertaining to this age group can help us discover the
mechanisms of early life vulnerability and can help shape early intervention treatment for
patients suffering from psychiatric iliness. This is the first demonstration that exposure to
physical/psychosocial harm in adolescence can deviate DA axons from their intended
target, inducing their input into off-target regions, and likely altering adult cognitive
processing. Most importantly, this project studies the many sex differences that arise as
a result of social defeat stress in rodents and uncovers potential cellular underpinnings
critical to help prevent, protect and treat both male and female youth form the harmful
effects of peer victimization at this vulnerable age.

49



References

Adriani, W., & Laviola, G. (2004). Windows of vulnerability to psychopathology and
therapeutic strategy in the adolescent rodent model. Behavioural Pharmacology,
15(5), 341-352. https://doi.org/10.1097/00008877-200409000-00005

Antonopoulos, J., Dinopoulos, A., Dori, I., & Parnavelas, J. G. (1997). Distribution and
synaptology of dopaminergic fibers in the mature and developing lateral septum of
the rat. Developmental Brain Research, 102(1), 135-141.
https://doi.org/10.1016/s0165-3806(97)00088-6

Bale, T. L., & Epperson, C. N. (2015). Sex differences and stress across the lifespan.
Nature Neuroscience, 18(10), 1413—1420. https://doi.org/10.1038/nn.4112

Bechara, A., & Martin, E. M. (2004). Impaired Decision Making Related to Working
Memory Deficits in Individuals With Substance Addictions. Neuropsychology, 18(1),
152-162. https://doi.org/10.1037/0894-4105.18.1.152

Bechelli, L., Tomasella, E., Cardoso, S. L., Belmonte, M., & Gelman, D. M. (2023).
Selective dopamine D2 receptor deletion from Nkx6.2 expressing cells causes
impaired cognitive, motivation and anxiety phenotypes in mice. Scientific Reports,
13(1), 19473. https://doi.org/10.1038/s41598-023-46954-8

Beesdo, K., Knappe, S., & Pine, D. S. (2009). Anxiety and Anxiety Disorders in Children
and Adolescents: Developmental Issues and Implications for DSM-V. Psychiatric
Clinics of North America, 32(3), 483—-524. https://doi.org/10.1016/].psc.2009.06.002

Beier, K. T., Steinberg, E. E., DeLoach, K. E., Xie, S., Miyamichi, K., Schwarz, L., Gao,
X. J., Kremer, E. J., Malenka, R. C., & Luo, L. (2015). Circuit Architecture of VTA
Dopamine Neurons Revealed by Systematic Input-Output Mapping. Cell, 162(3),
622—-634. https://doi.org/10.1016/j.cell.2015.07.015

Benes, F. M., Taylor, J. B., & Cunningham, M. C. (2000). Convergence and Plasticity of
Monoaminergic Systems in the Medial Prefrontal Cortex during the Postnatal Period:
Implications for the Development of Psychopathology. Cerebral Cortex, 10(10),
1014-1027. https://doi.org/10.1093/cercor/10.10.1014

Benes, F. M., Vincent, S. L., Molloy, R., & Khan, Y. (1996). Increased interaction of
dopamine-immunoreactive varicosities with GABA neurons of rat medial prefrontal
cortex occurs during the postweanling period. Synapse, 23(4), 237-245.
https://doi.ora/10.1002/(sici)1098-2396(199608)23:4<;237::aid-syn1>3.0.co;2-8

Bourke, C. H., & Neigh, G. N. (2011). Behavioral effects of chronic adolescent stress
are sustained and sexually dimorphic. Hormones and Behavior, 60(1), 112—-120.
https://doi.org/10.1016/j.yhbeh.2011.03.011

50


https://doi.org/10.1097/00008877-200409000-00005
https://doi.org/10.1016/s0165-3806(97)00088-6
https://doi.org/10.1038/nn.4112
https://doi.org/10.1037/0894-4105.18.1.152
https://doi.org/10.1038/s41598-023-46954-8
https://doi.org/10.1016/j.psc.2009.06.002
https://doi.org/10.1016/j.cell.2015.07.015
https://doi.org/10.1093/cercor/10.10.1014
https://doi.org/10.1002/(sici)1098-2396(199608)23:4%3c
https://doi.org/10.1016/j.yhbeh.2011.03.011

Bowes, L., Joinson, C., Wolke, D., & Lewis, G. (2015). Peer victimisation during
adolescence and its impact on depression in early adulthood: prospective cohort
study in the United Kingdom. The BMJ, 350(jun02 2), h2469.
https://doi.org/10.1136/bmj.h2469

Boyd, A., Velde, S. V. de, Vilagut, G., Graaf, R. de, O'Neill, S., Florescu, S., Alonso, J.,
Kovess-Masfety, V., & Investigators, for the E.-W. (2015). Gender differences in
mental disorders and suicidality in Europe: Results from a large cross-sectional
population-based study. Journal of Affective Disorders, 173, 245-254.
https://doi.org/10.1016/j.jad.2014.11.002

Burke, A. R., DeBold, J. F., & Miczek, K. A. (2016). CRF type 1 receptor antagonism in
ventral tegmental area of adolescent rats during social defeat: prevention of
escalated cocaine self-administration in adulthood and behavioral adaptations during
adolescence. Psychopharmacology, 233(14), 2727-2736.
https://doi.org/10.1007/s00213-016-4336-4

Burke, A. R., McCormick, C. M., Pellis, S. M., & Lukkes, J. L. (2017). Impact of
adolescent social experiences on behavior and neural circuits implicated in mental
illnesses. Neuroscience & Biobehavioral Reviews, 76(Pt B), 280-300.
https://doi.org/10.1016/j.neubiorev.2017.01.018

Burke, A. R., Watt, M. J., & Forster, G. L. (2011). Adolescent social defeat increases
adult amphetamine conditioned place preference and alters D2 dopamine receptor
expression. Neuroscience, 197, 269-279.
https://doi.org/10.1016/j.neuroscience.2011.09.008

Carey, M. P., Deterd, C. H., Koning, J. de, Helmerhorst, F., & Kloet, E. R. de. (1995).
The influence of ovarian steroids on hypothalamic-pituitary-adrenal regulation in the
female rat. The Journal of Endocrinology, 144(2), 311-321.
https://doi.org/10.1677/joe.0.1440311

Clark, D. B., Lsenick, L., & Hegedus, A. M. (1997). Traumas and Other Adverse Life
Events in Adolescents With Alcohol Abuse and Dependence. Journal of the
American Academy of Child & Adolescent Psychiatry, 36(12), 1744—-1751.
https://doi.org/10.1097/00004583-199712000-00023

Collier, K. L., Beusekom, G. van, Bos, H. M. W., & Sandfort, T. G. M. (2013). Sexual
Orientation and Gender Identity/Expression Related Peer Victimization in
Adolescence: A Systematic Review of Associated Psychosocial and Health
Outcomes. The Journal of Sex Research, 50(3—4), 299-317.
https://doi.org/10.1080/00224499.2012.750639

Cowan, R. L., Sesack, S. R., Bockstaele, E. J. V., Branchereau, P., Chan, J., & Pickel,
V. M. (1994). Analysis of synaptic inputs and targets of physiologically characterized

51


https://doi.org/10.1136/bmj.h2469
https://doi.org/10.1016/j.jad.2014.11.002
https://doi.org/10.1007/s00213-016-4336-4
https://doi.org/10.1016/j.neubiorev.2017.01.018
https://doi.org/10.1016/j.neuroscience.2011.09.008
https://doi.org/10.1677/joe.0.1440311
https://doi.org/10.1097/00004583-199712000-00023
https://doi.org/10.1080/00224499.2012.750639

neurons in rat frontal cortex: Combined in vivo intracellular recording and
immunolabeling. Synapse, 17(2), 101-114. https://doi.org/10.1002/syn.890170206

Cuesta, S., Nouel, D., Reynolds, L. M., Morgunova, A., Torres-Berrio, A., White, A.,
Hernandez, G., Cooper, H. M., & Flores, C. (2020). Dopamine Axon Targeting in the
Nucleus Accumbens in Adolescence Requires Netrin-1. Frontiers in Cell and
Developmental Biology, 8, 487. https://doi.org/10.3389/fcell.2020.00487

Cuesta, S., Restrepo-Lozano, J. M., Silvestrin, S., Nouel, D., Torres-Berrio, A.,
Reynolds, L. M., Arvanitogiannis, A., & Flores, C. (2018). Non-Contingent Exposure
to Amphetamine in Adolescence Recruits miR-218 to Regulate Dcc Expression in the
VTA. Neuropsychopharmacology, 43(4), 900-911.
https://doi.org/10.1038/npp.2017.284

Dalsgaard, S., Thorsteinsson, E., Trabjerg, B. B., Schullehner, J., Plana-Ripoll, O.,
Brikell, 1., Wimberley, T., Thygesen, M., Madsen, K. B., Timmerman, A., Schendel,
D., McGrath, J. J., Mortensen, P. B., & Pedersen, C. B. (2020). Incidence Rates and
Cumulative Incidences of the Full Spectrum of Diagnosed Mental Disorders in
Childhood and Adolescence. JAMA Psychiatry, 77(2), 155-164.
https://doi.org/10.1001/jamapsychiatry.2019.3523

Drzewiecki, C. M., Willing, J., & Juraska, J. M. (2016). Synaptic number changes in the
medial prefrontal cortex across adolescence in male and female rats: A role for
pubertal onset. Synapse, 70(9), 361-368. https://doi.org/10.1002/syn.21909

Eden, C. G. V., Hoorneman, E. M. D., Buijs, R. M., Matthijssen, M. A. H., Geffard, M., &
Uylings, H. B. M. (1987). Immunocytochemical localization of dopamine in the
prefrontal cortex of the rat at the light and electron microscopical level. Neuroscience,
22(3), 849-862. https://doi.org/10.1016/0306-4522(87)92964-2

Erickson, R. L., Browne, C. A., & Lucki, I. (2017). Hair corticosterone measurement in
mouse models of type 1 and type 2 diabetes mellitus. Physiology & Behavior, 178,
166—171. https://doi.org/10.1016/j.physbeh.2017.01.018

Fallon, J. (1981). Collateralization of monoamine neurons: mesotelencephalic dopamine
projections to caudate, septum, and frontal cortex. The Journal of Neuroscience,
1(12), 1361-1368. https://doi.org/10.1523/jneurosci.01-12-01361.1981

Fallon, J. H., & Loughlin, S. E. (1982). Monoamine innervation of the forebrain:
Collateralization. Brain Research Bulletin, 9(1-6), 295-307.
https://doi.org/10.1016/0361-9230(82)90143-5

Finci, L. I., Krager, N., Sun, X., Zhang, J., Chegkazi, M., Wu, Y., Schenk, G., Mertens,
H.D. T., Svergun, D. |, Zhang, Y., Wang, J., & Meijers, R. (2014). The Crystal
Structure of Netrin-1 in Complex with DCC Reveals the Bifunctionality of Netrin-1 As

52


https://doi.org/10.1002/syn.890170206
https://doi.org/10.3389/fcell.2020.00487
https://doi.org/10.1038/npp.2017.284
https://doi.org/10.1001/jamapsychiatry.2019.3523
https://doi.org/10.1002/syn.21909
https://doi.org/10.1016/0306-4522(87)92964-2
https://doi.org/10.1016/j.physbeh.2017.01.018
https://doi.org/10.1523/jneurosci.01-12-01361.1981
https://doi.org/10.1016/0361-9230(82)90143-5

a Guidance Cue. Neuron, 83(4), 839-849.
https://doi.org/10.1016/j.neuron.2014.07.010

Finci, L., Zhang, Y., Meijers, R., & Wang, J.-H. (2015). Signaling mechanism of the
netrin-1 receptor DCC in axon guidance. Progress in Biophysics and Molecular
Biology, 118(3), 153—160. https://doi.org/10.1016/j.pbiomolbio.2015.04.001

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C.,
Nugent, T. F., Herman, D. H., Clasen, L. S., Toga, A. W., Rapoport, J. L., &
Thompson, P. M. (2004). Dynamic mapping of human cortical development during
childhood through early adulthood. Proceedings of the National Academy of
Sciences, 101(21), 8174-8179. https://doi.org/10.1073/pnas.0402680101

Golden, S. A., Covington, H. E., Berton, O., & Russo, S. J. (2011). A standardized
protocol for repeated social defeat stress in mice. Nature Protocols, 6(8), 1183—-1191.
https://doi.org/10.1038/nprot.2011.361

Grant, V. V., Stewart, S. H., O'Connor, R. M., Blackwell, E., & Conrod, P. J. (2007).
Psychometric evaluation of the five-factor Modified Drinking Motives Questionnaire
— Revised in undergraduates. Addictive Behaviors, 32(11), 2611-2632.
https://doi.org/10.1016/j.addbeh.2007.07.004

Greenberg, G. D., Steinman, M. Q., Doig, I. E., Hao, R., & Trainor, B. C. (2015). Effects
of social defeat on dopamine neurons in the ventral tegmental area in male and
female California mice. European Journal of Neuroscience, 42(12), 3081-3094.
https://doi.org/10.1111/ejn.13099

Handa, R. J., Nunley, K. M., Lorens, S. A., Louie, J. P., McGivern, R. F., & Bollnow, M.
R. (1994). Androgen regulation of adrenocorticotropin and corticosterone secretion in
the male rat following novelty and foot shock stressors. Physiology & Behavior, 55(1),
117-124. https://doi.org/10.1016/0031-9384(94)90018-3

Hankin, B. L., Mermelstein, R., & Roesch, L. (2007). Sex Differences in Adolescent
Depression: Stress Exposure and Reactivity Models. Child Development, 78(1), 279—
295. https://doi.org/10.1111/j.1467-8624.2007.00997.x

Harris, A. Z., Atsak, P., Bretton, Z. H., Holt, E. S., Alam, R., Morton, M. P., Abbas, A. |.,
Leonardo, E. D., Bolkan, S. S., Hen, R., & Gordon, J. A. (2018a). A Novel Method for
Chronic Social Defeat Stress in Female Mice. Neuropsychopharmacology, 43(6),
1276-1283. https://doi.org/10.1038/npp.2017.259

Hasegawa, S., Miyake, Y., Yoshimi, A., Mouri, A., Hida, H., Yamada, K., Ozaki, N.,
Nabeshima, T., & Noda, Y. (2018). Dysfunction of Serotonergic and Dopaminergic
Neuronal Systems in the Antidepressant-Resistant Impairment of Social Behaviors
Induced by Social Defeat Stress Exposure as Juveniles. International Journal of
Neuropsychopharmacology, 21(9), 837—-846. https://doi.org/10.1093/ijnp/pyy038

53


https://doi.org/10.1016/j.neuron.2014.07.010
https://doi.org/10.1016/j.pbiomolbio.2015.04.001
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1038/nprot.2011.361
https://doi.org/10.1016/j.addbeh.2007.07.004
https://doi.org/10.1111/ejn.13099
https://doi.org/10.1016/0031-9384(94)90018-3
https://doi.org/10.1111/j.1467-8624.2007.00997.x
https://doi.org/10.1038/npp.2017.259
https://doi.org/10.1093/ijnp/pyy038

Heim, C., Shugart, M., Craighead, W. E., & Nemeroff, C. B. (2010). Neurobiological and
psychiatric consequences of child abuse and neglect. Developmental Psychobiology,
52(7), 671-690. https://doi.org/10.1002/dev.20494

Hernandez, G., Zhao, J., MacGowan, D., Capolicchio, T., Song, A., & Flores, C. (2022).
Sex-Specific Changes in Adult Mesocorticolimbic Dopamine Dynamics Following
Exposure to Therapeutic or Recreational-Like Doses of Amphetamine in
Adolescence. Biological Psychiatry, 91(9), S74-S75.
https://doi.org/10.1016/j.biopsych.2022.02.205

Hicks, B. M., South, S. C., DiRago, A. C., lacono, W. G., & McGue, M. (2009).
Environmental Adversity and Increasing Genetic Risk for Externalizing Disorders.
Archives of General Psychiatry, 66(6), 640—-648.
https://doi.org/10.1001/archgenpsychiatry.2008.554

Hoeve, E. S. V., Kelly, G., Luz, S., Ghanshani, S., & Bhatnagar, S. (2013). Short-term
and long-term effects of repeated social defeat during adolescence or adulthood in
female rats. Neuroscience, 249, 63—-73.
https://doi.org/10.1016/j.neuroscience.2013.01.073

Hollenstein, T., & Lougheed, J. P. (2013). Beyond storm and stress: Typicality,
transactions, timing, and temperament to account for adolescent change. The
American Psychologist, 68(6), 444—454. https://doi.org/10.1037/a0033586

Hoops, D., & Flores, C. (2017). Making Dopamine Connections in Adolescence. Trends
in Neurosciences, 40(12), 709-719. https://doi.org/10.1016/}.tins.2017.09.004

Hoops, D., Reynolds, L. M., Restrepo-Lozano, J.-M., & Flores, C. (2018). Dopamine
Development in the Mouse Orbital Prefrontal Cortex Is Protracted and Sensitive to
Amphetamine in Adolescence. ENeuro, 5(1), ENEURO.0372-17.2017.
https://doi.org/10.1523/eneuro.0372-17.2017

Huang, G.-B., Zhao, T., Muna, S. S., Bagalkot, T. R., Jin, H.-M., Chae, H.-J., & Chung,
Y.-C. (2013). Effects of chronic social defeat stress on behaviour, endoplasmic
reticulum proteins and choline acetyltransferase in adolescent mice. International
Journal of Neuropsychopharmacology, 16(7), 1635-1647.
https://doi.org/10.1017/s1461145713000060

IRiguez, S. D., Aubry, A., Riggs, L. M., Alipio, J. B., Zanca, R. M., Flores-Ramirez, F. J.,
Hernandez, M. A., Nieto, S. J., Musheyev, D., & Serrano, P. A. (2016). Social defeat
stress induces depression-like behavior and alters spine morphology in the
hippocampus of adolescent male C57BL/6 mice. Neurobiology of Stress, 5, 54—64.
https://doi.org/10.1016/j.ynstr.2016.07.001

IRiguez, S. D., Riggs, L. M., Nieto, S. J., Dayrit, G., Zamora, N. N., Shawhan, K. L.,
Cruz, B., & Warren, B. L. (2014). Social defeat stress induces a depression-like

54


https://doi.org/10.1002/dev.20494
https://doi.org/10.1016/j.biopsych.2022.02.205
https://doi.org/10.1001/archgenpsychiatry.2008.554
https://doi.org/10.1016/j.neuroscience.2013.01.073
https://doi.org/10.1037/a0033586
https://doi.org/10.1016/j.tins.2017.09.004
https://doi.org/10.1523/eneuro.0372-17.2017
https://doi.org/10.1017/s1461145713000060
https://doi.org/10.1016/j.ynstr.2016.07.001

phenotype in adolescent male c57BL/6 mice. Stress, 17(3), 247-255.
https://doi.org/10.3109/10253890.2014.910650

Kalsbeek, A., Voorn, P., Buijs, R. M., Pool, C. W., & Uylings, H. B. M. (1988).
Development of the dopaminergic innervation in the prefrontal cortex of the rat.
Journal of Comparative Neurology, 269(1), 58-72.
https://doi.org/10.1002/cne.902690105

Kessler, R. C., ANGERMEYER, M., ANTHONY, J. C., GRAAF, R. D,
DEMYTTENAERE, K., GASQUET, I., GIROLAMO, G. D., GLUZMAN, S., GUREJE,
0., HARO, J. M., KAWAKAMI, N., KARAM, A., LEVINSON, D., MORA, M. E. M.,
BROWNE, M. A. O., POSADA-VILLA, J., STEIN, D. J., TSANG, C. H. A., AGUILAR-
GAXIOLA, S., ... USTUNZ23, T. B. (2007). Lifetime prevalence and age-of-onset
distributions of mental disorders in the World Health Organization’s World Mental
Health Survey Initiative.

Kim, S., Boyle, M. H., & Georgiades, K. (2017). Cyberbullying victimization and its
association with health across the life course: A Canadian population study.
Canadian Journal of Public Health, 108(5—6), e468—e474.
https://doi.org/10.17269/cjph.108.6175

Kim, S., Colwell, S. R., Kata, A., Boyle, M. H., & Georgiades, K. (2018). Cyberbullying
Victimization and Adolescent Mental Health: Evidence of Differential Effects by Sex
and Mental Health Problem Type. Journal of Youth and Adolescence, 47(3), 661—
672. https://doi.org/10.1007/s10964-017-0678-4

Kirschbaum, C., Wust, S., & Hellhammer, D. (1992). Consistent sex differences in
cortisol responses to psychological stress. Psychosomatic Medicine, 54(6), 648-657.
https://doi.org/10.1097/00006842-199211000-00004

Kokras, N., Hodes, G. E., Bangasser, D. A., & Dalla, C. (2019). Sex differences in the
hypothalamic—pituitary—adrenal axis: An obstacle to antidepressant drug
development? British Journal of Pharmacology, 176(21), 4090—4106.
https://doi.org/10.1111/bph.14710

Kopec, A. M., Smith, C. J., Ayre, N. R., Sweat, S. C., & Bilbo, S. D. (2018). Microglial
dopamine receptor elimination defines sex-specific nucleus accumbens development
and social behavior in adolescent rats. Nature Communications, 9(1), 3769.
https://doi.org/10.1038/s41467-018-06118-z

Krishnan, V., Han, M.-H., Graham, D. L., Berton, O., Renthal, W., Russo, S. J., LaPlant,
Q., Graham, A., Lutter, M., Lagace, D. C., Ghose, S., Reister, R., Tannous, P.,
Green, T. A,, Neve, R. L., Chakravarty, S., Kumar, A., Eisch, A. J., Self, D. W., ...
Nestler, E. J. (2007). Molecular Adaptations Underlying Susceptibility and Resistance
to Social Defeat in Brain Reward Regions. Cell, 131(2), 391-404.
https://doi.org/10.1016/j.cell.2007.09.018

55


https://doi.org/10.3109/10253890.2014.910650
https://doi.org/10.1002/cne.902690105
https://doi.org/10.17269/cjph.108.6175
https://doi.org/10.1007/s10964-017-0678-4
https://doi.org/10.1097/00006842-199211000-00004
https://doi.org/10.1111/bph.14710
https://doi.org/10.1038/s41467-018-06118-z
https://doi.org/10.1016/j.cell.2007.09.018

Kritzer, M. F., & Creutz, L. M. (2008). Region and Sex Differences in Constituent
Dopamine Neurons and Immunoreactivity for Intracellular Estrogen and Androgen
Receptors in Mesocortical Projections in Rats. The Journal of Neuroscience, 28(38),
9525-9535. https://doi.org/10.1523/jneurosci.2637-08.2008

Lambert, T. (2024). Fluorescent Protein Lineages at FPbase.
https://www.fpbase.org/protein/eyfp/

Lammel, S., Hetzel, A., Hackel, O., Jones, I., Liss, B., & Roeper, J. (2008). Unique
Properties of Mesoprefrontal Neurons within a Dual Mesocorticolimbic Dopamine
System. Neuron, 57(5), 760-773. https://doi.org/10.1016/j.neuron.2008.01.022

Lanoue, V., & Cooper, H. M. (2019). Branching mechanisms shaping dendrite
architecture. Developmental Biology, 451(1), 16-24.
https://doi.org/10.1016/j.ydbio.2018.12.005

Larsen, B., & Luna, B. (2018). Adolescence as a neurobiological critical period for the
development of higher-order cognition. Neuroscience & Biobehavioral Reviews, 94,
179-195. https://doi.org/10.1016/j.neubiorev.2018.09.005

Lee, F. S., Heimer, H., Giedd, J. N, Lein, E. S., Sestan, N., Weinberger, D. R., &
Casey, B. J. (2014). Adolescent mental health—Opportunity and obligation. Science,
346(6209), 547-549. https://doi.org/10.1126/science.1260497

Lereya, S. T., Copeland, W. E., Zammit, S., & Wolke, D. (2015). Bully/victims: a
longitudinal, population-based cohort study of their mental health. European Child &
Adolescent Psychiatry, 24(12), 1461-1471. https://doi.org/10.1007/s00787-015-
0705-5

Leslie, C. A., Robertson, M. W., Cutler, A. J., & Bennett, J. P. (1991). Postnatal
development of D 1 dopamine receptors in the medial prefrontal cortex, striatum and
nucleus accumbens of normal and neonatal 6-hydroxydopamine treated rats: a
quantitative autoradiographic analysis. Developmental Brain Research, 62(1), 109—
114. https://doi.org/10.1016/0165-3806(91)90195-0

Levitt, P., & Moore, R. Y. (1979). Development of the noradrenergic innervation of
neocortex. Brain Research, 162(2), 243—-259. https://doi.org/10.1016/0006-
8993(79)90287-7

Lidov, H. G. W., Grzanna, R., & Molliver, M. E. (1980). The serotonin innervation of the
cerebral cortex in the rat—an immunohistochemical analysis. Neuroscience, 5(2),
207-227. https://doi.org/10.1016/0306-4522(80)90099-8

Luna, B., Marek, S., Larsen, B., Tervo-Clemmens, B., & Chahal, R. (2015). An
Integrative Model of the Maturation of Cognitive Control. Annual Review of

56


https://doi.org/10.1523/jneurosci.2637-08.2008
https://www.fpbase.org/protein/eyfp/
https://doi.org/10.1016/j.neuron.2008.01.022
https://doi.org/10.1016/j.ydbio.2018.12.005
https://doi.org/10.1016/j.neubiorev.2018.09.005
https://doi.org/10.1126/science.1260497
https://doi.org/10.1007/s00787-015-0705-5
https://doi.org/10.1007/s00787-015-0705-5
https://doi.org/10.1016/0165-3806(91)90195-o
https://doi.org/10.1016/0006-8993(79)90287-7
https://doi.org/10.1016/0006-8993(79)90287-7
https://doi.org/10.1016/0306-4522(80)90099-8

Neuroscience, 38(1), 151-170. https://doi.org/10.1146/annurev-neuro-071714-
034054

Makinodan, M., Rosen, K. M., Ito, S., & Corfas, G. (2012). A Critical Period for Social
Experience—Dependent Oligodendrocyte Maturation and Myelination. Science,
337(6100), 1357-1360. https://doi.org/10.1126/science.1220845

Manitt, C., Eng, C., Pokinko, M., Ryan, R. T., Torres-Berrio, A., Lopez, J. P.,
Yogendran, S. V., Daubaras, M. J. J., Grant, A., Schmidt, E. R. E., Tronche, F.,
Krimpenfort, P., Cooper, H. M., Pasterkamp, R. J., Kolb, B., Turecki, G., Wong, T. P.,
Nestler, E. J., Giros, B., & Flores, C. (2013). dcc orchestrates the development of the
prefrontal cortex during adolescence and is altered in psychiatric patients.
Translational Psychiatry, 3(12), e338-e338. https://doi.org/10.1038/tp.2013.105

Manitt, C., Labelle-Dumais, C., Eng, C., Grant, A., Mimee, A., Stroh, T., & Flores, C.
(2010). Peri-Pubertal Emergence of UNC-5 Homologue Expression by Dopamine
Neurons in Rodents. PLoS ONE, 5(7), e11463.
https://doi.org/10.1371/journal.pone.0011463

Manitt, C., Mimee, A., Eng, C., Pokinko, M., Stroh, T., Cooper, H. M., Kolb, B., & Flores,
C. (2011). The Netrin Receptor DCC Is Required in the Pubertal Organization of
Mesocortical Dopamine Circuitry. Journal of Neuroscience, 31(23), 8381-8394.
https://doi.org/10.1523/ineurosci.0606-11.2011

Martinez-Mota, L., Ulloa, R.-E., Herrera-Pérez, J., Chavira, R., & Fernandez-Guasti, A.
(2011). Sex and age differences in the impact of the forced swimming test on the
levels of steroid hormones. Physiology & Behavior, 104(5), 900-905.
https://doi.org/10.1016/j.physbeh.2011.05.027

Mastwal, S., Ye, Y., Ren, M., Jimenez, D. V., Martinowich, K., Gerfen, C. R., & Wang,
K. H. (2014). Phasic Dopamine Neuron Activity Elicits Unique Mesofrontal Plasticity
in Adolescence. The Journal of Neuroscience, 34(29), 9484—9496.
https://doi.org/10.1523/jneurosci.1114-14.2014

McCormick, C. M., Robarts, D., Kopeikina, K., & Kelsey, J. E. (2005). Long-lasting, sex-
and age-specific effects of social stressors on corticosterone responses to restraint
and on locomotor responses to psychostimulants in rats. Hormones and Behavior,
48(1), 64—74. https://doi.org/10.1016/j.yhbeh.2005.01.008

McCormick, C. M., Smith, C., & Mathews, I. Z. (2008). Effects of chronic social stress in
adolescence on anxiety and neuroendocrine response to mild stress in male and
female rats. Behavioural Brain Research, 187(2), 228-238.
https://doi.org/10.1016/j.bbr.2007.09.005

McCutcheon, J. E., Conrad, K. L., Carr, S. B., Ford, K. A., McGehee, D. S., & Marinelli,
M. (2012). Dopamine neurons in the ventral tegmental area fire faster in adolescent

57


https://doi.org/10.1146/annurev-neuro-071714-034054
https://doi.org/10.1146/annurev-neuro-071714-034054
https://doi.org/10.1126/science.1220845
https://doi.org/10.1038/tp.2013.105
https://doi.org/10.1371/journal.pone.0011463
https://doi.org/10.1523/jneurosci.0606-11.2011
https://doi.org/10.1016/j.physbeh.2011.05.027
https://doi.org/10.1523/jneurosci.1114-14.2014
https://doi.org/10.1016/j.yhbeh.2005.01.008
https://doi.org/10.1016/j.bbr.2007.09.005

rats than in adults. Journal of Neurophysiology, 108(6), 1620-1630.
https://doi.org/10.1152/jn.00077.2012

Montagud-Romero, S., Aguilar, M. A., Maldonado, C., Manzanedo, C., Mifarro, J., &
Rodriguez-Arias, M. (2015). Acute social defeat stress increases the conditioned
rewarding effects of cocaine in adult but not in adolescent mice. Pharmacology
Biochemistry and Behavior, 135, 1-12. https://doi.org/10.1016/j.pbb.2015.05.008

Montagud-Romero, S., Nuiiez, C., Blanco-Gandia, M. C., Martinez-Laorden, E., Aguilar,
M. A., Navarro-Zaragoza, J., Almela, P., Milanés, M.-V., Laorden, M.-L., MiAarro, J.,
& Rodriguez-Arias, M. (2017). Repeated social defeat and the rewarding effects of
cocaine in adult and adolescent mice: dopamine transcription factors, proBDNF
signaling pathways, and the TrkB receptor in the mesolimbic system.
Psychopharmacology, 234(13), 2063—-2075. https://doi.org/10.1007/s00213-017-

4612-y

Mouri, A., Ukai, M., Uchida, M., Hasegawa, S., Taniguchi, M., Ito, T., Hida, H., Yoshimi,
A., Yamada, K., Kunimoto, S., Ozaki, N., Nabeshima, T., & Noda, Y. (2018). Juvenile
social defeat stress exposure persistently impairs social behaviors and neurogenesis.
Neuropharmacology, 133, 23-37. https://doi.org/10.1016/j.neuropharm.2018.01.016

Naneix, F., Marchand, A. R., Scala, G. D., Pape, J.-R., & Coutureau, E. (2012). Parallel
maturation of goal-directed behavior and dopaminergic systems during adolescence.
The Journal of Neuroscience : The Official Journal of the Society for Neuroscience,
32(46), 16223-16232. https://doi.org/10.1523/jneurosci.3080-12.2012

Nieuwenhuys, R., Geeraedts, L. M. G., & Veening, J. G. (1982). The medial forebrain
bundle of the rat. |. General introduction. Journal of Comparative Neurology, 206(1),
49-81. https://doi.org/10.1002/cne.902060106

Notaras, M., & Buuse, M. van den. (2020). Neurobiology of BDNF in fear memory,
sensitivity to stress, and stress-related disorders. Molecular Psychiatry, 25(10),
2251-2274. https://doi.org/10.1038/s41380-019-0639-2

Oram, S., Trevillion, K., Feder, G., & Howard, L. M. (2013). Prevalence of experiences
of domestic violence among psychiatric patients: systematic review. British Journal of
Psychiatry, 202(2), 94-99. https://doi.org/10.1192/bjp.bp.112.109934

Osborne, P. B., Halliday, G. M., Cooper, H. M., & Keast, J. R. (2005). Localization of
immunoreactivity for Deleted in Colorectal Cancer (DCC), the receptor for the
guidance factor netrin-1, in ventral tier dopamine projection pathways in adult
rodents. Neuroscience, 131(3), 671-681.
https://doi.org/10.1016/j.neuroscience.2004.11.043

58


https://doi.org/10.1152/jn.00077.2012
https://doi.org/10.1016/j.pbb.2015.05.008
https://doi.org/10.1007/s00213-017-4612-y
https://doi.org/10.1007/s00213-017-4612-y
https://doi.org/10.1016/j.neuropharm.2018.01.016
https://doi.org/10.1523/jneurosci.3080-12.2012
https://doi.org/10.1002/cne.902060106
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.1192/bjp.bp.112.109934
https://doi.org/10.1016/j.neuroscience.2004.11.043

Padmanabhan, A., & Luna, B. (2014). Developmental imaging genetics: Linking
dopamine function to adolescent behavior. Brain and Cognition, 89, 27-38.
https://doi.org/10.1016/j.bandc.2013.09.011

Panksepp, J. B., Jochman, K. A., Kim, J. U., Koy, J. J., Wilson, E. D., Chen, Q., Wilson,
C. R, & Lahvis, G. P. (2007). Affiliative Behavior, Ultrasonic Communication and
Social Reward Are Influenced by Genetic Variation in Adolescent Mice. PLoS ONE,
2(4), e351. https://doi.org/10.1371/journal.pone.0000351

Pantoja-Urban, A. H., Richer, S., Mittermaier, A., Giroux, M., Nouel, D., Hernandez, G.,
& Flores, C. (2022). Gains and Losses: Resilience to Social Defeat Stress in
Adolescent Female Mice. Biological Psychiatry, 95(1), 37—-47.
https://doi.org/10.1016/j.biopsych.2023.06.014

Paus, T., Keshavan, M., & Giedd, J. N. (2008). Why do many psychiatric disorders
emerge during adolescence? Nature Reviews Neuroscience, 9(12), 947-957.
https://doi.org/10.1038/nrn2513

Pedersen, C. B., Mors, O., Bertelsen, A., Waltoft, B. L., Agerbo, E., McGrath, J. J.,
Mortensen, P. B., & Eaton, W. W. (2014). A Comprehensive Nationwide Study of the
Incidence Rate and Lifetime Risk for Treated Mental Disorders. JAMA Psychiatry,
71(5), 573-581. https://doi.org/10.1001/jamapsychiatry.2014.16

Phillips, R. A., Tuscher, J. J., Black, S. L., Andraka, E., Fitzgerald, N. D., lanov, L., &
Day, J. J. (2022). An atlas of transcriptionally defined cell populations in the rat
ventral tegmental area. Cell Reports, 39(1), 110616.
https://doi.org/10.1016/j.celrep.2022.110616

Rao, U., RYAN, N. D., Dahl, R. R., Birmaher, B., Rao, R., Williamson, D. E., & Perel, J.
M. (1999). Factors Associated With the Development of Substance Use Disorder in
Depressed Adolescents. Journal of the American Academy of Child & Adolescent
Psychiatry, 38(9), 1109-1117. https://doi.org/10.1097/00004583-199909000-00014

Resende, L. S., Amaral, C. E., Soares, R. B. S., Alves, A. S., Alves-dos-Santos, L.,
Britto, L. R. G., & Chiavegatto, S. (2016). Social stress in adolescents induces
depression and brain-region-specific modulation of the transcription factor MAX.
Translational Psychiatry, 6(10), €914. https://doi.org/10.1038/tp.2016.202

Reyes, S., Fu, Y., Double, K. L., Cottam, V., Thompson, L. H., Kirik, D., Paxinos, G.,
Watson, C., Cooper, H. M., & Halliday, G. M. (2013). Trophic factors differentiate
dopamine neurons vulnerable to Parkinson’s disease. Neurobiology of Aging, 34(3),
873-886. https://doi.org/10.1016/j.neurobiolaging.2012.07.019

Reynolds, L. M., & Flores, C. (2019). Guidance cues: linking drug use in adolescence
with psychiatric disorders. Neuropsychopharmacology, 44(1), 225-226.
https://doi.org/10.1038/s41386-018-0221-7

59


https://doi.org/10.1016/j.bandc.2013.09.011
https://doi.org/10.1371/journal.pone.0000351
https://doi.org/10.1016/j.biopsych.2023.06.014
https://doi.org/10.1038/nrn2513
https://doi.org/10.1001/jamapsychiatry.2014.16
https://doi.org/10.1016/j.celrep.2022.110616
https://doi.org/10.1097/00004583-199909000-00014
https://doi.org/10.1038/tp.2016.202
https://doi.org/10.1016/j.neurobiolaging.2012.07.019
https://doi.org/10.1038/s41386-018-0221-7

Reynolds, L. M., & Flores, C. (2021). Mesocorticolimbic Dopamine Pathways Across
Adolescence: Diversity in Development. Frontiers in Neural Circuits, 15, 735625.
https://doi.org/10.3389/fncir.2021.735625

Reynolds, L. M., Hernandez, G., MacGowan, D., Popescu, C., Nouel, D., Cuesta, S.,
Burke, S., Savell, K. E., Zhao, J., Restrepo-Lozano, J. M., Giroux, M., Israel, S.,
Orsini, T., He, S., Wodzinski, M., Avramescu, R. G., Pokinko, M., Epelbaum, J. G.,
Niu, Z., ... Flores, C. (2023). Amphetamine disrupts dopamine axon growth in
adolescence by a sex-specific mechanism in mice. Nature Communications, 14(1),
4035. https://doi.org/10.1038/s41467-023-39665-1

Reynolds, L. M., Makowski, C. S., Yogendran, S. V., Kiessling, S., Cermakian, N., &
Flores, C. (2015). Amphetamine in Adolescence Disrupts the Development of Medial
Prefrontal Cortex Dopamine Connectivity in a dcc-Dependent Manner.
Neuropsychopharmacology, 40(5), 1101-1112. https://doi.org/10.1038/npp.2014.287

Reynolds, L. M., Pokinko, M., Torres-Berrio, A., Cuesta, S., Lambert, L. C., Pellitero, E.
D. C., Wodzinski, M., Manitt, C., Krimpenfort, P., Kolb, B., & Flores, C. (2018). DCC
Receptors Drive Prefrontal Cortex Maturation by Determining Dopamine
Axon Targeting in Adolescence. Biological Psychiatry, 83(2), 181-192.
https://doi.org/10.1016/j.biopsych.2017.06.009

Reynolds, L. M., Yetnikoff, L., Pokinko, M., Wodzinski, M., Epelbaum, J. G., Lambert, L.
C., Cossette, M.-P., Arvanitogiannis, A., & Flores, C. (2018). Early Adolescence is a
Critical Period for the Maturation of Inhibitory Behavior. Cerebral Cortex, 29(9),
3676—-3686. https://doi.org/10.1093/cercor/bhy247

Rijlaarsdam, J., Cecil, C. A. M., Buil, J. M., Lier, P. A. C. van, & Barker, E. D. (2021).
Exposure to Bullying and General Psychopathology: A Prospective, Longitudinal
Study. Research on Child and Adolescent Psychopathology, 49(6), 727—736.
https://doi.org/10.1007/s10802-020-00760-2

Rodriguez-Arias, M., Montagud-Romero, S., Rubio-Araiz, A., Aguilar, M. A., Martin-
Garcia, E., Cabrera, R., Maldonado, R., Porcu, F., Colado, M. |., & MiAarro, J.
(2015). Effects of repeated social defeat on adolescent mice on cocaine-induced
CPP and self-administration in adulthood: integrity of the blood-brain barrier: Social
defeat, cocaine and BBB. Addiction Biology, 22(1), 129-141.
https://doi.org/10.1111/adb.12301

Rosenberg, D. R., & Lewis, D. A. (1995). Postnatal maturation of the dopaminergic
innervation of monkey prefrontal and motor cortices: A tyrosine hydroxylase
immunohistochemical analysis. Journal of Comparative Neurology, 358(3), 383—-400.
https://doi.org/10.1002/cne.903580306

60


https://doi.org/10.3389/fncir.2021.735625
https://doi.org/10.1038/s41467-023-39665-1
https://doi.org/10.1038/npp.2014.287
https://doi.org/10.1016/j.biopsych.2017.06.009
https://doi.org/10.1093/cercor/bhy247
https://doi.org/10.1007/s10802-020-00760-2
https://doi.org/10.1111/adb.12301
https://doi.org/10.1002/cne.903580306

Sawyer, S. M., Azzopardi, P. S., Wickremarathne, D., & Patton, G. C. (2018). The age
of adolescence. The Lancet Child & Adolescent Health, 2(3), 223—-228.
https://doi.org/10.1016/s2352-4642(18)30022-1

Schneider, M. (2013). Adolescence as a vulnerable period to alter rodent behavior. Cell
and Tissue Research, 354(1), 99-106. https://doi.org/10.1007/s00441-013-1581-2

Scorrano, F., Carrasco, J., Pastor-Ciurana, J., Belda, X., Rami-Bastante, A., Bacci, M.
L., & Armario, A. (2015). Validation of the long-term assessment of hypothalamic-
pituitary-adrenal activity in rats using hair corticosterone as a biomarker. The FASEB
Journal, 29(3), 859-867. https://doi.org/10.1096/f].14-254474

Shansky, R. M., Glavis-Bloom, C., Lerman, D., McRae, P., Benson, C., Miller, K.,
Cosand, L., Horvath, T. L., & Arnsten, A. F. T. (2004). Estrogen mediates sex
differences in stress-induced prefrontal cortex dysfunction. Molecular Psychiatry,
9(5), 531-538. https://doi.org/10.1038/sj.mp.4001435

Shimizu, T., Nayar, S. G., Swire, M., Jiang, Y., Grist, M., Kaller, M., Baptista, C. S.,
Bannerman, D. M., Johansen-Berg, H., Ogasawara, K., Tohyama, K., Li, H., &
Richardson, W. D. (2023). Oligodendrocyte dynamics dictate cognitive performance
outcomes of working memory training in mice. Nature Communications, 14(1), 6499.
https://doi.org/10.1038/s41467-023-42293-4

Singh, O., Ogden, S. B., Varshney, S., Shankar, K., Gupta, D., Paul, S., Osborne-
Lawrence, S., Richard, C. P., Metzger, N. P., Lawrence, C., Ledn-Mercado, L., &
Zigman, J. M. (2023). Ghrelin-responsive mediobasal hypothalamic neurons mediate
exercise-associated food intake and exercise endurance. JC/ Insight, 8(24),
e172549. https://doi.org/10.1172/jci.insight.172549

Singh, U., Jiang, J., Saito, K., Toth, B. A, Dickey, J. E., Rodeghiero, S. R., Deng, Y.,
Deng, G., Xue, B., Zhu, Z., Zingman, L. V., Geerling, J. C., & Cui, H. (2022).
Neuroanatomical organization and functional roles of PVN MC4R pathways in
physiological and behavioral regulations. Molecular Metabolism, 55, 101401.
https://doi.org/10.1016/j.molmet.2021.101401

Smetana, J. G. (2015). Self-Regulation in Adolescence. 243—-265.
https://doi.org/10.1017/cbo9781139565790.012

Smyth, N., Bianchin, M., Thorn, L., Hucklebridge, F., Kirschbaum, C., Stalder, T., &
Clow, A. (2016). Hair cortisol concentrations in relation to ill-being and well-being in
healthy young and old females. International Journal of Psychophysiology, 102, 12—
17. https://doi.org/10.1016/j.ijpsycho.2016.03.001

Spear, L. P. (2000). The adolescent brain and age-related behavioral manifestations.
Neuroscience & Biobehavioral Reviews, 24(4), 417—-463.
https://doi.org/10.1016/s0149-7634(00)00014-2

61


https://doi.org/10.1016/s2352-4642(18)30022-1
https://doi.org/10.1007/s00441-013-1581-2
https://doi.org/10.1096/fj.14-254474
https://doi.org/10.1038/sj.mp.4001435
https://doi.org/10.1038/s41467-023-42293-4
https://doi.org/10.1172/jci.insight.172549
https://doi.org/10.1016/j.molmet.2021.101401
https://doi.org/10.1017/cbo9781139565790.012
https://doi.org/10.1016/j.ijpsycho.2016.03.001
https://doi.org/10.1016/s0149-7634(00)00014-2

Stalder, T., Steudte-Schmiedgen, S., Alexander, N., Klucken, T., Vater, A., Wichmann,
S., Kirschbaum, C., & Miller, R. (2017). Stress-related and basic determinants of hair
cortisol in humans: A meta-analysis. Psychoneuroendocrinology, 77, 261-274.
https://doi.org/10.1016/j.psyneuen.2016.12.017

Stapinski, L. A., Bowes, L., Wolke, D., Pearson, R. M., Mahedy, L., Button, K. S., Lewis,
G., & Araya, R. (2014). Peer Victimization During Adolescence and Risk for Anxiety
Disorders in Adulthood: A Prospective Cohort Study. Depression and Anxiety, 31(7),
574-582. https://doi.org/10.1002/da.22270

Steinman, M. Q., & Trainor, B. C. (2017). Sex differences in the effects of social defeat
on brain and behavior in the California mouse: Insights from a monogamous rodent.
Seminars in Cell & Developmental Biology, 61, 92—98.
https://doi.org/10.1016/j.semcdb.2016.06.021

Steudte-Schmiedgen, S., Wichmann, S., Stalder, T., Hilbert, K., Muehlhan, M., Lueken,
U., & Beesdo-Baum, K. (2017). Hair cortisol concentrations and cortisol stress
reactivity in generalized anxiety disorder, major depression and their comorbidity.
Journal of Psychiatric Research, 84, 184—190.
https://doi.org/10.1016/j.jpsychires.2016.09.024

Sun, K. L. W., Correia, J. P., & Kennedy, T. E. (2011). Netrins: versatile extracellular
cues with diverse functions. Development, 138(11), 2153—-2169.
https://doi.org/10.1242/dev.044529

Swanson, L. W. (1982). The projections of the ventral tegmental area and adjacent
regions: A combined fluorescent retrograde tracer and immunofluorescence study in
the rat. Brain Research Bulletin, 9(1-6), 321-353. https://doi.org/10.1016/0361-
9230(82)90145-9

Torres-Berrio, A., Hernandez, G., Nestler, E. J., & Flores, C. (2020). The Netrin-1/DCC
Guidance Cue Pathway as a Molecular Target in Depression: Translational
Evidence. Biological Psychiatry, 88(8), 611-624.
https://doi.org/10.1016/j.biopsych.2020.04.025

Torres-Berrio, A., Lopez, J. P., Bagot, R. C., Nouel, D., Bo, G. D., Cuesta, S., Zhu, L.,
Manitt, C., Eng, C., Cooper, H. M., Storch, K.-F., Turecki, G., Nestler, E. J., & Flores,
C. (2017). DCC Confers Susceptibility to Depression-like Behaviors in Humans and
Mice and Is Regulated by miR-218. Biological Psychiatry, 81(4), 306—315.
https://doi.org/10.1016/j.biopsych.2016.08.017

Trainor, B. C., Pride, M. C., Landeros, R. V., Knoblauch, N. W., Takahashi, E. Y., Silva,
A. L., & Crean, K. K. (2011). Sex Differences in Social Interaction Behavior Following
Social Defeat Stress in the Monogamous California Mouse (Peromyscus
californicus). PLoS ONE, 6(2), e17405. https://doi.org/10.1371/journal.pone.0017405

62


https://doi.org/10.1016/j.psyneuen.2016.12.017
https://doi.org/10.1002/da.22270
https://doi.org/10.1016/j.semcdb.2016.06.021
https://doi.org/10.1016/j.jpsychires.2016.09.024
https://doi.org/10.1242/dev.044529
https://doi.org/10.1016/0361-9230(82)90145-9
https://doi.org/10.1016/0361-9230(82)90145-9
https://doi.org/10.1016/j.biopsych.2020.04.025
https://doi.org/10.1016/j.biopsych.2016.08.017
https://doi.org/10.1371/journal.pone.0017405

Uarquin, D. G., Meyer, J. S., Cardenas, F. P., & Rojas, M. J. (2016). Effect of
Overcrowding on Hair Corticosterone Concentrations in Juvenile Male Wistar Rats.
Journal of the American Association for Laboratory Animal Science : JAALAS, 55(6),
749-755.

Ullmann, E., Barthel, A., Petrowski, K., Stalder, T., Kirschbaum, C., & Bornstein, S. R.
(2016). Pilot study of adrenal steroid hormones in hair as an indicator of chronic
mental and physical stress. Scientific Reports, 6(1), 25842.
https://doi.org/10.1038/srep25842

Vassilev, P., Fonseca, E., Hernandez, G., Pantoja-Urban, A. H., Giroux, M., Nouel, D.,
Leer, E. V., & Flores, C. (2022). Custom-Built Operant Conditioning Setup for
Calcium Imaging and Cognitive Testing in Freely Moving Mice. ENeuro, 9(1),
ENEURO.0430-21.2022. https://doi.org/10.1523/eneuro.0430-21.2022

Vassilev, P., Pantoja-Urban, A. H., Giroux, M., Nouel, D., Hernandez, G., Orsini, T., &
Flores, C. (2021). Unique Effects of Social Defeat Stress in Adolescent Male Mice on
the Netrin-1/DCC Pathway, Prefrontal Cortex Dopamine and Cognition. ENeuro, 8(2),
ENEURO.0045-21.2021. https://doi.org/10.1523/eneuro.0045-21.2021

Vocci, F. J. (2008). Cognitive Remediation in the Treatment of Stimulant Abuse
Disorders: A Research Agenda. Experimental and Clinical Psychopharmacology,
16(6), 484—497. https://doi.org/10.1037/20014101

Voorn, P., Kalsbeek, A., Jorritsma-Byham, B., & Groenewegen, H. J. (1988). The pre-
and postnatal development of the dopaminergic cell groups in the ventral
mesencephalon and the dopaminergic innervation of the striatum of the rat.
Neuroscience, 25(3), 857—-887. https://doi.org/10.1016/0306-4522(88)90041-3

Vosberg, D. E., Leyton, M., & Flores, C. (2020). The Netrin-1/DCC guidance system:
dopamine pathway maturation and psychiatric disorders emerging in adolescence.
Molecular Psychiatry, 25(2), 297-307. https://doi.org/10.1038/s41380-019-0561-7

Vosberg, D. E., Zhang, Y., Menegaux, A., Chalupa, A., Manitt, C., Zehntner, S., Eng, C.,
DeDuck, K., Allard, D., Durand, F., Dagher, A., Benkelfat, C., Srour, M., Joober, R.,
Lepore, F., Rouleau, G., Théoret, H., Bedell, B. J., Flores, C., & Leyton, M. (2018).
Mesocorticolimbic Connectivity and Volumetric Alterations in DCC Mutation Carriers.
The Journal of Neuroscience, 38(20), 4655—-4665.
https://doi.org/10.1523/ineurosci.3251-17.2018

Walther, A., Tsao, C., Pande, R., Kirschbaum, C., Field, E., & Berkman, L. (2019). Do
dehydroepiandrosterone, progesterone, and testosterone influence women'’s
depression and anxiety levels? Evidence from hair-based hormonal measures of
2105 rural Indian women. Psychoneuroendocrinology, 109, 104382.
https://doi.org/10.1016/j.psyneuen.2019.104382

63


https://doi.org/10.1038/srep25842
https://doi.org/10.1523/eneuro.0430-21.2022
https://doi.org/10.1523/eneuro.0045-21.2021
https://doi.org/10.1037/a0014101
https://doi.org/10.1016/0306-4522(88)90041-3
https://doi.org/10.1038/s41380-019-0561-7
https://doi.org/10.1523/jneurosci.3251-17.2018
https://doi.org/10.1016/j.psyneuen.2019.104382

Walther, A., Wehrli, S., Kische, H., Penz, M., Wekenborg, M., Gao, W., Rothe, N.,
Beesdo-Baum, K., & Kirschbaum, C. (2021). Depressive symptoms are not
associated with long-term integrated testosterone concentrations in hair. The World
Journal of Biological Psychiatry, 22(4), 288-300.
https://doi.org/10.1080/15622975.2020.1795253

Wang, L., Cao, C., Wang, W., Xu, H., Zhang, J., Deng, H., & Zhang, X. (2015). Linking
Hair Cortisol Levels to Phenotypic Heterogeneity of Posttraumatic Stress Symptoms
in Highly Traumatized Chinese Women. Biological Psychiatry, 77(4), e21—e22.
https://doi.org/10.1016/j.biopsych.2014.05.026

Weckesser, L. J., Schmidt, K., M6schl, M., Kirschbaum, C., Enge, S., & Miller, R.
(2021). Temporal Stability and Effect Dynamics Between Executive Functions,
Perceived Chronic Stress, and Hair Cortisol Concentrations. Developmental
Psychology, 57(7), 1149-1162. https://doi.org/10.1037/dev0001193

Weinstock, M., Razin, M., Schorer-apelbaum, D., Men, D., & McCarty, R. (1998).
Gender differences in sympathoadrenal activity in rats at rest and in response to
footshock stress. International Journal of Developmental Neuroscience, 16(3—4),
289-295. https://doi.org/10.1016/s0736-5748(98)00021-5

Weiser, M. J., & Handa, R. J. (2009). Estrogen impairs glucocorticoid dependent
negative feedback on the hypothalamic—pituitary—adrenal axis via estrogen receptor
alpha within the hypothalamus. Neuroscience, 159(2), 883—895.
https://doi.org/10.1016/j.neuroscience.2008.12.058

Wheeler, A. L., Lerch, J. P., Chakravarty, M. M., Friedel, M., Sled, J. G., Fletcher, P. J.,
Josselyn, S. A, & Frankland, P. W. (2013). Adolescent Cocaine Exposure Causes
Enduring Macroscale Changes in Mouse Brain Structure. The Journal of
Neuroscience, 33(5), 1797-1803. https://doi.org/10.1523/jneurosci.3830-12.2013

Willing, J., Cortes, L. R., Brodsky, J. M., Kim, T., & Juraska, J. M. (2017). Innervation of
the medial prefrontal cortex by tyrosine hydroxylase immunoreactive fibers during
adolescence in male and female rats. Developmental Psychobiology, 59(5), 583—
589. https://doi.org/10.1002/dev.21525

Willing, J., & Juraska, J. M. (2015). The timing of neuronal loss across adolescence in
the medial prefrontal cortex of male and female rats. Neuroscience, 301, 268-275.
https://doi.org/10.1016/j.neuroscience.2015.05.073

Wills, T. A., & Cleary, S. D. (1996). How Are Social Support Effects Mediated? A Test
With Parental Support and Adolescent Substance Use. Journal of Personality and
Social Psychology, 71(5), 937-952. https://doi.org/10.1037/0022-3514.71.5.937

Wills, T. A., Sandy, J. M., Yaeger, A. M., Cleary, S. D., & Shinar, O. (2001). Coping
Dimensions, Life Stress, and Adolescent Substance Use: A Latent Growth Analysis.

64


https://doi.org/10.1080/15622975.2020.1795253
https://doi.org/10.1016/j.biopsych.2014.05.026
https://doi.org/10.1037/dev0001193
https://doi.org/10.1016/s0736-5748(98)00021-5
https://doi.org/10.1016/j.neuroscience.2008.12.058
https://doi.org/10.1523/jneurosci.3830-12.2013
https://doi.org/10.1002/dev.21525
https://doi.org/10.1016/j.neuroscience.2015.05.073
https://doi.org/10.1037/0022-3514.71.5.937

Journal of Abnormal Psychology, 110(2), 309-323. https://doi.org/10.1037/0021-
843x.110.2.309

Wippert, P.-M., Honold, J., Wang, V., & Kirschbaum, C. (2014). Assessment of Chronic
Stress: Comparison of Hair Biomarkers and Allostatic Load Indices. Journal of
Psychology Research, 4(07). https://doi.org/10.17265/2159-5542/2014.07.001

Woicik, P. A., Urban, C., Alia-Klein, N., Henry, A., Maloney, T., Telang, F., Wang, G.-J.,
Volkow, N. D., & Goldstein, R. Z. (2011). A pattern of perseveration in cocaine
addiction may reveal neurocognitive processes implicit in the Wisconsin Card Sorting
Test. Neuropsychologia, 49(7), 1660—-1669.
https://doi.org/10.1016/j.neuropsychologia.2011.02.037

Wood, S. K., & Bhatnagar, S. (2015). Resilience to the effects of social stress: Evidence
from clinical and preclinical studies on the role of coping strategies. Neurobiology of
Stress, 1, 164—173. https://doi.org/10.1016/j.ynstr.2014.11.002

Xu, H., Wang, J., Zhang, K., Zhao, M., Ellenbroek, B., Shao, F., & Wang, W. (2018).
Effects of adolescent social stress and antidepressant treatment on cognitive
inflexibility and Bdnf epigenetic modifications in the mPFC of adult mice.
Psychoneuroendocrinology, 88, 92—-101.
https://doi.org/10.1016/j.psyneuen.2017.11.013

Zhang, F., Yuan, S., Shao, F., & Wang, W. (2016). Adolescent Social Defeat Induced
Alterations in Social Behavior and Cognitive Flexibility in Adult Mice: Effects of
Developmental Stage and Social Condition. Frontiers in Behavioral Neuroscience,
10, 149. https://doi.org/10.3389/fnbeh.2016.00149

Zhang, H., Yan, G., Xu, H., Fang, Z., Zhang, J., Zhang, J., Wu, R., Kong, J., & Huang,
Q. (2016). The recovery trajectory of adolescent social defeat stress-induced
behavioral, 1H-MRS metabolites and myelin changes in Balb/c mice. Scientific
Reports, 6(1), 27906. https://doi.org/10.1038/srep27906

65


https://doi.org/10.1037/0021-843x.110.2.309
https://doi.org/10.1037/0021-843x.110.2.309
https://doi.org/10.17265/2159-5542/2014.07.001
https://doi.org/10.1016/j.neuropsychologia.2011.02.037
https://doi.org/10.1016/j.ynstr.2014.11.002
https://doi.org/10.1016/j.psyneuen.2017.11.013
https://doi.org/10.3389/fnbeh.2016.00149
https://doi.org/10.1038/srep27906

