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Abstract

Several factors can modulate the link between fetal disruptions and later-life

illnesses. The main objective of this thesis was to determine, in a mouse model, the

impact of prenatal stressor timing and offspring sex on prepubertal metabolic and mental

health outcomes. C57BL/6 dams in the first or second trimester of pregnancy experienced

a restraint stressor or were left undisturbed. Pups were weighed daily until postnatal day
(PND) 21, at which time fat distribution was measured. Anxiety- and depressive-like
behaviors were tested on PND19-20 in open field, elevated plus maze, splash and tail
suspension tests. Second trimester stressed males gained more weight and had increased
fat deposits surrounding the kidneys. Although anxiety- and depressive-like behaviors
were not apparent in prenatally stressed offspring of either sex, females stressed in utero
exhibited a hyperactive phenotype. This work is the first to show sex- and trimester-

specific consequences of early pregnancy stressors in prepubertal offspring.
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1. Introduction

There is significant evidence that insults experienced during sensitive
developmental periods can have lasting effects on an individual’s physical and mental
health (O’Donnell and Meaney, 2016; Padmanabhan et al., 2016). Specifically, fetal
development is a particularly vulnerable time where environmental disturbances,
including stressors, can have considerable negative consequences for the rapidly
developing fetus (Kim et al., 2015). The “fetal programming hypothesis” suggests that
challenges such as malnutrition, stressor exposure, alcohol or drug use, or illness
experienced by a mother while she is pregnant can permanently alter the trajectory of
biological system development in the fetus (Seckl and Holmes, 2007). Changes to the
fetal nervous system, immune system, and hypothalamic-pituitary-adrenal (HPA) axis in
particular, as well as to the newborn microbiota-gut-brain axis, can persist in the
maturing offspring and lead to an increased risk of developing physical and mental
illnesses later in life (Brown et al., 2009; Entringer et al., 2009; Gur et al., 2017, 2019).
For instance, stress experienced during pregnancy has been shown to alter offspring
physical growth and metabolic function throughout postnatal development (Borsonelo et
al., 2011; Cao-Lei et al., 2015), and to predispose offspring to developing obesity,
diabetes or other metabolic disorders over the lifespan (Virk et al., 2010, 2012; Hohwii et
al., 2014). Additionally, gestational stress has been linked to an increased risk of the
offspring developing neuropsychiatric diseases later in life, including depression, anxiety
and schizophrenia (Khashan et al., 2008; Kingsbury et al., 2016; Herbison et al., 2017),
which are often comorbid with metabolic disorders (Dunbar et al., 2008; Carroll et al.,

2009; Huang et al., 2018).



To better understand the diverse consequences of stressors experienced during
fetal development (referred to as prenatal stressors) on offspring metabolic and
neuropsychiatric health and to provide a more comprehensive picture of these outcomes,
more research is needed into important factors such as the timing of fetal stressor
exposure and the sex of the offspring. These elements are vital considerations due to the
sex bias which exists in the prevalence of the aforementioned metabolic and mental
diseases (Wild et al., 2004; Steel et al., 2014; Chooi et al., 2019), and the oscillating
sensitivity of stress-related biological systems that occurs over the course of fetal
development (Semple et al., 2013). Most previous research has focused on studying the
effects of prenatal stressors during the third trimester of pregnancy in male offspring,
creating a knowledge gap regarding the potential outcomes of stressors experienced
during the early phases of fetal development and, importantly, female offspring
responses. Additionally, due to the interplay of sex and stress hormones during
development and especially during puberty, another important aspect to consider is the
age of onset of the metabolic and neuropsychiatric outcomes stemming from prenatal
stressor experiences, which to date remains unclear. This thesis thus aims to provide
insight into these understudied areas of the prenatal stress research field. The main
objective of this thesis is to determine, in a mouse model, whether and how prenatal
stressor timing and offspring sex may interact to cause distinct changes to offspring
health before puberty. Physical growth and distribution of body fat, as well as anxiety-
and depressive-like behavioral outcomes were examined in male and female offspring
born to mothers stressed during early pregnancy. Stressor exposure during the first or

second trimester of gestation were compared to a non-stressed control condition, and



metabolic and behavioral outcomes were studied in offspring at a prepubertal age in order
to investigate whether the stress-related perturbations could manifest in sexually

immature offspring.

1.1 Offspring health outcomes may be modulated by prenatal stressor timing

The development of organs and biological systems in the growing fetus is a
complex and dynamic process such that the vulnerability of these systems to
environmental insults changes over the course of pregnancy (Rice and Barone Jr., 2000;
Semple et al., 2013). Proper functioning of the HPA axis, the nervous system and the
inflammatory immune system are strongly linked to optimal physical and psychiatric
outcomes (Ellman et al., 2008; Monk et al., 2008; Dowlati et al., 2010; Keller et al.,
2017). Stressor exposure during critical maturational periods where any of these
biological pathways are being established can thus significantly alter their developmental
trajectories and subsequently impact offspring metabolic and mental health (Vallée et al.,
1997; Rondo et al., 2003; Ellman et al., 2008; Virk et al., 2012; Grigoryan and Segal,
2013; Wu et al., 2018). Throughout gestation, the maternal HPA axis provides optimal
levels of glucocorticoids to the growing fetus to ensure proper organ development (Harris
and Seckl, 2011). Maternal stress hormones that transverse the placental barrier and enter
fetal circulation bind to glucocorticoid and mineralocorticoid receptors (GRs and MRs),
which act as transcription factors to change the expression of many genes, including
those which control growth, metabolism, and brain maturation (Harris and Seckl, 2011).
Importantly, the expression of GRs and MRs in the fetoplacental unit changes over the
course of pregnancy. Levels of these receptors increase during the third trimester,

potentially in response to elevated amounts of maternal corticosterone reaching the fetus



as required for the glucocorticoid-dependent developmental mechanisms which occur late
in pregnancy (Brown et al., 1996; Diaz et al., 1998; Speirs et al., 2004). The fetal HPA
axis does not begin maturing until the third trimester (third gestational week) of rodent
pregnancy (Dupouy et al., 1975; Pintar and Lugo, 1987; Baram and Lerner, 1991), with
the fetal adrenal gland beginning to produce low amounts of corticosterone on
approximately embryonic day [E] 16 (Wood and Walker, 2015). Thus, any abnormal
stimulation of the maternal or fetal HPA axis during in utero development (e.g., due to
stressor exposure) can have significant consequences for maturing organ systems (Buss et
al., 2012; Graham et al., 2019).

Under baseline conditions, approximately 10-20 percent (%) of maternal
glucocorticoids enter fetal circulation (Murphy et al., 1974; Montano et al., 1991;
Benediktsson et al., 1997) due to the enzyme 11p-hydroxysteroid dehydrogenase type 2
(11B-HSD2) regulating their passage through the placenta (Holmes et al., 2006; Harris
and Seckl, 2011). Importantly, prenatal stressors can downregulate 113-HSD2 in a
trimester- and sex-specific fashion to result in more glucocorticoids reaching the fetal
compartment of the placenta (Mairesse et al., 2007a; Pankevich et al., 2009; Mina et al.,
2015), which may modulate GR and MR expression in utero and into adulthood (Sloboda
et al., 2008; Cuffe et al., 2017). As these receptors have been implicated in the
pathogenesis of stress-related disorders, including depression and anxiety (Pariante and
Miller, 2001; Medina et al., 2013; Arnett et al., 2015), hyperstimulation and/or
modulation of their expression by glucocorticoids may have significant consequences for
the development and function of stress-sensitive brain regions to impact later-life

behavior and mental health. In mice, the placenta becomes fully mature around E10.5



(Woods et al., 2018), and prior to this timepoint 11B-HSD2 may be absent or only present
at very low levels the uterus and/or the embryonic trophoblast (Zhu et al., 2019; Zheng et
al., 2020). Thus, the developing embryo may be particularly vulnerable to the effects of
stressors experienced during the early stages of pregnancy due to incomplete placental
protection from maternal glucocorticoid surges. Additionally, rapid cellular divisions
occur during the first trimester (E0.5-7.5) of mouse pregnancy which culminate in the
establishment of the primordial brain and spinal cord (known as the neural tube) on E7.5
(Chen et al., 2017; DeSesso and Williams, 2018). In utero disruptions during this period
can therefore have dramatic consequences for the organization of the entire central
nervous system. However, very few studies have investigated the in utero
neurodevelopmental, epigenetic, and behavioral consequences of prenatal stressors
administered during the early stages of pregnancy. Considering the increased plasticity of
fetal systems during this period, more research is needed into the physical and

psychological effects of gestational challenges during this sensitive time.

1.2 Offspring sex and age considerations contributing to the effects of prenatal
stressors

Offspring sex is another important factor susceptible to mediating the health
outcomes stemming from gestational challenges, as sex differences exist in the
prevalence of many physical and mental illnesses that have been linked to prenatal
stressors. Regarding metabolic diseases, women are more likely than men to suffer from
obesity (Chooi et al., 2019) while males are more often diagnosed with type 1 and type 2
diabetes (Wild et al., 2004). Interestingly, after age 60 the prevalence of diabetes

becomes higher in women, suggesting a possible role of menopausal hormonal changes



in mediating disease risk and onset (Wild et al., 2004). Females are also twice as likely to
be diagnosed with anxiety and/or depression than males (Kessler et al., 1994; Steel et al.,
2014), raising the question of whether sex hormones may play a role in these mental
illnesses (Soares and Zitek, 2008). Early symptoms of both anxiety or depressive
disorders may emerge in adolescence (Last et al., 1996; Luby et al., 2002; Bittner et al.,
2007). Interestingly, however, whereas the increased prevalence of anxiety disorders in
females seems to be present prior to the onset of puberty (Epkins, 2002; Canino et al.,
2004; Beesdo et al., 2009; Orgilés et al., 2012), the incidence of depression prior to
puberty is either the same between boys and girls (Kashani et al., 1983) or higher in
males (Anderson et al., 1987). Female rates of depression rise following puberty onset,
leading to the higher rates of this illness in adult women compared to men (Cohen et al.,
1993; Angold et al., 1998). Unlike anxiety, for which factors other than sex hormones
appear to underlie higher rates of the disorder in females, this suggests that the
maturation of the female reproductive system and associated hormones (e.g., estrogen
and progesterone) could interact with other risk factors to result in post-pubertal
depressive symptoms that are more pronounced in females (Cyranowski et al., 2000;
Hyde et al., 2008).

It has been reported that males and females may respond differently to gestational
challenges, which may have important consequences for the prevention and/or treatment
of associated physical and mental health issues. For instance, social defeat stress
administered to rats during the third trimester of pregnancy resulted in reduced body
weights, higher fasting triglyceride levels, and altered expression of lipid metabolism

genes in the liver and muscle tissues of adult male offspring, while these measures in



females remained unaltered (Brunton et al., 2013). In humans, male, but not female,
adults whose mothers had experienced severe stressful life events during early pregnancy
had higher rates of depression and anxiety symptoms (Herbison et al., 2017). Importantly,
there is evidence that sex differences in health outcomes elicited by gestational stressors
may manifest prior to puberty, thus preceding the sex hormone surge associated with this
period. For example, maternal stress during the second and third trimester of pregnancy
was associated with reduced adiposity and increased interleukin-6 (a pro-inflammatory
immune signalling molecule) methylation in children aged 4-6 years, and interestingly,
these associations were stronger in girls than in boys (Wu et al., 2018). In rodents, sex
differences in anxiety- and depressive-like behaviors have been reported in prenatally
stressed offspring during juvenility (Rayen et al., 2011; Dang et al., 2018; Iturra-Mena et
al., 2018), however there is a lack of agreement as to whether males or females show
stronger phenotypes. Very few human studies have investigated the physical and mental
health outcomes of prenatal stressors in children, and experiments done in juvenile and
adolescent rodents have failed to report whether puberty status was confirmed. Thus, it
remains unclear whether and how physical changes as well as anxiety and depressive
symptoms associated with gestational stressors are impacted by sexual maturation. The
question of age of onset of these stress-induced metabolic and mental health alterations is
crucial for determining whether there may be critical windows for administering
interventions for prevention. The present study therefore studied the physical growth and
anxiety- and depressive-like behavioral effects of prenatal stress in mouse offspring at the
prepubertal stage, to investigate whether there would be sex differences prior to gonadal

hormone surges.



1.3 Evidence for sex- and trimester-specific metabolic outcomes of prenatal stressors
Findings from both human and animal studies have indicated that male and
female growth trajectories may be differentially affected by stressful exposures in utero,
and that stressors experienced in different trimesters of gestation can produce varied
metabolic outcomes. In humans, stressful encounters during the second or third, but not
first, trimester of pregnancy was associated with low birth weight (Rondo et al., 2003;
Rice et al., 2010) and decreased body fat mass in childhood, with girls showing larger
adiposity reductions than their male counterparts (Wu et al., 2018), suggesting that these
outcomes may be specific to later timings of stressor exposure and that females may be
more vulnerable. In contrast, early pregnancy stressors increased adiposity and body
mass index (BMI) in young children (Dancause et al., 2015), further indicating distinct
offspring growth consequences of different stressor timings. Prenatally stressed teenagers
(Project Ice Storm; Cao-Lei et al., 2015; Liu et al., 2016) and adults (Entringer et al.,
2008; Hohwii et al., 2014) also showed elevated BMI and body fat mass changes, and
young adults who experienced gestational stressors were more likely to be diagnosed
with diabetes, with the second trimester found to be the most vulnerable time for
increasing risk of type 2 (Virk et al., 2012), but not type 1 (Virk et al., 2010), later-life
diabetes development. In addition to metabolic outcomes, young teenagers born to
mothers who were in their third trimester of pregnancy during the Quebec Ice Storm had
an increased incidence of disordered eating (St-Hilaire et al., 2015). This indicates that
gestational stressors not only have long-lasting consequences for offspring growth
trajectory but may also predispose an individual to developing metabolic and/or eating

disorders later in life, in a trimester-specific fashion. Although this research reveals



metabolic and physical growth outcomes in both children and adults exposed to prenatal
stressors, sex and stressor timing influences have only been investigated by a handful of
human studies. As will be described in the following paragraphs, animal research allows
easier manipulation of these variables to provide additional insight on the potential
impact of these factors on prenatally stressed offspring outcomes.

Rodent studies of the metabolic effects of prenatal stressors have produced
variable results, even when the same stressor procedure and/or the same pregnancy
trimester was used. In rats, a physical restraint stressor (45 minute [min], 3 times
[X]/day) administered during the third trimester of pregnancy was reported to reduce
(Vallée et al., 1996; Borsonelo et al., 2011; van den Hove et al., 2014; Zhang et al.,
2017), increase (Pereira-Figueiredo et al., 2014a; Iturra-Mena et al., 2018), or have no
effect (Bowman et al., 2004; Lesage et al., 2004; D’mello and Liu, 2006; Rayen et al.,
2011; Amugongo and Hlusko, 2013; Sun et al., 2013a; Boulle et al., 2016; Oosterhof et
al., 2016) on offspring growth during the first four weeks of life or in adulthood.
Although there were slight differences in the embryonic days during which the stressor
was administered, the strain of rats used and the use of a predictable versus a random
stressor schedule are more likely to have contributed to these differences (Fride and
Weinstock, 1984; Stohr et al., 1998). Such inconsistencies have also been observed when
stressors were applied during the first or second trimester of pregnancy. For example,
dexamethasone injections (a synthetic glucocorticoid) during the second trimester
resulted in heavier male and female rat offspring from postnatal weeks 3 to 8 (Dahlgren
et al., 2001), or had no effect on male rat offspring weights at birth, on postnatal day

(PND) 21, or at 12 weeks of age (Jeje and Raji, 2017). Furthermore, first or second



trimester restraint or variable stressors did not alter the growth of male or female rodent
offspring from birth to 4 months of age (D mello and Liu, 2006; Mueller and Bale, 2006;
Amugongo and Hlusko, 2013), but variable stress during the first trimester resulted in
lighter male and female mouse offspring at the later timepoint of 5-6 months (Pankevich
et al., 2009). The contradictory results of these studies indicate that the influence of
prenatal stressors on long-term developmental trajectories may be dependent on the
strain/species of rodents, the type and/or nature of stressors used, and the timepoint which
outcomes are measured. Finally, sex differences in the physical growth outcomes of
prenatal stressors have been reported (Smith and Waddell, 2000; Mychasiuk et al., 2011;
Brunton et al., 2013; Pereira-Figueiredo et al., 2014b; Dang et al., 2018), but with
inconsistencies regarding whether males or females are more sensitive. Adding to these
discrepancies, many studies only included male offspring (Fonseca et al., 2002; D’mello
and Liu, 2006; Zhang et al., 2017; Castelli et al., 2020) or pooled male and female
weights together (Hauser et al., 2006; Mueller and Bale, 2006), thus precluding any
conclusions regarding sex differences from being made.

In contrast to weight variations, no differences in fasted plasma levels of insulin,
leptin, or triglycerides have been reported in adult offspring that had received
dexamethasone injections, restraint, or variable stressors during the first or second
trimester of pregnancy (Dahlgren et al., 2001; D’mello and Liu, 2006; Pankevich et al.,
2009). Adult female mice exposed to first trimester variable stress showed higher fasted
plasma levels of glucose, but their male counterparts were unaltered (Mueller and Bale,
2006). In line with the view that the timing of prenatal stress may influence offspring

metabolic outcomes, increased caloric intake was exhibited by male and female mice

10



exposed to first trimester variable stress (Pankevich et al., 2009), while second trimester
shock stress did not alter the food or water intake of male offspring (females not
measured) (Golub et al., 2016). Distribution patterns of body fat pads were also changed
in a sex-dependent way in adult rodent offspring exposed to prenatal stressors, with first
trimester variable stress reducing the total body fat of male mice only (Pankevich et al.,
2009), but second trimester dexamethasone increasing fat mass at the retroperitoneal
(male and female) and perigonadal (female only) locations (Dahlgren et al., 2001). In
contrast, restraint, social defeat, and variable stressors experienced during the third
trimester of pregnancy have been shown to consistently alter outcomes such as glucose
tolerance, plasma leptin, and food intake in juvenile and adult animals (Vallée et al.,
1997; Lesage et al., 2004; Brunton et al., 2013; Paternain et al., 2013), suggesting that
late gestational challenges could have stronger metabolic effects than earlier exposure
timings. Offspring exposed to stress during the third trimester also showed an increased
susceptibility to the negative effects of hypercaloric diets including exaggerated food
intake, increased body fat, and more pronounced metabolic changes (Tamashiro et al.,
2009; Paternain et al., 2012, 2013). Furthermore, third trimester prenatal stress may
increase an offspring’s risk of developing eating disorders such as binge eating, with
females being particularly vulnerable to these effects (Schroeder et al., 2017).

In summary, there is considerable evidence that gestational stressors can have
lasting impacts on offspring growth and metabolism, and these changes may be
exacerbated when an individual consumes obesogenic diets. This is important as it
implies that prenatal stressor experiences may change the developmental trajectories of

metabolic and stress-response systems and make individuals more susceptible to later-life
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challenges. However, neither human nor animal studies have fully explored how the
factors of prenatal stressor timing and sex may mediate offspring outcomes, and previous
rodent research lacks the procedural standardization needed to draw definite conclusions

of the long-term effects of gestational stressors on offspring physical development.

1.4 Prenatal stressors can increase offspring risk of anxiety and depression

Mental illnesses such as anxiety and depression are known as stress-related
disorders, due to the fact that stressful experiences over the lifespan may increase their
risk of onset and relapse (Kendler et al., 1999; Francis et al., 2012; Kinderman et al.,
2013; Herbison et al., 2017). Stressors encountered early in life, including in the period
prior to birth, are especially relevant in this regard, as individuals who have been exposed
to stress in utero show increased depressive and anxiety symptoms in adulthood (Betts et
al., 2015; Herbison et al., 2017). Importantly, sex- and trimester-specific differences have
been reported in humans regarding the adult mental health outcomes of prenatal stressors,
with depression and anxiety rates being highest in adult male offspring exposed to
stressors in early pregnancy (Watson et al., 1999; Kleinhaus et al., 2013; Herbison et al.,
2017). For obvious ethical reasons, there are a limited number of human studies that have
investigated the trimester-specific mental health outcomes of gestational stressors. The
variable of stressor timing can be more easily manipulated in animal models to study

anxiety- and depressive-like behaviors in rodent offspring.

1.4.1 Tests to measure anxiety- and depressive-like behaviors in rodents
The mental health consequences of stressors can be modelled in rodents through

well-validated tests of anxiety- and depressive-like behaviors. Anxiety-like behaviors are
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most often assessed in the open field, elevated plus maze, and light-dark tests. These tests
take advantage of the conflict between a rodent’s instinctual fear of well-lit open spaces
and their desire to explore novel environments (Lezak et al., 2017). Animals that spend
more time in the “safer” dark and enclosed areas of the test arenas are said to display
higher levels of anxiety-like behavior. Depressive-like behaviors are typically measured
in the forced swim, tail suspension, sucrose preference, and splash tests. The forced swim
and tail suspension tests involve exposing an animal to a stressful environment where no
escape is possible. Rodents with depressive-like phenotypes will move less (e.g., reduced
escape attempts), which is reflective of behavioral despair (Porsolt et al., 1978; Cryan et
al., 2005). Reduced sugar water consumption in the sucrose preference test, and less
grooming in the splash test, will also be exhibited by animals with a depressive-like
phenotype (Overstreet, 2012; Kalueff et al., 2016). Treating animals with validated
anxiolytics or antidepressants limits or reverses these anxiety- and depressive-like
behaviors, confirming the tests are valid models of these phenotypes (Bailey and

Crawley, 2009; Overstreet, 2012).

1.4.2 Prenatally stressed adult rodents show anxiety- and depressive-like phenotypes
Adult rodents exposed to stressors in utero exhibit behavioral changes that
resemble the anxiety and depression symptoms displayed by prenatally stressed adult
humans. Most of the rodent research on the behavioral effects of in utero stressors have
manipulated pregnant animals during the third trimester. Exposing pregnant rodents to
restraint stress (45 min, 3X/day) during the third trimester increased anxiety- (Sun et al.,
2013b; Lee et al., 2016; Lussier and Stevens, 2016; Cao et al., 2018) and depressive-like

(Tamura et al., 2011; Szczesny et al., 2014; Cao et al., 2018) behaviors in adult offspring
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of both sexes, although no effect of prenatal stress during this trimester on these
behaviors has also been reported (Bowman et al., 2004; Poltyrev and Weinstock, 2004;
Poltyrev et al., 2005; Boulle et al., 2015, 2016). Antidepressants administered during
juvenility or adulthood reversed these effects, but unfortunately only male offspring were
included in these studies (Morley-Fletcher et al., 2004; Szymanska et al., 2009; Trojan et
al., 2019).

There is some evidence for sex differences in the depressive- and anxiety-like
behaviors of adult offspring stressed during the third trimester, but this research is
inconsistent regarding which sex shows a stronger phenotype, likely due to differences in
the rodent strains, stressor procedures, and behavioral tests used and, importantly, in view
of the fact that most studies have not included females. For example, when adult
Sprague-Dawley rats were stressed in the third trimester, 2 hours (h) of daily restraint
increased forced swim immobility, reflective of a depressive-like phenotype, in females
only (Alonso et al., 1991). In contrast, when exposed to 45 min restraint 3X/day during
the third trimester, only male offspring showed less mobility but increased sugar
consumption in the forced swim and sucrose preference tests, respectively (van den Hove
et al., 2014). Regarding anxiety-like behaviors, third trimester restraint stressors have
been shown to increase these phenotypes in adult female offspring, with no effect
(Zagron and Weinstock, 2006; Pallarés et al., 2007; van den Hove et al., 2014) or reduced
anxiety (Ordyan and Pivina, 2004) in males. However, these studies utilized different
restraint stressor paradigms, rodent species and strains, and behavioral tests, thus
precluding any conclusions from being made. Unfortunately, as it is often the case in

animal research, many studies have not included female offspring in their analyses, and

14



these studies reported no difference (Rimondini et al., 2003; Pascual et al., 2010) or
increased anxiety-like behaviors (Szymanska et al., 2009; Szczesny et al., 2014; Lussier
and Stevens, 2016) in adult male offspring. Importantly, most investigations that have
tested prenatally stressed adult female offspring for anxiety- or depressive-like behaviors
did not mention if the estrus cycle stage was considered. This is a crucial variable in the
context of prenatal stress because depressive- and anxiety-like behaviors vary with cycle
stage (Frye et al., 2000; Jaric et al., 2019), particularly in gestationally stressed offspring
(Brunton and Russell, 2010; Grundwald and Brunton, 2015), and in utero stressors may
cause irregular cycling in females (van Camp et al., 2018). Thus, failure to consider the
female hormonal cycle at the time of testing could have contributed to the discrepancies
between studies.

Curiously, very few studies in rodents have investigated the anxiety- or
depressive-like effects of prenatal stressors when administered during the first or second
trimester of pregnancy. Variable stressor exposure during the first or second trimester of
pregnancy did not affect the anxiety-like behaviors in adult C57/BL6:129 hybrid mice of
either sex, however depressive-like behaviors were increased in first trimester stressed
males, with their female counterparts being unaltered (Mueller and Bale, 2008). A later
study from this research group found hyperactivity and reduced anxiety-like behaviors in
male, but not female, offspring exposed to first trimester variable stress (Bronson and
Bale, 2014), suggesting that males may be more susceptible to the behavioral effects of
early gestational stressors. Immune challenges known to promote mental health and
metabolic outcomes in adult rodents (Reisinger et al., 2015) similarly promoted

depressive-like outcomes when administered prenatally. Lipopolysaccharide (LPS; a
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bacterial cell wall component) administered to rodents during the second trimester of
pregnancy increased male and female offspring immobility in the forced swim test, but
had no effect on sucrose consumption, suggesting that prenatal bacterial-like challenges
may lead to behavioral despair but not anhedonia (Lin and Wang, 2014). LPS exposure
during this trimester similarly resulted in increased depressive- and anxiety-like
phenotypes, but only male C57BL/6 offspring were studied (Depino, 2015). In contrast,
only male mouse offspring exposed to Polyinosinic:Polycytidylic acid (Poly I:C; a
synthetic double stranded RNA analog which mimics viral infection) during the second
trimester showed anxiety- and depressive-like behaviors in the light-dark, tail suspension,
and forced swim tests (Majidi-Zolbanin et al., 2015), although no effect of second
trimester Poly I:C on these behaviors have also been reported (Li et al., 2014). Overall,
very few studies have investigated the anxiogenic or depressogenic impacts of early
prenatal challenges in rodents and thus the long-term behavioral effects of stressors

administered at these time points remain unclear.

1.4.3 The anxiety- and depressive-like behaviors of prenatally stressed offspring may
manifest in juvenility

In humans, not only do adults born to mothers stressed during their pregnancy
display higher rates of anxiety and depression, but there is also evidence that symptoms
may start to manifest early in life, including in children (ages 4-11) (Davis and Sandman,
2010; Rice et al., 2010; Kingsbury et al., 2016) and in youth (age 15-17) (Maxwell et al.,
2018). Notably, characteristics indicative of later-life mental health outcomes may be
detected very early in postnatal development, which is important for designing early-life

interventions for individuals born to mothers who were distressed during pregnancy. For
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instance, infants born to stressed mothers displayed a higher incidence of such predictive
features, such as difficult or negative temperament, negative affect, and
externalizing/internalizing symptoms (Huizink et al., 2002; de Weerth et al., 2003;
Hentges et al., 2019). Likewise, research from Project Ice Storm suggests that young
adolescents born to mothers pregnant during this natural disaster may also exhibit these
externalizing symptoms, particularly when stressed occurred during late gestation (Jones
et al., 2019; Yong Ping et al., 2020). One study reported higher levels of these negative
traits in prenatally stressed females as early as weeks of age (Braithwaite et al., 2017),
suggesting that there may be sex differences in this regard prior to the onset of puberty.
Rodent studies have confirmed the possibility of early onset of anxiety- and
depressive-like behaviors in the context of prenatal stress. Male and female juvenile
rodents exposed to third trimester restraint stress showed increased anxiety-like behaviors
(Schroeder et al., 2013; Jia et al., 2015; Qulu et al., 2015) and depressive-like behaviors
(Guan et al., 2013; Sun et al., 2013a; Zhang et al., 2013; Jia et al., 2015) as well as altered
locomotor activity (Borsonelo et al., 2011; Sun et al., 2013b). In line with the possibility
that these outcomes may be sex-specific, a few studies have reported that only juvenile
males showed increased anxiety- and depressive-like behaviors following exposure to
third trimester restraint stress (Laloux et al., 2012; Lee et al., 2016; Dang et al., 2018;
Iturra-Mena et al., 2018). In contrast, one study found no effect third trimester stress on
juvenile male anxiety-like behaviors (Pascual et al., 2010), and curiously two studies
reported reduced depressive-like behaviors in prenatally stressed males and females

(Rayen et al., 2011; Schroeder et al., 2013). The use of different rodent species and
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strains, restraint stressor timings and lengths, age of rodent testing, and behavioral tests
used varied greatly between these studies, which may account for result discrepancies.
Notably, while very few studies have examined mental health outcomes stemming
from early prenatal stress in adult rodents, no previous studies have measured anxiety-
and depressive-like behaviors in juvenile rodents exposed to first trimester stress, and a
limited number have investigated these phenotypes following second trimester exposure.
Increased immobility in the tail suspension test as well as more anxiety-like behaviors in
the open field test have been reported in male and female juveniles stressed during the
second or third trimester (Zhang et al., 2013; Jia et al., 2015). However, offspring of both
sexes stressed during the third, but not second, trimester of pregnancy displayed
depressive-like behavior in the forced swim test (Jia et al., 2015), indicating that the later
gestational period may be more vulnerable to stressful encounters in terms of depressive-
like behavioral outcomes. Other changes to open field behaviors have been reported in
second trimester stressed juvenile rodents, with a shock stressor reducing the incidence of
crouching (Hutchings and Gibbon, 1970), hydrocortisone injection increasing activity,
and an overcrowding stressor increasing fecal production but reducing jumping
(Lieberman, 1963), although it is unclear how these behavioral changes relate to anxiety.
Overall, most studies have observed increased depressive- and anxiety-like behaviors in
juvenile offspring exposed to third trimester prenatal stressors, few have investigated
these outcomes following second trimester exposures, and none have tested juvenile first
trimester stressed offspring. Furthermore, the age of onset of these behaviors and the role
of sex hormones in this regard remain unclear, particularly considering that none of the

aforementioned studies reported whether juvenile offspring were assessed for pubertal

18



onset at the time of behavioral assessment. This is an important variable to consider as
sex hormones can alter anxiety- and depressive-like behaviors (Boivin et al., 2017;
Delevich et al., 2020) and prenatal stressors can shift the age of pubertal onset in
offspring of both sexes (Smith and Waddell, 2000; Pallarés et al., 2013). Standardization
of stressor paradigms and behavioral test batteries, as well as study replication, is also
needed before definite conclusions can be made regarding the influence of stressor

timing, as well as offspring sex and age, on the behavioral outcomes of prenatal stressors.

1.5 Potential mechanisms by which prenatal stressors may influence offspring
health

The HPA and microbiota-gut-brain axes are two systems that have been proposed
to underlie some of the physical and mental health outcomes observed in prenatally
stressed offspring. Stress-induced increases in maternal glucocorticoid production has
been shown to increase the permeability of the placental barrier and downregulate the
11B8-HSD2 enzyme, which may allow higher levels of maternal stress hormones to enter
fetal circulation and/or activate fetoplacental glucocorticoid secretion, ultimately altering
the trajectory of fetal development (Seckl and Holmes, 2007; Harris and Seckl, 2011).
These stress hormone elevations in the fetus have been correlated with depressive- and
anxiety-like behaviors, as well as with changes to the physical growth and expression of
genes involved in metabolism, seen in prenatally stressed offspring (Mairesse et al.,
2007b; Mueller and Bale, 2008; Carpenter et al., 2017), possibly through glucocorticoid-
mediated GR and MR methylation altering the epigenetic control of the offspring HPA
axis (Radtke et al., 2011; Yao et al., 2014; Kertes et al., 2016; Luft et al., 2020). In

addition to glucocorticoid elevations in utero, offspring exposed to gestational stressors
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exhibited a dysregulated HPA axis in adolescence and adulthood (Maccari and Morley-
Fletcher, 2007; Huizink et al., 2008; Enayati et al., 2020). In a context where HPA axis
dysfunction may have significant consequences for offspring responses to later life
stressful encounters, these prenatally stressed individuals may show altered
susceptibilities to future stressors (Chung et al., 2005; Ishiwata et al., 2005; Entringer et
al., 2009; Oosterhof et al., 2016).

It has been suggested that abnormalities in the colonization patterns of
microorganisms residing within the gastrointestinal tract (the gut microbiota) may be
another mechanism by which prenatal stress promotes vulnerability to mental illnesses
(Kelly et al., 2015). In humans, the gut microbiota is altered in individuals with
depression and anxiety (Jiang et al., 2018; Valles-Colomer et al., 2019). As well,
depressive- and anxiety-like behaviors in adult rodents stressed in utero (Sun et al.,
2013b; Gur et al., 2017; Soares-Cunha et al., 2018; Enayati et al., 2020) were
accompanied by changes in the composition and diversity of gut microbial communities
(Golubeva et al., 2015; Gur et al., 2017, 2019). Stressful experiences during pregnancy
changed the composition of the maternal vaginal microbiota (Jasarevi¢ et al., 2015,
2017), resulting in the newborn receiving altered microbes (Jasarevi¢ et al., 2015, 2017,
2018; Zijlmans et al., 2015), suggesting that prenatal stress may alter the offspring
microbiota from birth to have metabolic and behavioral consequences later in life. The
immune system is one communication pathway which allows crosstalk between gut
bacteria and the host brain (Carabotti et al., 2015), and inflammatory changes have been
shown to produce cognitive and behavioral impairments (Cryan and Dinan, 2012).

Increased pro-inflammatory expression has been detected in the placental (Bronson and
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Bale, 2014; Gur et al., 2017), fetal (Gur et al., 2017; Jasarevi¢ et al., 2018), and adult
(Diz-Chaves et al., 2012, 2013; Gur et al., 2019), gut-brain tissues of prenatally stressed
mice. It may be through disruption of the maturation of the offspring inflammatory
immune system and microbiota that prenatal stressors lead to increased depressive- and
anxiety-like behaviors. Furthermore, microbiota-gut-brain crosstalk can be further
influenced by glucocorticoids (Carabotti et al., 2015), thus by altering HPA axis function
prenatal stressors may have additional influences on the microbiota and its
communication pathways with the brain (Jasarevi¢ and Bale, 2019).

It may also be through the HPA axis actions on the gut microbiota that prenatal
stress leads to physical development and metabolic changes in the offspring. Newborns
which experience an abnormal colonization event, such as delivery by caesarean section
instead of vaginally, show persistent microbiota signature alterations which correlate with
childhood obesity (Salminen et al., 2004; Blustein et al., 2013). The gut microbiota is
involved in regulating fat storage (Béckhed et al., 2004) and dysbiosis may increase the
expression of pro-inflammatory cytokines by adipose tissue (Virtue et al., 2019).
Maternal food intake patterns and weight gains during pregnancy can be altered by
prenatal stressors (D’ mello and Liu, 2006; Borsonelo et al., 2011; Amugongo and
Hlusko, 2013), and these changes may accelerate the postnatal growth of the offspring
(Berghinel et al., 2017). As there is also evidence that maternal obesity and diet can
influence the offspring inflammatory immune system (Pimentel et al., 2012; Edlow et al.,
2016) as well as the microbiota (Paul et al., 2016), it is thus possible that if an offspring

receives an abnormal microbiota from its prenatally stressed mother, this microbial
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signature may increase risk of later-life obesity, potentially through immune and

metabolic signals.

1.6 Objectives and hypothesis

This thesis compares the effects of a prenatal stressor administered during two
distinct trimesters of pregnancy on physical growth and fat distribution, as well as on
anxiety- and depressive-like behaviors in prepubertal male and female mouse offspring.
This study aimed to answer three major questions: 1) Can prenatal stress alter physical
growth, fat distribution, and anxiety- and depressive-like behaviors in mouse offspring
prior to the onset of puberty? 2) Do male and female prepubertal offspring stressed in
utero show differential physical and behavioral changes? and 3) Will distinct trimester
gestational stressors have unique effects on offspring outcomes? There is strong evidence
from the literature and our preliminary observations that adult male and female offspring
respond differently to prenatal stressors in terms of physical growth, fat distribution, and
stress-related behaviors, therefore all experimental manipulations were conducted in both
sexes. Furthermore, as it has been alluded to before, previous studies suggest that the
timing of prenatal stress is important for mediating physical and behavioral effects but
limited research has investigated early pregnancy exposures, therefore two trimesters of
stressor exposure were compared, namely the first (E1.5-6.5) and second (E7.5-12.5)
trimesters.

This study fills several gaps in the available literature on rodent prenatal stress.
Firstly, no previous studies have investigated how stressors applied during early fetal
development alter the physical growth of neonatal offspring. The present thesis tracked

offspring body weights daily across the first three weeks of postnatal development
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(PND1-21). Secondly, sex differences in physical growth following first or second
trimester stressors have not been previously elucidated, therefore in this thesis separate
analyzes were conducted on offspring mice of both sexes. Thirdly, it has not been studied
how first or second trimester gestational stressors can alter juvenile offspring body fat
composition. This thesis investigated the percentage of fat relative to body weight across
five locations in offspring at the prepubertal (PND21) stage. Finally, there have been no
studies investigating whether prenatal stress (of any paradigm) during the initial phases of
pregnancy promotes anxiety- or depressive-like behaviors in rodents confirmed to be
prepubertal. The few rodent studies that have reported behavioral effects of first or
second trimester stressors tested adult offspring (Mueller and Bale, 2008; Bronson and
Bale, 2014) or did not confirm the puberty status of juvenile offspring (Lieberman, 1963;
Zhang et al., 2013; Jia et al., 2015). Thus, the present study is instrumental in elucidating
whether anxiety and depressive phenotypes may be detected prior to the onset of sex
hormones when stress is experienced in the very early stages of fetal development.
C57BL/6 mice were used in the present experiment such that future analyses of tissues
could be done to investigate the gut microbiota-immune-brain axis as a potential
underlying mechanism of the behavioral and metabolic effects of prenatal stress, as this
mouse strain is the model used by researchers investigating the effects of stress on this
axis in the context of mental health.

Based on the literature, it is hypothesized that prenatally stressed offspring will
have a lower weight at birth but will gain more weight than non-stressed controls across
the first three weeks of postnatal development and grow more fat at specific body sites.

Anxiety- and depressive-like behaviors are also expected to be increased in prenatally
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stressed offspring compared to controls. All outcomes are expected to be sex- and
trimester specific, however the limited number of previous studies prevents the
directionality of these differences from being predicted with exactitude. This research
will advance knowledge on the physical and behavioral outcomes of offspring exposed to
stressors early in pregnancy and assess whether these changes manifest in a sex-specific
manner prior to the onset of puberty. This study will also provide insight into potential
developmental windows where interventions or treatments could be administered to

potentially prevent and/or alleviate the negative effects of gestational stressors.
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2. Methods

2.1 Animals

Naive female and male C57BL/6 mice (6-8 and 7-9 weeks old upon arrival,
respectively) were used as parent stocks (Charles River Laboratories, St-Constant,
Québec, Canada). Females were pair-housed and males were single-housed in 19
centimeter (cm) by (x) 29 cm x 13 cm polycarbonate N10 Mouse Cages (Ancare) with a
cotton nestlet, a cardboard house and standard woodchip bedding, and had free access to
water and food (Teklad Global 18 % Protein Rodent Diets, catalog number 2018,
Envigo). Mice were maintained on a 12 h light-dark cycle (lights on 0700 to 1900 h) with
temperature and humidity kept within the ranges of 21.0-23.0 degrees Celsius (°C) and
30-50 %. Housing cages were changed once a week. All experimental procedures were
approved by the University of Ottawa’s Animal Care Committee and met the CCAC

guidelines.

2.2 Summary of experimental procedures

Mice acclimated for one week following their arrival to the animal facility and
then underwent several rounds of breeding. Following detection of a copulation plug
(E0.5), pregnant females were randomly assigned to a control condition (no stressor) or
to one of the two prenatal stressor conditions. Dams in the prenatal stressor conditions
were physically restrained for 30 min, 3X daily, throughout the first (E1.5-6.5) or the
second (E7.5-12.5) trimester of pregnancy. Dams in the control condition were left
undisturbed. Once born (PND1), pups remained with their mothers and were weighed
daily until they were euthanized on PND21. On PND?2, litters were standardized to 8
pups, with a focus on maintaining an even sex ratio (4 males and 4 females when
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possible). One pup of each sex from each litter was euthanized on PNDs 7 and 14 for
analyses not included in this thesis. Starting on PND19, external examinations were
conducted daily on the remaining male and female offspring to confirm prepuberty status.
These mice were tested for anxiety- (open field, elevated plus maze) and depressive-like
(splash test, tail suspension test) behaviors on PNDs 19 and 20. On PND21, all pups were
euthanized by rapid decapitation, and various tissues and organs were collected for
analyses not included in this thesis. Mouse bodies were frozen for later fat dissection.

Figure 1 depicts a visual timeline of the experimental procedures.
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Figure 1. Timeline of experimental procedures.
E = embryonic day, PND = postnatal day. Image created using BioRender.com free licence.

Created in BioRender.com bio

2.3 Breeding and prenatal stressor procedures
Harem mating was used as the breeding scheme (Braden et al., 2017). Estrus was
induced between 1600-1700 h by sprinkling woodchip bedding and nestlet from the cage

of a male into a cage containing two females (Braden et al., 2017). The next day between
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1600-1700 h the pair of females was introduced into the male’s housing cage and left
undisturbed overnight. At 0700 h the following morning, females were examined for
copulation plugs using a cotton swab to gently assess the vaginal opening (Behringer et
al., 2016). After detection of a copulation plug, pregnant females were singly housed in
new cages and randomly assigned to their experimental condition. A physical restraint
stressor (reviewed in Buynitsky and Mostofsky, 2009) was administered to the pregnant
females in a prenatal stressor condition during the first (E1.5-6.5) or the second (E7.5-
12.5) trimester of their pregnancy. This stressor procedure was selected based on
previous reports demonstrating that physical restraint during pregnancy elicited anxiety-
and depressive-like behaviors in male and female juvenile (Laloux et al., 2012; Guan et
al., 2013; Schroeder et al., 2013; Jia et al., 2015) and adult (Alonso et al., 1991; Morley-
Fletcher et al., 2004; Akatsu et al., 2015; Gur et al., 2017) rodent offspring. Each mouse
was gently picked up by the tail and quickly placed into a triangular transparent plastic
bag. A small hole at the nose end of the bag allowed the mouse to breathe while tape
closing the tail end of the bag prevented physical movement or escape. The mouse
remained in the bag for 30 min during which breathing and limb positioning were
continuously monitored. The stressor procedure was carried out 3X daily at 0900, 1200
and 1500 h, at a location outside the mouse housing room to prevent stress pheromones
from affecting mice in the other cages. Mice in the no stressor control condition were left

undisturbed.
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2.4 Offspring developmental measures
2.4.1 Birth and litter characteristics

Pregnant mice were checked daily at 0800 h for birth, which was denoted PND]1.
All mice gave birth between days 18.5-20.5 of gestation. The total number of pups at
birth (including live and dead) were recorded along with the number of males and

females.

2.4.2 Body weights

Pups were weighed daily from PND1 (birth) to PND21. The percentage of weight
change from PND1 was calculated for PNDs 3, 7, 14 and 21 by subtracting the body
weight at PND1 from the body weight at each of these timepoints, and these values were
divided by the body weight at PND1 and multiplied by 100 ([(PND X — PND 1)/PND1]
*100). All weight measures were in grams (g). These timepoints were selected to provide
a measurement of physical growth shortly after birth (PND3) and then once every

postnatal week until euthanasia (PNDs 7, 14, 21).

2.4.3 Puberty onset assessment

Prior to behavioral testing or euthanasia on PNDs 19-21, all offspring were
assessed for pubertal onset. This was done by external examination of the males for
balanopreputial separation and of the females for vaginal opening (Caligioni, 2009;
Hoffmann, 2018). Confirmation of prepubertal status was conducted based on previous
studies showing that prenatal manipulations, including physical stressors, shifted pubertal
onset in male and female rodent offspring (Smith and Waddell, 2000; Pallarés et al.,

2013).
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2.4.4 Behavioral testing

Tests for anxiety- and depressive-like behaviors took place over two days
(PND19-20). The order of testing was the same for every mouse: the open field
(morning) and splash (afternoon) tests were administered on PND19 and the elevated
plus maze (morning) and tail suspension (afternoon) tests were conducted on PND20.
Morning tests always took place between 1000 and 1300 h and afternoon tests between
1200 and 1700 h. Litters with their mother acclimated to the testing environments for 1 h,
in their home cage, prior to each behavioral test. For the open field and elevated plus
maze tests, the acclimation occurred at 100 level of illuminance (luminous flux per unit
area; lux) in a soundproof room next to the testing room. For the splash and tail
suspension tests, acclimation occurred in the same rooms in which testing took place at
530 and 100 lux, respectively. All behavioral testing rooms had soundproofing material
around the doorframes to reduce outside noise. Testing arenas were cleaned with Quato
78 Plus Disinfectant (Swish Maintenance Limited) between each mouse to limit odor

carryover.

2.4.4.1 Tests for anxiety-like behaviors

Open field and elevated plus maze testing rooms included a video camera
mounted from the ceiling over the test arena and connected to a computer located outside
of the room. Mouse movements in the two apparatus were tracked in real time and
subsequently analyzed using EthoVision XT (version 11.5, Noldus Information
Technology). The center-point detection setting (which places a detection point in the

middle of the mouse’s back for movement tracking) was used for both tests.
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2.4.4.1.1 Open field test

On PNDI19, prepubertal mouse offspring were tested in the open field, a well-
validated test of anxiety-like behaviors in rodents that measures their natural conflict
between exploring a new environment and fear of open and brightly lit areas
(Seibenhener and Wooten, 2015). Mice were individually placed into the bottom left
corner of an arena (45 cm x 45 cm x 45 cm; custom-made by Canus Plastics Incorporated
[Inc.]) and allowed to freely explore the environment for 10 min under light at 300 lux
(verified by a luxmeter). For each mouse, the cumulative duration spent (seconds [s]) and
frequency of entries made in the center (15 cm x 15 cm) and the four corners (each 10 cm
x 10 cm) of the arena were measured, as well as the latency of first entry into the center
(s) and the total distance travelled (cm). Supplementary measurements, including
cumulative time spent (s) and frequency of entries made in a larger center of the arena
(25 cm x 25 cm) and the number of feces were also determined. Jumping behaviors
including the total time spent jumping (s), frequency of jumping bouts, total number of
jumps, and latency to first jump (s) were also manually scored from the videos using

ODLog (Macropod Software) and included as supplementary data.

2.4.4.1.2 Elevated plus maze test

The elevated plus maze test is another well-validated test for anxiety-like
behaviors and assesses an animal’s aversion for brightly lit, elevated open areas and
preference for safer dark and enclosed areas (Komada et al., 2008). This test was
performed on PND20. The acrylic plastic maze (Noldus Information Technology)
consisted of two white perpendicularly crossed arms (6 cm wide x 75 cm long). One arm

had 20 cm tall black walls and the other was open (no walls or edges). The maze was

30



located 74 cm off the ground. Each mouse was individually placed into the bottom left
corner of the open center of the maze, facing the intersection of an open and closed arm,
and allowed to freely explore the maze for 10 min under 100 lux lights (verified by
luxmeter). For each mouse, the cumulative time (s) spent and frequency of entries made
in the open and closed arms were measured, as well as the latency to first entry into the
open arms (s) and the total distance travelled (cm). Supplementary measurements
included cumulative duration (s) spent and frequency of entries made in the center and

the number of feces produced.

2.4.4.2 Tests for depressive-like behaviors
The splash and tail suspension tests were filmed using a video camera mounted on
a tripod. Behaviors were scored manually using The Observer XT software (version 15,

Noldus Information Technology).

2.4.4.2.1 Splash test

The splash test can be used to assess the grooming behavior of rodents. Reduced
grooming in the splash test correlates with increased depressive-like behaviors in the
forced swim and tail suspension tests (Shiota et al., 2016), and thus the splash test has
been used as a less stressful alternative for assessing depressive-like phenotypes
(Isingrini et al., 2010; Reis-Silva et al., 2019). Alternatively, increased grooming can be
indicative of elevated stress and anxiety, as rodents exposed to acute or mild stressors
groom more frequently (Kalueff et al., 2016). The splash test was conducted on PND19
and involved applying two gentle mist sprays of water to the lower back of the mouse,

and immediately placing the mouse into an individual empty cage of same dimensions to
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the litter’s home cage, but with only woodchip bedding on the bottom (i.e., no house,
nestlet, food or water). Mice were left in the empty cage for 10 min and the room lighting
was consistently set at 530 lux using a luxmeter, to ensure well-lit video recordings. The
total time spent grooming during the 10 min recording period (s), total number of
grooming sessions, average length of a grooming session (s), and latency to first groom
(s) were determined for each mouse. These parameters were also scored for rearing, a
non-grooming behavior indicative of anxiety (Kalueff and Tuohimaa, 2005), and digging,
a natural behavior in rodents which may be disrupted in animals with negative affect
(Deacon, 2009) and included as supplementary data. Supplementary measurements also

included total number of jumps and the latency to first jump (s).

2.4.4.2.2 Tail suspension test

The tail suspension test exposes a mouse to the inescapable and uncomfortable
stress of being hung upside down by the tail. The amount of time the mouse spends
without moving (referred to as immobility) is measured, which reflects the mouse halting
escape attempts. A mouse with increased behavioral despair, a depressive-like behavior
in rodents, will spend more time immobile in this test (Cryan et al., 2005). On PND20,
mice were suspended by the tail by being attached to a metal paddle with surgical tape for
6 min (Tail Suspension Test Cubicle [SOF-821], Med Associates Inc.). To help prevent
tail climbing, short plastic tubing was placed onto the tail, such that the part of the tail
closest to the body was covered. The lighting of the room was set to 100 lux using a
luxmeter. For each mouse, the total time spent immobile (s), average length of
immobility session (s), total number of immobility sessions, and the latency to

immobility (s) were measured. As previously described, immobility was scored when the
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mouse exhibited no limb or body movements for longer than 3 s consecutively and
included respiration and passive swaying of the body (Mitchell et al., 2013; Murata et al.,

2018).

2.4.5 Fat dissections

On PND21, prepubertal offspring were euthanized by rapid decapitation and the
bodies were frozen (-80°C) for later dissection of fat pads. Euthanasia and tissue
collection procedures occurred between 0900 and 1200 h to minimize effects related to
diurnal factors. Bodies were later thawed and the mesenteric, perigonadal,
perirenal/retroperitoneal, posterior subcutaneous, and brown fat pads were collected and
weighed based on Mann et al., 2014, de Jong et al., 2015, and Bagchi and MacDougald,
2019 (Figure 2). Mesenteric fat and perigonadal fat surrounded the digestive tract and the
reproductive organs, respectively. The two fat pads located at the site of the kidney
(perirenal, surrounding the kidney, and retroperitoneal, against the abdominal wall and
dorsal to the kidney) were dissected together. The posterior subcutaneous fat deposit was
comprised of the dorsolumbar, inguinal, and gluteal pads, found beneath the skin of the
lower half of the body from the ribcage downward. Brown fat was the combination of the
interscapular and subscapular deposits which are found between or underneath the
shoulder blades, respectively. A fat percentage was calculated for each fat pad type for
each mouse by dividing the fat pad weight by the mouse’s body weight on PND21 (both
in g) and multiplying by 100 ([fat pad weight / PND21 body weight] *100). The weights
of the fat obtained from the five dissected adipose sites were summed together to obtain

the total body fat measurement, which was similarly converted into a fat percentage.
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Figure 2. Locations of fat pads dissected and weighed from male and female offspring aged
21 days.
Mesenteric fat surrounds the gastrointestinal tract and perigonadal fat is associated with the
epididymis and testes (males) or uterus and ovaries (females). Perirenal fat encompasses the
kidney and retroperitoneal fat is posterior to the kidney against the abdominal wall. Posterior
subcutaneous fat is located just beneath the skin in the lower half of the body, surrounding the
hindlimbs and hips, and includes the dorsolumbar, inguinal, and gluteal pads combined. Brown
fat pads were dissected from the interscapular and subscapular regions, respectively located
between or underneath the shoulder blades. Locations were distinguished based on Mann et al.,
2014, de Jong et al., 2015, and Bagchi and MacDougald, 2019. Image created using
BioRender.com free licence.
2.5 Statistical Analyses

Statistical analyses were conducted using IBM SPSS Statistics version 26.0. Litter
size at birth (which included live and dead pups) was analysed using the nonparametric
Kruskal-Wallis test due to the dependent variable not being continuous. The sex ratio at
birth (which only included live pups) was analyzed using the nonparametric Chi-Squared
Test of Independence applied to a 3 x 2 contingency table (Categorical predictor variable:
Prenatal Stressor (No Stressor [CON], First Trimester Stressor [1TRI], Second Trimester

Stressor [2TRI]; Categorical outcome variable: Sex [Males, Females]). The remaining

data was first analyzed for normality and equality of variances using the Shapiro-Wilk
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and Levene's tests, respectively. All data met the assumption of homogeneity of variance
(Levene’s Test p > 0.05). Normally distributed data was analyzed using a series of one-
way analyses of variance (ANOV As) with Prenatal Stressor (CON, 1TRI, 2TRI) serving
as the between-group factor. Data not meeting the assumption of normality (Shapiro-
Wilk Test p < 0.05) was analyzed using the nonparametric Kruskal-Wallis test. If the
overall ANOVA or Kruskal-Wallis test was significant (p < 0.05), follow-up comparisons
were conducted, comprised of 7 tests with a Bonferroni correction to maintain the family-
wise error rate at 0.05. Males and females were analyzed separately in all datasets. For
the offspring body weight changes, the degrees of freedom decreased across PNDs due to
litter standardization on PND2 and pup euthanasia on PNDs 7 and 14 (for analyses not

included in this thesis).
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3. Results

3.1 Birth and litter characteristics

During the breeding process a skewed sex ratio and variations in litter sizes were
observed, with second trimester stressed litters appearing to be larger and to exhibit a
different sex ratio compared to the other groups. The potential influence of the prenatal
stressor on pregnancy outcomes was thus investigated. The length of gestation was not
affected by prenatal stressor exposure, F(2,16) = 1.000, p = 0.390 (Figure 3A) but there
was a non-significant trend for the prenatal stressor to influence the litter size at birth
(which included live and dead pups), H(2) = 5.156, p = 0.075 (Figure 3B). When
offspring sex was considered, it was found that there was a non-significant trend for the
number of live males or females at birth to be influenced by the prenatal stressor, ¥*(2, N

=146) =5.280, p = 0.071 (Figure 3C).
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Figure 3. Characteristics of litters born to prenatally stressed and non-stressed mothers.

Gestational length (A), litter size (includes number of live and dead pups) (B), number of males

or females (live pups only) (C) at birth (postnatal day [PND] 1) in mothers exposed to stress

during pregnancy (first or second trimester; 1TRI or 2TRI) or not stressed (controls; CON). Data

represents means + S.E.M. Number of litters per group: CON =6, 1TRI =7, 2TRI = 6.
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3.2 Body weight changes across development (relative to birth weight)

To investigate whether first and second trimester prenatal stressors had
differential effects on the early postnatal development of male and female mouse
offspring, body weight changes (relative to birth weight) were determined shortly after
birth as well as weekly until PND21. Although birth weights were unaffected by
gestational stressor exposure, weight gains across the first three weeks of life varied
depending on the trimester of stressor exposure and offspring sex. The factor Prenatal
Stressor did not alter offspring weights at birth (PND1) in males, H(2) = 1.613, p = 0.446,
but tended to increase female birth weights, H(2) = 5.406, p = 0.067, and follow-up tests
revealed that the tendency for second trimester stressed females to be born larger than
first trimester stressed did not reach significance, p = 0.061 (Figure 4A). In male
offspring, there was a main effect of Prenatal Stressor on the percentage of weight change
on PNDs 3, 7 and 21 (PND3: H(2) = 7.874, p = 0.020; PND7: F(2,77) =3.509, p = 0.035;
PND21: F(2,31) =3.938, p = 0.030), but not on PND14, F(2,54) =2.198, p =0.121
(Figures 4B-E). Post hoc analyses confirmed that male pups born to dams stressed during
the second trimester of pregnancy had gained more weight than non-stressed controls on
PNDs 3 (p =0.015), 7 (p = 0.032) and 21 (p = 0.039) (Figures 4B-C, 4E). In female
offspring, the percentage of weight change on PND3 was influenced by whether
offspring had been stressed during gestation, F(2,54) =4.807, p = 0.012, and there was a
trend on PND?7 that did not reach significance, F(2,54) =2.916, p = 0.063 (Figures 4B-
C). Follow-up tests confirmed that first trimester stressed females had gained more
weight than controls on PND3 (p = 0.009) and showed a trend for having gained more

weight on PND7 as well (p = 0.066) (Figures 4B-C). On PND14, percentage of weight
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change was comparable in prenatally stressed and non-stressed females, F(2,40) = 0.185,
p = 0.832, and unlike males, the percentage of weight change on PND21 was comparable
among prenatally stressed and non-stressed females, F(2,25) = 0.102, p = 0.903 (Figures
4D-E). Figures showing male and female offspring daily body weights from PNDs 1-21

can be found in the Supplementary Data section (Appendix 1).
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Figure 4. Physical growth of prenatally stressed and non-stressed male and female offspring
across development

Body weight (in grams [g]) at birth (postnatal day [PND] 1; A) and percentage (%) of body
weight change relative to weight at birth on PNDs 3 (B), 7 (C), 14 (D) and 21 (E) in male and
female pups born to prenatally stressed mothers (first or second trimester; 1TRI or 2TRI) or non-
stressed controls (CON). Data represents means + S.EM. “p < 0.05 and “p < 0.01 relative to
CON offspring. Sample sizes follow left to right for each figure: (A-C) N’s =27, 31, 22, 16, 17,
24; (D) N’s=18,23,16, 13,12, 18; (E) N’s =9, 15, 10,9, 7, 12.
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3.3 Offspring body fat composition (relative to body weight)

The effect of first or second trimester prenatal stressors on rodent offspring body
fat composition has only been previously studied at the adulthood stage (Dahlgren et al.,
2001; Pankevich et al., 2009), therefore fat pads were dissected and weighed from
PND21 prepubertal male and female mouse offspring. According to Figure 5 and
confirmed by statistical analyses, body fat was increased in prenatally stressed male
offspring, but not females. In males, there was a main effect of Prenatal Stressor on the
percentage of fat at the perirenal/retroperitoneal location only, F(2,34) =3.790, p =
0.033. As seen on Figure 5A, follow-up tests confirmed that second trimester stressed
males had a higher fat percentage than the first trimester stressed males at the
perirenal/retroperitoneal site (p = 0.045). In contrast, prenatal stress in males did not alter
the mesenteric (F(2,33) = 0.705, p = 0.501), perigonadal (H(2) =4.367, p =0.113),
subcutaneous (F(2,34) = 1.749, p = 0.189) or brown F(2,34) = 0.650, p = 0.528) fat pad
percentages, nor did it alter the percentage of total body fat, /(2,33) = 1.240, p = 0.302
(Figure 5A). Unlike males, Prenatal Stressor did not alter the percentage of fat at any
location in female offspring (Mesenteric: F(2,25) = 0.944, p = 0.402; Perigonadal:
F(2,25)=1.537, p = 0.235; Perirenal/Retroperitoneal: F(2,25) = 0.320, p = 0.729;
Subcutaneous: F(2,25) = 1.824, p = 0.182; Brown: F(2,25) =2.374, p = 0.114; Total:

F(2,25)=1.988, p = 0.158) (Figure 5B).
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Figure 5. Fat pad distribution (percentage [%], normalized to body weight) of prenatally
stressed and non-stressed males and females at 21 days old.

Mesenteric, perigonadal, perirenal/retroperitoneal, subcutaneous (includes dorsolumar, inguinal,
and gluteal depots), brown (includes interscapular and subscapular depots) and total (mesenteric,
perigonadal, perirenal/retroperitoneal, subcutaneous, and brown combined) body fat (%, relative
to body weight) of postnatal day [PND] 21 male (A) and female (B) mouse offspring pups born to
mothers stressed during pregnancy (first or second trimester; 1 TRI or 2TRI) or not stressed
(control; CON). Data represents means + S.E.M. "p < 0.05 relative to 1 TRI males. Sample sizes
for CON, 1TRI and 2TRI are N’s = 12, 15, 10 for males and N’s =9, 7, 12 for females, except for
CON males mesenteric and total fat where n = 11 (due to one mouse missing mesenteric fat).
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3.4 Offspring anxiety-like behavior: Open field test

Whether first or second trimester gestational stressors modulated the anxiety-like
behaviors of offspring confirmed to be prepubertal was examined, of relevance since
previous investigations into these outcomes did not confirm puberty status (Lieberman,
1963; Jia et al., 2015). Sex-specific behaviors were displayed by the prenatally stressed
prepubertal offspring, with only females exhibiting phenotypic differences in the open
field test. Prenatally stressed male offspring showed no differences in open field
behaviors compared to non-stressed controls. The time spent, H(2) = 0.106, p = 0.948,
number of entries in, H(2) = 0.143, p = 0.931, and latency to first enter, H(2) = 0.782, p =
0.676, the center of the apparatus, as well as the time spent, F(2,34) = 0.099, p = 0.906,
and number of entries in, F(2,34) = 1.170, p = 0.323, its four corners and the total
distance traveled in the field, F(2,34) = 0.306, p = 0.738, did not differ between
prenatally stressed and non-stressed males (Figure 6). In contrast, although time spent in
the center of the open field was unchanged in prenatally stressed females, H(2) =4.632, p
=0.099, they made more entries into this part of the field, H(2) = 7.269, p = 0.026, and
took less time to make their first entry into it, H(2) = 5.847, p = 0.054, compared to their
non-stressed counterparts (Figures 6A-C). Likewise, time spent in the four corners of the
open field was similar in all female groups, F(2,25) = 1.262, p = 0.300, but the number of
entries into the four corners was increased by the Prenatal Stressor factor, F(2,25) =
3.628, p = 0.041, as was the total distance travelled in the field, F(2,25) =4.457, p =
0.022 (Figures 6D-F). Post hoc tests confirmed that first trimester stressed female
offspring entered the center more quickly (»p = 0.051) and more frequently (p = 0.022),

entered the four corners more often (p = 0.048), and travelled more (p = 0.026) compared
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to non-stressed female controls (Figures 6B-C, 6E-F) Additional open field measures can

be found in the Supplementary Data section of Appendix 1.
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Figure 6. Open field test behaviors of male and female mouse offspring aged 19 days.
Offspring were born to mothers stressed during pregnancy (first or second trimester; 1TRI or
2TRI) or not stressed (control; CON). Data shown is the cumulative time spent (in seconds [s]) in
the center (A), frequency of entries into the center (B), latency (s) to first entry the center (C),
cumulative time (s) spent in the four corners (D), frequency of entries into the four corners (E),
and the total distance travelled in the apparatus in centimeters (cm) (F). Data represents means =+
S.E.M. "p <0.05 and “» = 0.051 relative to CON females. Sample sizes for CON, 1TRI and 2TRI
are N’s =12, 15, 10 for males and N’s =9, 7, 12 for females.
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3.5 Offspring anxiety-like behavior: Elevated plus maze test

Similar to open field behaviors, prenatal stress in male offspring had no effect on
behavioral parameters measured in the elevated plus maze. The time spent in open arms
(H(2)=10.177, p = 0.915), number of entries into open arms (H(2) =2.108, p = 0.348),
latency to first entry into open arms (H(2) = 1.852, p = 0.396), time spent in closed arms
(H(2)=0.361, p = 0.835), number of entries into closed arms (H(2) =2.053, p = 0.358),
or total distance travelled in the maze (F(2,33) =0.117, p = 0.890) were comparable
between prenatally stressed and non-stressed males (Figure 7). In contrast, in females
prenatal stress increased the frequency of entries into the closed arms, F(2,25) =3.881, p
=0.034, and tended to increase the frequency of entries into the open arms as well, H(2)
=4.882, p = 0.087 (although the time spent in either of these arms was unchanged, H(2)
=2.505, p=0.286 and H(2) = 2.473, p = 0.290, respectively) (Figures 7A-B, D-E). There
was also a trend for the Prenatal Stressor to influence the total distance moved in the
apparatus, F(2,25) =3.215, p = 0.057 (Figure 7F). Follow-up tests showed non-
significant trends for second trimester stressed females entering the closed arms more
often and travelling greater distances than first trimester stressed females, p = 0.079 and p
=0.067, respectively (Figures 7E-F). Finally, prenatal stressor exposure in females did
not influence latency to enter the open arms, H(2) = 0.061, p = 0.970 (Figure 7C).
Additional elevated plus maze measures can be found in the Supplementary Data section

of Appendix 1.
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Figure 7. Behaviors of male and female offspring in the elevated plus maze test at 20 days of
age.

Offspring were born to mothers stressed during pregnancy (first or second trimester; 1TRI or
2TRI) or not stressed (control; CON). Data shown is the cumulative time (in seconds [s]) spent in
the open arms (A), frequency of entries into open arms (B), latency (s) to first entry into open
arms (C), cumulative time (s) spent in the closed arms (D), frequency of entries into closed arms
(E), and the total distance travelled in centimeters (cm) (F). Data represents means = S.E.M. 'p <
0.05 main effect of prenatal stress. Sample sizes for CON, 1TRI and 2TRI are N’s =11, 15, 10
for males and N’s =9, 7, 12 for females. One CON male was excluded from the analyses due to
falling off the maze during testing.
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3.6 Offspring depressive-like behavior: Splash test

Previous studies have reported increased depressive-like behaviors in juvenile
rodent offspring exposed to stressors early in gestation, however whether these offspring
had reached puberty at the time of testing is unknown (Zhang et al., 2013; Jia et al.,
2015). Unlike in the tests for anxiety-like behaviors, only prenatally stressed male
offspring displayed abnormal behaviors in the splash test. In males, the Prenatal Stressor
tended to affect the total time spent grooming, H(2) = 5.030, p = 0.081, whereas the
average duration of grooming session and the total number of grooming sessions, H(2) =
10.216, p = 0.006 and F(2,32) = 4.449, p = 0.020, significantly differed between
prenatally stressed and non-stressed male offspring (Figures 8 A-C). Follow-up tests
confirmed that second trimester stressed males had fewer grooming bouts (p = 0.018)
compared to first trimester stressed males, but when they did groom their grooming
sessions lasted longer than first trimester stressed (p = 0.007) and non-stressed control
males (p = 0.023) (Figures 8B-C). There was also a trend for prenatal stress to influence
the latency to start rearing in male offspring, H(2) = 5.846, p = 0.054, with post hoc tests
confirming first trimester stressed males had a longer latency to rear than non-stressed
controls, p = 0.048 (Figure 8H). No differences in the latency to start grooming (H(2) =
1.066, p = 0.587) or other rearing behaviors in the splash test (Total time: F(2,32) =
2.136, p = 0.135; Average length: F(2,32) = 0.516, p = 0.602; Total number: F(2,32) =
1.980, p =0.155; Latency: F(2,32) = 0.683, p = 0.512) was apparent in male offspring
(Figures 8D-G).

In females, there was a non-significant trend for the Prenatal Stressor to affect

total time spent grooming, F(2,25) =2.830, p = 0.078 (Figure 8A). No effects of the
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prenatal stressor were observed for the average grooming session length, H(2) =4.170, p
= 0.124, total number of grooming sessions, F(2,25) = 0.242, p = 0.787, or the latency to
start grooming, H(2) =2.272, p = 0.321 (Figures 8B-D). Rearing behaviors were also
unaltered in female offspring exposed to prenatal stressors (Total time: F(2,25) = 0.478, p
=0.625; Average length: F(2,25)=1.231, p = 0.309; Total number: F(2,25)=0.945, p =
0.402; Latency: H(2) =2.256, p = 0.324) (Figures 8E-H). Additional digging and

jumping behaviors can be found in the Supplementary Data section of Appendix 1.
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Figure 8. Splash test behaviors of male and female mouse offspring aged 19 days.

Dams were stressed during pregnancy (first or second trimester; 1 TRI or 2TRI) or not stressed
(control; CON). Data shown is the cumulative time (in seconds [s]) spent grooming (A), average
length (s) of grooming sessions (B), frequency of grooming sessions (C), latency (s) to start
grooming (D), total time (s) spent rearing (E), average length (s) of rearing sessions (F),
frequency of rearing sessions (G), and latency (s) to start rearing (H). Data represents means +
S.E.M. “p < 0.05 relative to CON males, "p < 0.05 and “*p < 0.01 relative to 1TRI males. Sample
sizes for CON, 1TRI and 2TRI are N’s =12, 15, 8 for males and N’s =9, 7, 12 for females. Two
2TRI males were excluded due to problems with the video recordings.
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3.7 Offspring depressive-like behavior: Tail suspension test

Prenatal stressor exposure had no effect on depressive-like behaviors in the tail
suspension test in either male or female offspring. The total time spent immobile (males:
F(2,31)=0.849, p = 0.438; females: F(2,21) = 2.55, p = 0.102) and the latency to
immobility (males: F(2,31) =0.970 p = 0.390; females: F(2,21)=0.278, p = 0.760) were
comparable between prenatally stressed and non-stressed offspring (Figures 9A-B). The
average length and total number of immobility sessions can be found in the

Supplementary Data section of Appendix 1.
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Figure 9. 20-day old male and female mouse offspring behaviors in the tail suspension test.
Pregnant mice were stressed during the first (1TRI) or second (2TRI) trimester or were not
disturbed (control; CON). Data shown is the total time spent immobile (A) and the latency to
immobility (B), both in seconds (s). Data represents means + S.E.M. Sample sizes for CON, 1TRI
and 2TRI are N’s = 12, 14, 8 for males and N’s =9, 7 and 8 for females. Seven mice were
excluded from the final dataset due to the following testing issues: one 1TRI male and two 2TRI
females continuously grabbed onto the tape/bar which their tails were attached to; a 2TRI male
and a 2TRI female had their back paws stuck to the tape for entire test; one 2TRI male and one
2TRI female video files were lost.
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4. Discussion

The main objective of this study was to investigate the effects of prenatal
maternal stress experienced in early pregnancy on physical growth and fat pad
distribution, as well as on anxiety- and depressive-like behaviors in prepubertal male and
female mouse offspring. The current findings show that the impacts of early prenatal
stress on these outcomes were dependent on the trimester of pregnancy during which the
stressor was experienced and varied as a function of the sex of the offspring. Male
offspring were most susceptible to the metabolic effects of prenatal stress when applied
during the second trimester of pregnancy, showing alterations in the form of exaggerated
weight gains across the first three weeks of postnatal development and greater body fat
percentages on PND21. In contrast, female offspring stressed in utero mainly
demonstrated behavioral alterations, exhibiting a hyperactive phenotype in tests designed
to evaluate anxiety-like phenotypes. These findings demonstrate that the sex- and
trimester-specific physical and behavioral health outcomes of offspring stressed during
early fetal development manifest prior to the onset of puberty. This research contributes
to the very few studies that have investigated the physical and behavioral effects of
prenatal stressors at a prepubertal stage. Importantly, these findings highlight gestational
periods and offspring sex that are the most vulnerable to the effects of prenatal stressors
to direct research efforts into the development of possible preventive

interventions/strategies for the adverse physical and mental outcomes.

4.1 Sex ratio was changed in litters exposed to second trimester stress
As there is previous evidence for reduced uterine receptivity following early
pregnancy stressors (Wiebold et al., 1986; Pratt and Lisk, 1989; Clark et al., 1993;
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deCatanzaro et al., 1994; Arck et al., 1995; Lee et al., 2008; Jafari et al., 2017), whether
pregnancy outcomes and litter characteristics would be modulated by the first and second
trimester prenatal stressors was first examined. Although pregnancy duration was the
same in prenatally stressed and non-stressed dams, dams that were stressed during the
second trimester tended to birth larger litters with an equal sex ratio, in contrast to non-
stressed and first trimester stressed litters that tended to have a male bias at birth. The
apparent sex bias observed in the non-stressed litters agrees with the C57BL/6 strain
reportedly yielding a higher number of males relative to females (Weir, 1960). Rodents
exposed to first or second trimester prenatal stressors have been previously found to have
smaller litters with fewer males (Wiebold et al., 1986; Pratt and Lisk, 1989; deCatanzaro
et al., 1994), but intact gestational lengths, pup numbers, and sex ratios at birth have also
been reported (Hutchings and Gibbon, 1970; D’mello and Liu, 2006; Mueller and Bale,
2006; Amugongo and Hlusko, 2013; Zhang et al., 2013; Bronson and Bale, 2014; Jeje
and Raji, 2017). The impact of early pregnancy stressors on birth outcomes of C57BL/6
mice has not been previously investigated and thus the current findings are the first to
demonstrate that prenatal stressors during the second, but not first, trimester can equalize
the sex ratio in this mouse strain. Importantly, human populations exposed to severe
stressors such as natural disasters or terrorist attacks, especially during early pregnancy,
showed a subsequent decline in male births compared to males born under non-stressed
conditions (Hansen et al., 1999; Catalano et al., 2006; Torche and Kleinhaus, 2012;
Doger et al., 2013). As previously alluded to, the different sex ratio in second trimester

stressed C57BL/6 litters is a novel finding which supports previous observations that
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stressful encounters during gestation can have significant implications for birth outcomes,

but whether these repercussions can be maladaptive remains unclear.

4.2 Metabolic parameters were altered in prepubertal male offspring exposed to
stress during the second trimester of pregnancy

Prenatal stressor exposure affected offspring physical growth in a sex- and
trimester-specific manner, with only males born to dams stressed during the second
trimester of pregnancy being significantly impacted. These mice gained more weight than
their non-stressed counterparts across the first three weeks of postnatal development and
had larger fat deposits surrounding the kidneys (perirenal/retroperitoneal locations). In
contrast, females born to dams stressed during the first trimester were slightly heavier at
birth and had gained more weight on PND3, but these changes normalized across
development so that by the end of the second and third postnatal weeks, weight changes
were comparable in all groups, as was fat composition on PND21. Few studies have
investigated the effects of early pregnancy stressors on postnatal development in rodents.
Unlike the current findings, three studies comparing first and second trimester stressors
did not see alterations in offspring body weights across the first three weeks of postnatal
development (D’mello and Liu, 2006; Mueller and Bale, 2006; Jeje and Raji, 2017).
However, these experiments utilized different rodent strains (Sprague-Dawley or Wistar
rats, C57BL/6:129 mice) or stressor paradigms (variable mild stress, dexamethasone
injection), making comparisons with the current findings difficult, as physical growth of
prenatally stressed rodents may vary depending on the strain (Stohr et al., 1998) and the
type of stressor used (Fride and Weinstock, 1984). Additionally, in the present study the

body weights of male and female offspring were tracked separately, while female
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offspring were not included in the analyses of Jeje and Raji (2017) or D’mello and Liu
(2006), and Mueller and Bale (2006) pooled male and female offspring weights, which
may have obscured any sex differences.

Regarding the influence of gestational stressors on fat pad distribution, no
previous study has investigated how first or second trimester exposures may cause
alterations at the prepubertal stage. When adults were considered, however, first trimester
stress reduced body fat percentages in males only (Pankevich et al., 2009), while in the
present study males stressed during this time were unaltered at the prepubertal stage. In
contrast, adult male and female rats exposed to dexamethasone during the second
trimester of pregnancy had heavier retroperitoneal fat pads in adulthood (as observed in
the present study), while their female counterparts displayed larger perigonadal adipose
weights (Dahlgren et al., 2001). Perirenal and retroperitoneal fat pads normally grow
during postnatal development, but abnormally large increases in visceral fat levels
(including perirenal and retroperitoneal deposits) have been linked to an elevated risk of
obesity and other metabolic disorders (Berry et al., 2013). Thus, in the present study, the
exaggerated fat weight increase seen at this location in second trimester stressed male
offspring, along with the more pronounced weight gains displayed by these mice, may be
indicative of an increased risk for later-life obesity and/or metabolic disorders. Detection
of these early signs of metabolic dysfunction, which have also been reported in human
infants and children exposed to gestational stressors (Gillman et al., 2006; Watt et al.,
2013; Dancause et al., 2015), is critical for determining when interventions may be
administered to reduce the heightened risk which prenatally stressed offspring have of

developing later-life obesity and diabetes (Virk et al., 2010, 2012; Hohwii et al., 2014).
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4.3 Prepubertal mouse offspring exposed to prenatal stressors showed sex- and
trimester-specific behavioral changes

In the present thesis, the tests for anxiety- and depressive-like behaviors revealed
sex- and trimester-dependent outcomes in gestationally stressed prepubertal mice, with
second trimester stressed males exhibiting altered grooming behaviors, and females that
had been stressed in utero displaying a hyperactive phenotype. Although the prenatally
stressed female offspring did not exhibit a strong preference for darkened or well-lit areas
in anxiogenic environments, they transitioned between these zones more often, entering
more frequently into the corners and small/large centers of the open field (markedly by
the first trimester stressed offspring) and into the closed arms of the elevated plus maze.
As these offspring also travelled a greater distance in both tests, taken together these
results suggest that they may have developed a hyperactive phenotype across
development. In contrast, prepubertal male offspring showed no behavioral changes in
either the open field or elevated plus maze tests, but displayed abnormalities in their
grooming response to water spray stimulation, with specifically second trimester stressed
males being affected, further pointing towards a higher male susceptibility to the effects
of mid-gestational stressors, as was shown in the growth and metabolic measures.

The present thesis is the first study that investigated anxiety- or depressive-like
behaviors in prepubertal offspring that had been stressed during the very first days of
fetal development. In previous experiments which considered adult offspring,
C57/BL6:129 hybrid males exposed to variable stress during the first trimester of
pregnancy were hyperactive, had reduced anxiety-like behaviors in the light-dark test

(Bronson and Bale, 2014), and increased depressive-like behaviors in the tail suspension,
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forced swim, and sucrose preference tests, whereas females were unaffected (Mueller and
Bale, 2008). Conversely, in the present study, prior to puberty a hyperactive phenotype
was displayed by first trimester stressed females, while their male counterparts had
unaltered anxiety- or depressive-like behaviors, which suggests that prior to sex hormone
development there are baseline phenotypic differences between male and female
offspring that have been exposed to early gestational stressors. This may suggest that the
surge in sex hormones that accompanies pubertal onset may modify stress-sensitive
biological systems in a way which normalizes the female hyperactivity phenotype, while
possibly stimulating the emergence of anxiety- and/or depressive-like behaviors in male
offspring. Alternatively, the variable stressors which were administered during the first
trimester by Mueller and Bale (2008) and Bronson and Bale (2014) may elicit differential
behavioral phenotypes than the predictable restraint stressor paradigm which was used in
the present experiments (Fride and Weinstock, 1984).

In accordance with the current findings, previous studies have suggested that male
offspring may be more sensitive to the effects of stress experienced during the second
trimester of pregnancy. Adult males exposed to a mid-gestational immune challenge
displayed increased anxiety-like behaviors in the open field, elevated plus maze, and
light-dark tests (Depino, 2015; Majidi-Zolbanin et al., 2015; Golub et al., 2016), reduced
locomotor activity (Li et al., 2014; Depino, 2015), and more pronounced depressive-like
phenotypes (Depino, 2015; Majidi-Zolbanin et al., 2015), although changes in both sexes
(Lin and Wang, 2014) or neither sex (Mueller and Bale, 2008; Li et al., 2014) have also
been reported. In humans, the strongest association between prenatal stressors and

adulthood anxiety and depressive symptoms are found in men that have been exposed to
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early pregnancy stressors (Watson et al., 1999; Kleinhaus et al., 2013; Herbison et al.,
2017), further suggesting increased male stress susceptibility during this time of
gestation. In the present research, although second trimester stressed male offspring were
unaltered in terms of their anxiety- and depressive-like behaviors prior to puberty, they
did show abnormal grooming patterns. Sex hormones may exacerbate the behavioral
alterations displayed by these offspring to promote stronger perturbations after puberty.
Few studies have tested second trimester stressed rodents for anxiety- or
depressive-like behaviors in juvenility (PND25-35), and for those that did, mixed results
have been reported, possibly due to these offspring not being assessed for puberty status.
Juvenile male and female offspring exposed to a second trimester restraint stressor
showed increased anxiety-like behaviors and reduced locomotion in the open field test
(Jia et al., 2015), but in contrast a shock stressor during this trimester reduced crouching,
suggestive of reduced emotionality (Hutchings and Gibbon, 1970). Conversely, the
second trimester stressors of overcrowding or hydrocortisone injection produced
differential open field behaviors in mouse offspring, the former increasing activity but the
latter reducing jumping and increasing defecation (Lieberman, 1963). The modulation of
depressive-like behaviors in juvenile offspring by second trimester restraint stressors also
remains unclear, with neither males or females showing altered forced swim behaviors
(Jia et al., 2015), or rats of both sexes displaying increased immobility in the tail
suspension test (Zhang et al., 2013). Importantly, these studies did not report whether the
puberty status of the juvenile rodents was assessed, an important consideration as
stressful encounters in utero can shift pubertal onset in both male and female rodent

offspring (Smith and Waddell, 2000; Pallarés et al., 2013), and sex hormones have
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previously been demonstrated to be capable of altering anxiety- and depressive-like
behaviors (Boivin et al., 2017; Delevich et al., 2020). As male and female prepubertal
offspring in the present experiment did not exhibit anxiety- or depressive-like behaviors
in response to second trimester stress, but previous studies have detected these behavioral
changes in juvenility, this may suggest that sex hormone surges are required for the
development of these phenotypes. Indeed, most mood and anxiety disorders emerge
during puberty or in the following years (Cohen et al., 1993; Kessler et al., 1994; de
Lijster et al., 2017).

In the present study, no differences were observed in the tail suspension test in
prepubertal male and female offspring exposed to prenatal stressors. This contrasts with
previous studies that have consistently reported increased depressive-like behaviors in
rodent offspring aged 24-34 days exposed to second or third trimester physical restraint
stressors (Guan et al., 2013; Sun et al., 2013a; Zhang et al., 2013; Jia et al., 2015; Lu et
al., 2017; Dang et al., 2018; Iturra-Mena et al., 2018). As previously discussed, however,
confirmation of pubertal status in these studies was not mentioned, thus it is possible that
these offspring were post-pubertal and depressive-like behaviors may have only emerged
after sexual development (Boivin et al., 2017). Overall, it remains unclear whether the
diverse neurological and hormonal changes that occur during puberty onset are required
for the emergence of depressive-like behaviors in rodent offspring that are exposed to
prenatal stressors. The results of the present study do indicate that prior to puberty,
differences in activity and grooming patterning exist between female and male offspring

that have been stressed during early gestation.
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A complex microstructure underlies grooming behavior which when analyzed can
yield significant insight into an animals affective state (Kalueff and Tuohimaa, 2005),
which was not assessed in the present study but could be explored at a future time.
Furthermore, the stereotypical grooming patterns of adult rodents are not established until
several weeks after birth (Golani and Fentress, 1985), suggesting that the rodent’s
postnatal age may be an important consideration when interpreting stress-induced
grooming alterations, and making it difficult to make conclusions about what the altered
grooming in the second trimester stressed prepubertal males means in terms of affective
state. A grooming pattern which has been characterized to be abnormal in an adult rodent
may not be diagnostic of an issue at the juvenile stage, thus more research is needed to
compare how stressors influence grooming behaviors across the lifespan. In the current
experiment, individual placement of the rodent offspring into a novel environment for
splash testing may have been a particularly stressful experience and contributed to the
grooming changes that were observed.

Procedural differences in the behavioral testing done in the present work and that
of previous research may account for the differences seen in results. Firstly, previous
studies did not specify the illumination level of the open field and elevated plus maze
tests (Lieberman, 1963; Hutchings and Gibbon, 1970; Li et al., 2014; Jia et al., 2015;
Golub et al., 2016) or had lower lighting than what was utilized in the present study
(Mueller and Bale, 2008; Depino, 2015; Majidi-Zolbanin et al., 2015), which is of
importance since higher light levels have been correlated with decreased ambulation and
increased anxiety-like phenotypes (Bouwknecht et al., 2007; Albani et al., 2015).

Furthermore, these behaviors in prenatally stressed offspring have been shown to vary
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across the light-dark cycle (Ehrlich et al., 2015), but previous studies tested during the
dark phase (Mueller and Bale, 2008) or did not specify the time of testing (Lieberman,
1963; Hutchings and Gibbon, 1970; Jia et al., 2015). Finally, different rodent species or
strains show baseline differences in tail suspension activity which adds to the complexity
of making comparisons between studies (Cryan et al., 2005). Overall, procedural
differences between the present experiments and prior studies, in addition to the
possibility of previously tested juvenile rodents being post-pubertal, may account for the
behavioral patterns which were observed in this thesis differing from those of previous

studies.

4.4 Glucocorticoid modulation of fetoplacental gene expression may contribute to
the sex- and trimester-specific effects of prenatal stressors

There is evidence that the rise in maternal glucocorticoid levels that occurs in
response to stressors applied during the first, second, or third trimester of pregnancy
(D’mello and Liu, 2006; Amugongo and Hlusko, 2013) can induce epigenetic changes in
the fetoplacental unit that may contribute to accelerated maturation in postnatal offspring.
Under healthy conditions, placental expression of 11B-HSD?2 protects the fetus from
excess levels of maternal corticosterone (rodents) or cortisol (humans) by chemically
inactivating these hormones (Holmes et al., 2006). However, prolonged exposure to
stressors can downregulate the expression of placental 11B-HSD2 (Pefia et al., 2012;
Mina et al., 2015; Seth et al., 2015; Briffa et al., 2017) and allow greater passage of
maternal glucocorticoids to the fetus (Montano et al., 1991; Staud et al., 2006; Vackova
et al., 2009). Since optimal levels of glucocorticoids are necessary for proper growth and

development of fetal organs and systems, abnormal elevations of these hormones can
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have significant consequences for the developing fetus, including modifying metabolic-
related systems and the brain (Harris and Seckl, 2011). Importantly, stress-induced 11f3-
HSD2 reductions have been shown to differ between male and female placentas, with
vulnerabilities changing over the course of pregnancy. Chronic variable stressor exposure
in the first trimester of pregnancy reduced 113-HSD2 expression in E12 female but not
male placentas (Pankevich et al., 2009), suggesting a heightened female vulnerability to
first trimester corticosterone elevations, as seen in the present study with restraint stress
during this time only affecting female offspring in terms of the PND3 body weights and
open field behaviors. Conversely, physical restraint stress from mid pregnancy onward
resulted in 11B-HSD2 downregulation in E21 male placentas (but females were not
assessed) (Mairesse et al., 2007a), and continuous corticosterone exposure during mid
pregnancy reduced 11B-HSD2 expression only in male placentas on E17.5 (Cuffe et al.,
2012), suggesting that the male sex may be more susceptible to mid-pregnancy stressors,
as seen in the current study with increased growth and fat and altered grooming patterns
observed.

Corticosterone elevations in the fetus resulting from stress-induced placental 118-
HSD2 downregulation can lead to widespread gene expression changes through GR and
MR binding (Harris and Seckl, 2011), including changes to genes which control
neurodevelopment, growth and metabolism. For example, third trimester restraint stress
disturbed the neurogenesis and morphological development of hippocampal neurons from
the neonatal stage to adulthood through a GR-dependent mechanism (Fujioka et al.,
2006), suggesting that changes in the regulation of the offspring HPA axis contribute to

the neurodevelopmental effects of in utero stressors. Adult mouse offspring that had been
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exposed to third trimester dexamethasone treatment displayed diverse metabolic
perturbations, including hyperinsulinemia, increased adiposity, and mitochondrial
dysfunction (Chen et al., 2020). These changes were associated with elevated
corticosterone and GRs in the neonatal stage, and were attributed to the reduced
expression of the Ppargcla gene, an essential regulator of energy metabolism, through in
utero GR-mediated methylation of the Ppargcla promotor (Chen et al., 2020). Prenatal
HPA activation has also been shown to disturb amino acid, vitamin and leptin transport
across the placenta (Sugden et al., 2001; Smith and Waddell, 2002; Vaughan et al., 2012;
Schroeder et al., 2018), suggesting that gestational stressors interfere with fetal nutritive
supply. Furthermore, altered methylation patterns in the placental and fetal hypothalamus
in prenatally stressed mice correlated to altered metabolic profiles, eating habits and
adiposity in adulthood (Schroeder et al., 2017, 2018), and in humans stress in utero
caused epigenetic changes to inflammatory and stress response genes which were
associated with reductions in birth weights and early childhood body fat (Kertes et al.,
2016; Wu et al., 2018). In summary, a potential mechanism underlying the physical
growth and behavioral effects of prenatal stressors could be through sex-and trimester-
specific 11B3-HSD2 downregulation, leading to fetoplacental corticosterone elevations

and global gene expression changes.

4.5 The influence of prenatal stressors on offspring outcomes may be modulated by
inadequate food consumption during pregnancy

Stress-induced changes to maternal food intake patterns during pregnancy may
have contributed to the litter and metabolic alterations observed in the gestationally

stressed mouse offspring. Previous studies have reported that on the days of prenatal
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stressor exposure, maternal weight gains and food/water consumption were decreased
(Kinsley and Svare, 1986; Ward and Wainwright, 1988; D’mello and Liu, 2006;
Borsonelo et al., 2011; Amugongo and Hlusko, 2013), and a reduced access to food
during pregnancy has itself been shown to be stressful (Lesage et al., 2001; Belkacemi et
al., 2011). Nutrient restriction in early pregnancy (independent of stress) induced
placental 11B-HSD2 downregulation similarly to gestational stressors (Bertram et al.,
2001; Lesage et al., 2001; Belkacemi et al., 2011) and accelerated growth of postnatal
offspring (Berghénel et al., 2017), in agreement with the present study where larger
weight gains were displayed by the prenatally stressed pups. It is thus possible that
gestational stressors and malnutrition could act synergistically on offspring metabolic
outcomes, possibly through shared biological pathways (Langley-Evans et al., 1996;
Bertram et al., 2001; Lesage et al., 2001; Belkacemi et al., 2011). As previously
discussed, placental 11B3-HSD2 downregulation can occur in a trimester- and sex-specific
manner in response to prenatal stressors (Mairesse et al., 2007a; Pankevich et al., 2009;
Cuffe et al., 2012) and this enzyme may also be decreased following stress-induced
reductions in maternal food intake (Bertram et al., 2001; Lesage et al., 2001; Belkacemi
et al., 2011). An important finding in the current study was the exaggerated growth and
increased body fat of the male offspring that had been exposed to second trimester
stressors, which could have been modulated by placental 113-HSD2 changes.

In the present work, the second trimester stressed litters showed an equal sex ratio
at birth, while first trimester stressed and non-stressed litters exhibited a male birth bias.
In mice, embryos implant into the uterine horns between E4 and E5 (Namiki et al., 2018).

A stressor applied during the second trimester of pregnancy, which began on E7.5,
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therefore would not have interfered with the initial embryonic implantation, but rather
could have influenced the uterine environment in a way that made it less favorable for the
survival of male embryos. Indeed, there is evidence for preferential loss of male embryos
following early gestational insults, with increased rates of embryonic resorption (Wiebold
et al., 1986; Clark et al., 1993; deCatanzaro et al., 1994; Arck et al., 1995; Lee et al.,
2008; Jafari et al., 2017) and heightened male embryo susceptibility (Pratt and Lisk,
1989) reported in rodents exposed to early pregnancy stressors. In line with heightened
male vulnerability to second trimester exposures, previous studies have demonstrated a
link between inadequate nutrition during gestation and a reduced sex ratio (e.g., fewer
males than females) at birth (Rivers and Crawford, 1974; Mitra and Chowdhury, 1989;
Meikle and Thornton, 1995; Rosenfeld et al., 2003). There is also evidence that male
fetuses may have a faster growth rate and require a higher caloric intake in utero than
females (Scott and Holson, 1977; Tsunoda et al., 1985; Douhard, 2017), thus under
conditions of nutrient restriction and/or stress, weaker male fetuses are preferentially
aborted to increase the chances of the few stronger male fetuses surviving (Torche and
Kleinhaus, 2012). From an evolutionary perspective, in polygynous species such as
rodents weaker males get outcompeted by the stronger members of their sex, thus poorly
nourished female offspring are more likely than males to have reproductive success, and
are preferentially born (Trivers and Willard, 1973; Douhard, 2017). Mice are multiparous
animals which under normal conditions experience a basal level of embryonic resorption
over the course of pregnancy (Holinka et al., 1979; Clark et al., 1993; Prell et al., 2016).
Stress-induced absorptions may therefore occur without significantly altering litter size at

birth, particularly if this occurs in a male-directed fashion and simply increases the
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proportion of viable female offspring. Thus, in the present study the second trimester
stressor altered the uterine environment in such a way to result in an equal sex ratio at
birth. Furthermore, there is a critical period in early gestation where stressor exposure
results in reduced maternal investment, with fewer resources directed towards the
developing fetus (Berghénel et al., 2017). From an evolutionary perspective, this is
adaptive for the mother as it conserves resources for later reproductive attempts. For the
fetus, however, the resource restriction limits development, therefore to buffer against the
stress-induced reductions to maternal investment, the offspring adapt by accelerating
physical growth (Berghénel et al., 2017). This eventually leads to exaggerated growth
during the postnatal period and increased offspring survival (Berghénel et al., 2017). In
summary, the second trimester stressor may have increased the survival of female
embryos to produce the observed effect of an altered sex ratio at birth. Furthermore, the
prenatal stressor may have reduced in utero maternal investment towards the surviving
offspring and thus caused these pups to accelerate their postnatal growth as a
compensatory mechanism. The exaggerated weight gains displayed by the male offspring
reflected adaptive metabolic changes that hastened maturation in order to increase the
chances of these offspring having later-life reproductive success.

The stress-related behaviors seen in the prepubertal male and female mouse
offspring could have also potentially been modulated through the gestational stressors
reducing maternal food intake. In human populations, mothers exposed to famine while
pregnant birthed offspring with increased later-life anxiety and mood disorders (Brown et
al., 2000; Huang et al., 2013; van den Broek and Fleischmann, 2019), and rodents fed a

nutrient restricted diet during pregnancy produced adult offspring which showed
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increased depressive- and anxiety-like behaviors (Belluscio et al., 2014) and altered
responses to later-life stressors (Nitt et al., 2017; Ye et al., 2018). Furthermore, although
in utero malnutrition has been associated with altered neurodevelopment (Debassio et al.,
1994; Gressens et al., 1997; Gonzalez-Maciel et al., 2015) and reduced adult brain
volume (de Rooij et al., 2016), it is unknown whether stress-induced modulation of
maternal food consumption during gestation may change the brain and contribute to these
phenotypes, particularly at the prepubertal age. Thus, it is possible that the prenatally
stressed female hyperactivity and male grooming alterations that were observed in the

present thesis could have been at least partially influenced by in utero nutrient deficits.

4.6 Stress-induced disruptions to the establishment of the nervous system during
early pregnancy may alter later-life behaviors

Prenatal stressor exposure may have altered the trajectory of offspring
neurodevelopment to contribute to the altered behaviors displayed by prenatally stressed
prepubertal offspring. In mice, E7.5 marks the formation of the neural plate, a cellular
structure which is the primordial nervous system (Chen et al., 2017; DeSesso and
Williams, 2018). The following four days consist of highly coordinated and complex
processes which allow for the establishment of the neural tube (ES8.5), cerebral
hemispheres (E10.0), and primary and secondary brain vesicles (E’s 9.0-11.0) which
become the forebrain, midbrain and hindbrain. By E12.5 rapid growth of the brain has
established well-defined structures which continue to mature during early postnatal life
(reviewed in Chen et al., 2017). Thus, prenatal stressor exposure during the first and
second trimesters of pregnancy correspond to a developmental window of rapid cellular

division and growth, and a critical time period where the earliest determinants of nervous
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system structure and function are being defined. Structures are most sensitive to
teratogens when they first begin to differentiate (DeSesso and Williams, 2018), therefore
the establishment of nervous system progenitors during the first two weeks of gestation
correspond to a time of high susceptibility. Perturbations during this developmental
window, as in the current study, may have altered form and function of the developing
fetal brain to result in the behavioral changes observed in the prepubertal offspring.

In the present study, prepubertal female offspring exposed to first trimester
prenatal stress displayed increased activity in the open field and elevated plus maze tests.
The neurobiology of rodent exploratory behavior is not fully understood, however.
Hippocampal lesions have been shown to induce hyperactivity in the open field (Kimble,
1963; Jarrard, 1968; Thompson et al., 2018), and prenatal stressors have been shown to
cause disrupted hippocampal development (Fujioka et al., 2006). A number of cell types
in this brain region are also thought to be involved in modulating locomotor activity in
novel environments (Thompson et al., 2018). Thus, possible disturbed brain development
caused by early gestational stress could have altered hippocampal neurocircuitry in the
brains of first trimester stressed females. However, the underlying biological mechanisms
by which sex and stressor timing may have interacted to cause locomotor changes
remains to be investigated.

In the current experiments, the splash test was selected for as a less stressful way
of assessing the depressive-like behaviors of prenatally stressed offspring, as reduced
grooming in this test correlates with increased immobility in the forced swim and tail
suspension tests (Shiota et al., 2016). However, none of the prenatally stressed offspring

displayed reduced grooming after having received water sprays. In fact, second trimester
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stressed males exhibited fewer but more lengthy grooming sessions. Increased levels of
self-grooming and disordered grooming patterns are often displayed by rodents exposed
to stressors, including water sprays, or with high levels of anxiety (Kalueff and
Tuohimaa, 2005; Kalueff et al., 2016), thus the grooming changes exhibited by the
second trimester stressed male offspring may reflect these affective states. Grooming
behaviors are modulated by multiple brain areas including the neocortex, striatum,
cerebellum, hypothalamus, amygdala and brainstem (Kalueff et al., 2016), all regions
established in their primitive forms during the second trimester of mouse pregnancy
(Chen et al., 2017). As previous studies have indicated heightened male susceptibility to
the behavioral effects of mid-gestational challenges (Li et al., 2014; Depino, 2015;
Majidi-Zolbanin et al., 2015; Golub et al., 2016), possibly the altered grooming displayed
by the second trimester stressed prepubertal males indicates disrupted neurodevelopment
initiated during this developmental window, which may progress into the more clearly
defined anxiety- and/or depressive-like phenotypes that have been previously displayed
by adult males that have been stressed during this time.

Prepubertal mouse offspring behaviors in the tail suspension test were unaltered
by the prenatal stressor conditions. The amount of movement displayed by an animal in
the tail suspension test is controlled by the activation of cortical and limbic circuitry
(Carlson et al., 2017) involving multiple neurotransmitter systems (O’Leary and Cryan,
2009). Juvenile rodents may behave differently than adults in the tail suspension test due
to their relevant brain regions still maturing. For example, structurally the serotonergic
system of PND21 mice is comparable to that of adults (Loizou and Salt, 1970; Miranda-

Contreras et al., 1998), but the expression and binding affinity of the serotonin reuptake
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transporter differs in juvenility compared to adulthood which may result in altered
functioning of this monoamine system in younger mice (Mitchell et al., 2013, 2016). As
prenatal stressors can influence the trajectory of serotonergic development in juvenility
and into adulthood (van den Hove et al., 2006; Akatsu et al., 2015), this may interact with
puberty onset to promote the manifestation of depressive-like behavioral changes in later
life, particularly as there is evidence that post-pubertal male and female rodents display
more behavioral despair than their pre-puberty counterparts (Boivin et al., 2017). Thus,
the prepubertal offspring that were tested in the current study may have experienced the
tail suspension test differently than they would have in adulthood due to immature

neurocircuitry.

4.7 Postnatal handling can attenuate the physical and behavioral consequences of
gestational stressors

A major difference between the procedures performed by previous rodent studies
investigating the effects of early pregnancy stressors and those conducted in the present
experiments is the amount of experimenter contact with the litters. Prior investigations
into the growth and behavioral outcomes of first or second trimester stressors left litters
undisturbed during the first three weeks of life, or only briefly handled the offspring
during weekly cage changes (Lieberman, 1963; Hutchings and Gibbon, 1970; D’mello
and Liu, 2006; Mueller and Bale, 2006; Jia et al., 2015; Jeje and Raji, 2017). In contrast,
in the current study all mice were handled daily for weighing procedures, with the dam
moved manually into an empty new cage during these times. Daily short handling of
rodent pups (where a dam is separated from her young offspring) has previously been

shown to be sufficient to influence offspring physiology and brain function (Meaney et
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al., 1991; Papaioannou et al., 2002), particularly when combined with prenatal stressors.
For instance, the reduction of maternal care behaviors observed in prenatally stressed
litters (Brummelte and Galea, 2010; Del Cerro et al., 2010; Gatta et al., 2018) was limited
when the corticosterone-injected mothers also experienced brief daily separation from
their young pups (as in the current study), showing increased levels of pup care post-
reunion (Castelli et al., 2020). Nursing is one of the maternal care behaviors reported to
be increased following pup handling (Pryce et al., 2001; Macri et al., 2004; Wei et al.,
2010), which may lead to offspring receiving more milk from their mother. Indeed, third
trimester stressed offspring that experienced neonatal handling gained more weights
during the first three weeks of postnatal development (Castelli et al., 2020) and into
adulthood (Vallée et al., 1996) compared to their non-handled prenatally stressed
counterparts, possibly due to increased nursing. Our previous work which used identical
prenatal stressor procedures to the present study (Osborne et al., 2020, in preparation)
suggested an effect of gestational stress on maternal care behaviors in a novel cage
environment, with increased passive contact with pups displayed by first trimester
stressed dams and increased sniffing of pups shown by second trimester stressed mothers.
Notably, there is evidence that under normal conditions mothers may direct their care
behaviors in a sex-specific fashion, showing male offspring increased licking and nursing
in both single-sex and mixed-sex litters (Cirulli et al., 1997; Hao et al., 2011). In the
present study, it is possible the second trimester stressed dams showed increased maternal
care behaviors towards their male offspring, contributing to their larger weight gains
across postnatal development, but unfortunately nursing was not assessed and thus

conclusions cannot be made at present. How prenatal stressor timing and postnatal
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handling may interact to direct maternal care behaviors in a sex-specific fashion to
influence offspring growth, however, remains to be investigated.

In addition to possibly contributing to the increased weight gains displayed by
prenatally stressed offspring, postnatal handling could have interfered with the
emergence of an anxiety-like phenotype. In non-stressed rodent pups, daily handling
during the first 21 days of life has been shown to reduce anxiety-like behaviors in
juvenility (Ferré et al., 1995; Nuiez et al., 1995) and adulthood (Meerlo et al., 1999;
Severino et al., 2004; Skripuletz et al., 2010; Siviy, 2018). Likewise, neonatal handling
attenuated anxiety-like behaviors normally displayed by offspring exposed to prenatal
stressors and increased locomotor activity (Wakshlak and Weinstock, 1990; Bogoch et
al., 2007; Akatsu et al., 2015; Castelli et al., 2020), similar to the hyperactivity exhibited
by prenatally stressed handled females in the current study. Importantly, increased
exploration may be indicative of reduced anxiety (Kelley et al., 1989; Choleris et al.,
2001) and hyperactivity can reflect an animal engaging in an active coping strategy in
response to experiencing a novel environment or mildly stressful situation (Yen et al.,
2013). Thus, the hyperactive phenotype displayed by the prenatally stressed female
offspring in the present study may suggest an improved ability of these females to deal
with later life stressors. In support of this, previous studies have suggested that prenatally
stressed female offspring may be more resilient to a secondary stressor in adolescence
(Iturra-Mena et al., 2018) or adulthood (Bowman et al., 2004; Mueller and Bale, 2006),
possibly due to increased MR expression in the hippocampus and amygdala beginning at
the fetal stage (Lan et al., 2017). Furthermore, the increased mother-infant interaction

which occurs following brief daily separations (Pryce et al., 2001; Garoflos et al., 2007,
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2008; Akatsu et al., 2015) has been shown to upregulate GR expression in the
hippocampi of handled offspring (Liu et al., 1997; Champagne et al., 2008; van Hasselt et
al., 2012). Hippocampal GR upregulation may promote the development of a more
efficient negative feedback pathway of the HPA axis (Meaney et al., 1985, 1989;
Fenoglio et al., 2004), reduce corticosterone responses to stressors and increase resilience
to later-life stressful situations encountered by the offspring (Liu et al., 1997; Meerlo et
al., 1999; Garoflos et al., 2005; Claessens et al., 2012). Thus, in the present study the
daily handling procedures may have prevented the emergence of anxiety-like behaviors
in prenatally stressed offspring, and additionally caused adaptive changes to HPA axis
receptors which promoted active coping behaviors (in the form of increased exploration)
in female offspring exposed to the mildly stressful situation of behavioral testing. It is
also possible the daily offspring weighing procedure contributed to the absence of
depressive-like behaviors in the prenatally stressed offspring, as postnatal handling was
previously reported to reduce the time which in utero corticosterone-treated juvenile rats
spent immobile in the forced swim test (Castelli et al., 2020), however no other studies
have investigated how handling may mitigate depressive-like phenotypes at baseline or

following gestational stressors.

4.8 Summary of outcomes in prenatally stressed offspring in the context of
prepuberty

The results of this thesis demonstrate that male and female prepubertal mouse
offspring are differentially affected by stressful experiences during gestation, and that the
resulting metabolic and behavioral outcomes are dependent on the trimester of pregnancy

which stressor was applied. Maternal prenatal challenges are disruptive to both the
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mother and fetus, reducing maternal food consumption during pregnancy (Kinsley and
Svare, 1986; D’mello and Liu, 2006; Borsonelo et al., 2011; Amugongo and Hlusko,
2013) and affecting how the dam will care for her neonatal offspring (Brummelte and
Galea, 2010; Del Cerro et al., 2010; Gatta et al., 2018; Osborne et al., 2020, in
preparation), while simultaneously increasing fetal glucocorticoid exposure in utero
(Montano et al., 1991; Staud et al., 2006; Vackova et al., 2009), and altering offspring
brain development (Fujioka et al., 2006). Female offspring appeared to be more
susceptible to the metabolic and behavioral effects of stressors when applied during the
first trimester of pregnancy, exhibiting exaggerated growth in early neonatal life and
hyperactivity at the preweaning stage. In contrast, male offspring were specifically
affected by second trimester stress, which largely impacted their weight gains and fat pad
distribution into the third gestational week and altered their grooming patterns in the
splash test on PND19. Interestingly, neither male nor female offspring exhibited anxiety-
and depressive-like behaviors following prenatal stressor exposure. Importantly, all these
outcomes were detected prior to the onset of puberty, which indicates that prenatal
stressors can modulate some aspects of offspring health independent of sex hormones and
the widespread biological changes which these molecules induce. Based on these
findings, it can be surmised that periods of susceptibility to gestational stressors may
change over the course of fetal development in a sex-specific manner, resulting in diverse
consequences for offspring growth and behavior prior to sexual maturation. Further
investigations into the proposed mechanisms that may underlie these changes are
required to fully elucidate when changes are taking place during development, and how

they may be prevented by targeted interventions.

75



Previous studies have reported increased anxiety- and depressive-like behaviors in
juvenile (Zhang et al., 2013; Jia et al., 2015) and adult (Mueller and Bale, 2008; Lin and
Wang, 2014; Depino, 2015; Majidi-Zolbanin et al., 2015) rodent offspring exposed to
first or second trimester gestational challenges. However, these behavioral phenotypes
were absent in the prepubertal offspring examined in the present study, suggesting that
pubertal sex hormone surges are important for the manifestation of these outcomes. This
is supported by studies showing rates of anxiety and mood disorders increase in the years
following puberty (Cohen et al., 1993; Kessler et al., 1994; de Lijster et al., 2017), and
post-pubertal mouse offspring of both sexes were found to spend more time immobile in
the forced swim test compared to their prepubertal counterparts (Boivin et al., 2017).
Testicular hormones have been shown to be important for modulating the behaviors of
adult male rodents that have been stressed in utero, with decreased plasma testosterone
levels detected in these animals (Dahlgren et al., 2001; Gerardin et al., 2005; Fedotova et
al., 2017a), and these hormone reductions were associated with increased anxiety-like
behaviors (He et al., 2015). Furthermore, gestationally stressed adult males which were
gonadectomized had stronger anxiety- and depressive-like phenotypes compared to their
intact counterparts (Frye and Wawrzycki, 2003; Fedotova et al., 2017a, 2017b). Thus, it
may be that prenatal stressors modulate the behaviors of male offspring by altering post-
pubertal testosterone levels, which may explain why in the present work prepubertal
males showed unaltered anxiety- or depressive-like phenotypes, but previous research in
both humans and rodents reported male-specific behavioral perturbations following early
gestational stressors (Watson et al., 1999; Mueller and Bale, 2008; Kleinhaus et al., 2013;

Depino, 2015; Majidi-Zolbanin et al., 2015; Herbison et al., 2017). Furthermore, there is

76



some evidence that prenatal stressors may reduce the already low levels of testosterone
which are produced by male fetuses at the end of the third trimester (Ward and Weisz,
1980; Ward et al., 2003), a hormone which is critical for sexual differentiation of the
brain during this time and in early neonatal life (Simerly, 2002; Lenz and McCarthy,
2010), thus the altered grooming behaviors displayed by the second trimester stressed
male offspring in the present study may be an early sign that the stressor disrupted brain
development, and that stronger behavioral perturbations may emerge after puberty once
sex hormones start being produced in much larger quantities.

When considering adult female offspring, prenatal stressors have been shown to
decrease their serum levels of follicle-stimulating hormone and estradiol (Ordyan et al.,
2013; Del Cerro et al., 2015), and ovariectomy of gestationally stressed females increased
their depressive-like behaviors compared to their intact counterparts (Frye and
Wawrzycki, 2003). However, in contrast to males, gonadectomy did not increase the
anxiety-like behaviors of females when performed on non-prenatally stressed animals
prior to puberty (Boivin et al., 2017; Delevich et al., 2020) or in adult females that had
been stressed in utero (Walf and Frye, 2007). This suggests that mechanisms other than
sex hormones modulate female anxiety-like phenotypes, which agrees with observations
in humans that anxiety disorders are more prevalent in females than in males prior to
puberty onset (Epkins, 2002; Canino et al., 2004; Beesdo et al., 2009; Orgilés et al.,
2012) (unlike depression where rates are equal between the sexes or higher in males prior
to puberty; Kashani et al., 1983 and Anderson et al., 1987), and findings of the present
study where prepubertal prenatally stressed females showed a hyperactive phenotype in

the tests for anxiety-related behaviors. The sex hormone rises which accompany puberty
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have been shown to modulate both structural and functional brain development by
influencing neurogenesis (Ahmed et al., 2008), apoptosis (Nuiiez et al., 2002), and neural
circuit organization (Cunningham et al., 2002; Piekarski et al., 2017) through complex
biological mechanisms. Thus, by altering sex steroid synthesis and activity, prenatal
stressors can contribute to increased neuropsychiatric symptoms in offspring after the

pubertal stage.

4.9 Strengths, limitations, and future directions

The most important strength of the present thesis was the inclusion of both male
and female offspring in all analyses, as females have regrettably often been excluded
from previous studies looking at the metabolic and behavioral outcomes of prenatal
stressors (D mello and Liu, 2006; Li et al., 2014; Depino, 2015; Jeje and Raji, 2017). In
line with this, considering that mouse offspring were prepubescent at the time of testing,
another crucial strength of this thesis was the confirmation of prepuberty status
performed on all mouse offspring. Puberty has not been considered by any of the
previous studies investigating the behavioral effects of prenatal stressors in juvenile
rodents (Lieberman, 1963; Hutchings and Gibbon, 1970; Zhang et al., 2013; Jia et al.,
2015). This can be problematic as pubertal onset may be shifted by gestational stressors
(Smith and Waddell, 2000; Pallarés et al., 2013) and sex hormones can influence
behavior (Brunton and Russell, 2010; Grundwald and Brunton, 2015). An additional
strength of the current study was that the stressor procedures were administered during
the very early stages of pregnancy, of relevance because the effects of first or second
trimester prenatal stressors remain understudied compared to a large body of previous

work investigating third trimester exposures. This thesis thus provides evidence that the
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early gestational periods are just as crucial for defining the trajectory of offspring
development as the later stages, and indicates that stressful experiences during this early
developmental window can affect the growth and behavior of male and female offspring
into the third postnatal week. Moreover, body weight measurements of the male and
female mouse offspring were conducted daily from birth to PND21, which provided a
complete picture of whether and how physical growth may be influenced by the prenatal
stressors. Most research done previously have only weighed offspring on a few
developmental time points (D mello and Liu, 2006; Mueller and Bale, 2008; Jeje and
Raji, 2017), which may result in crucial periods of growth being missed. Finally, two
behavioral tests were conducted for each behavioral phenotype being investigated
(anxiety and depression), which provides a more comprehensive and reliable assessment
of these phenotypes compared to studies which have only used one test for each
behavioral assessment (Mueller and Bale, 2008; Zhang et al., 2013; Bronson and Bale,
2014; Jia et al., 2015).

A limitation of the present work is the small sample size used for some of the
experimental groups in the tail suspension test, partially due to several mice having to be
excluded due to tail grabbing during the test. This is a common issue which occurs at a
low, random baseline rate in this test, particularly when using C57BL/6 mice (Cryan et
al., 2005), and may be prevented by using larger group sizes. Furthermore, since the tail
suspension test is optimized for adult mice, a number of unforeseen issues arose when
adapting the procedure for the smaller PND20 offspring, which may have contributed to
the high degree of variability seen in the data. Slight technical modifications in this test

would improve the consistency of future experiments done in mice at this age. Other
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potential limitations of this thesis are related to methodology. Offspring were tested in the
open field and elevated plus maze for 10 min in the present study, however 5 min is a
more common testing length and anxiety-like behaviors may only be detected during
early stages of the test (Ueno et al., 2020). The video footage from these tests will be
reanalyzed at a future time to determine whether more distinct behavioral changes could
be detected during the first 5 min versus the last 5 min of the test. In the splash test,
diving into more detailed analysis of how prenatal stressors may have influenced
grooming microstructure could also provide more insight into the observed changes
(Kalueff and Tuohimaa, 2005), especially in light of the “arousing-like” phenotype
apparent in prenatally stressed males.

Future directions for this research would be to assess anxiety- and depressive-like
behaviors at a post-pubertal stage and in adulthood to determine how prenatal stress may
interact with sex hormone surges to modulate the developmental trajectories of behavior.
It would also possibly be of benefit to incorporate additional tests for anxiety- and
depressive-like behaviors (e.g. light-dark test for anxiety, novelty suppressed feeding and
forced swim tests for depressive-like behaviors) for more detailed phenotype assessment
of the prenatally stressed offspring. A future experiment could also measure neonatal pup
milk intake (possibly by weighing stomach contents of euthanized neonates) and record
undisturbed home cage maternal behaviors to assess the influence of these factors on
offspring growth. Placental gene expression (including 11B-HSD2), maternal stress
hormones during pregnancy, and fetal corticosterone levels would also provide valuable
insight into how the prenatal HPA axis of mother and offspring are modulated by

stressful encounters. The bodies and food intake of the dams in the present study were
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weighed daily throughout gestation and postpartum, therefore analysis of this data would
provide insight into whether the prenatal stressors altered maternal growth and food
consumption, as well as 11B-HSD2 expression, to potentially influence offspring body
weights. Finally, measuring body fat composition at earlier postnatal stages, as these
deposits are developing in early neonatal life (Han et al., 2011; Berry et al., 2013), would
be valuable for investigating the age of onset of the increased adiposity seen in the
second trimester stressed males. This could be done through euthanizing offspring at
various time points, or by imaging live animals (Marzola et al., 2016) which would allow
for repeated measures over time.

Additional future directions include exploring the proposed mechanisms
underlying the metabolic and behavioral outcomes of first and second trimester stressors.
As previously discussed, significant evidence in the literature points towards the HPA
and microbiota-gut-brain axes as pathways underlying the effects of prenatal stressors on
later-life metabolic and mental illnesses. Tissues were collected from the PND21 dams
and pups in the present study, as well as from male and female offspring on PNDs 7 and
14. Although their analysis was not part of the current thesis, these tissues will be
processed at a later date to investigate in more detail how changes to the microbiota,
digestive tract, and brain may be changed in prenatally stressed developing offspring.
Signaling molecules of the inflammatory immune system and HPA axis will also be
studied across these tissues, as well as in the blood, to better understand how microbe-

gut-brain crosstalk may be modulated by gestational challenges.
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4.10 Conclusions

The data from this thesis indicates that stressors experienced during early
pregnancy influence offspring physical growth and behaviors in a sex- and trimester-
specific manner. Prenatally stressed offspring gained more weight than non-stressed
controls during early postnatal development, however first and second trimester stressors
had differential effects on the male and female offspring, with first trimester stressed
females showing increased growth during the first week of life, but second trimester
stressed males exhibiting exaggerated development until PND21. At the end of the third
postnatal week, males from the second trimester stressed group also had increased body
fat at the perirenal and retroperitoneal locations. Although prenatal stressors did not result
in anxiety-like behaviors in prepubertal offspring of either sex, females stressed in utero
did exhibit a hyperactive phenotype in the open field and elevated plus maze. Depressive-
like behaviors in the tail suspension and splash tests were unaltered by prenatal stressor
exposure, but second trimester stressed males showed disrupted grooming patterns in the
splash test.

In summary, this data indicates that the anxiety- and depressive-like behaviors
previously reported in first or second trimester stressed adult rodents do not manifest
prior to puberty. Possibly, the widespread somatic changes that occur with the onset of
sex hormone secretion may act to trigger the emergence of anxiety- and depressive-like
behaviors in animals that have been exposed to prenatal stressors. Administrating
interventions and/or treatments prior to or during the critical window of puberty onset
and at the time of sexual maturity may be beneficial towards preventing the emergence of

anxiety- and depressive-like phenotypes in adulthood.
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Appendix 1: Supplementary Data

1. Daily changes in offspring body weights across development

Individual male and female mouse offspring were weighed daily from PND1-21,
and sex- and trimester-specific outcomes were observed. Body weights over time were
analyzed separately in males and females using a mixed design ANOVA with Prenatal
Stressor (CON, 1TRI, 2TRI) as the between-group factor and Postnatal Day (PND1-21)
as the within-group factor, and corrected for sphericity using Huynh-Felt correction. As
depicted on Figure 10A, male weights varied as a function of Postnatal Day, F(20,600) =
1764.222, p < 0.001. Although the interaction between Prenatal Stressor, F(2,30) =
2.611, p=10.090, and Postnatal Day, F(3.31,49.59) =2.556, p = 0.060 (Huynh-Feldt
sphericity correction), did not reach significance, based on the a priori prediction that
prenatally stressed and non-stressed offspring would gain weight differently during early
development, analyses of the simple effects comprising the Prenatal Stressor x Postnatal
Day interaction were conducted. Simple effects analysis showed that on PNDs 4, 5 and 6,
second trimester stressed males had significantly larger body weights than non-stressed
controls, p’s = 0.002, 0.027 and 0.006, respectively (Figure 10A).

In females, both Prenatal Stressor and Postnatal Day significantly affected body
weights, F(2,25) =7.867, p = 0.002 and F(20,500) = 2388.417, p = 0.001, respectively
(Figure 10B). The interaction between these factors was not significant, (40,54.54) =
1.898, p = 0.118 (Huynh-Feldt sphericity correction), however simple effects analyses
were conducted based on the a priori prediction that the weight gains of non-stressed and
prenatally stressed offspring would vary across early development. As seen in Figure

10B, across postnatal development first trimester stressed female offspring weighed more
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than non-stressed controls (PND2: p =0.001; PNDs 3-10: p <0.001; PNDI11: p =0.030;
PND13: p =0.008; PND14: p =0.004; PND19: p = 0.036) and second trimester stressed
offspring (PND2: p =0.021; PND3: p <0.001; PND4: p = 0.002; PND5: p = 0.001;
PNDs 6-10 p <0.001; PND12: p =0.037; PND13: p = 0.041; PND14: p = 0.007; PND19:
p =0.035). On PND7, second trimester stressed offspring were significantly larger than

controls as well, p < 0.001 (Figure 10B).
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Figure 10. Daily body weights (in grams [g]) of prenatally stressed or non-stressed
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Postnatal Day (PND)

offspring of both sexes across development.

Male (A) and female (B) offspring were born to prenatally stressed mothers (first or second
trimester; 1 TRI or 2TRI) or non-stressed controls (CON). Data represents means + S.EM. p <

sk

0.05, "p <0.01, "p < 0.005,

PR

Tp <0.005, TTp < 0.001 relative to first trimester stressed offspring. Sample size for each
timepoint is CON =9, 1TRI = 14, and 2TRI = 10 for males (A), and CON =9, 1'TRI =7, and

2TRI = 12 for females (B).

p <0.001 relative to non-stressed controls. p < 0.05, "'p <0.01,
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2. Offspring anxiety-like behavior: Open field test

Supplementary, non-traditional behavioral parameters in the open field were
measured, and only mild phenotypic differences were displayed by male and female
prenatally stressed offspring. In male offspring, prenatal stressor exposure did not alter
the time spent (H(2) = 0.005, p = 0.998), frequency of entries (F#(2,34) =0.127, p =
0.881), or latency to first entry (H(2) = 0.248, p = 0.883) into the large center of the open
field, nor did it change the number of fecal boli produced (H(2) =4.157, p = 0.125)
(Figures 11A-D). Likewise, total time spent jumping (F(2,34) = 2.265, p = 0.119),
number of jumping sessions (F(2,34) =0.9293, p = 0.405) or total number of jumps
(F(2,34)=1.737, p = 0.191) in male offspring were unaffected by Prenatal Stressor
(Figures 11E-G). The only supplementary parameter affected by prenatal stressor
exposure in the open field was the latency to first jump, F(2,34) = 5.448, p = 0.009, with
follow-up tests confirming that first and second trimester stressed males were quicker to
jump in the open field test compared to non-stressed controls, p = 0.035 and p = 0.014,
respectively (Figure 11H).

In females, Prenatal Stressor did not alter the time spent or latency to first entry
into the large center of the open field, H(2) =4.568, p=0.102 and H(2) =4.055,p =
0.132. There was a trend for increased number of entries into this section, F(2,25)=
3.166, p = 0.059, but post hoc tests showed that the tendency for first trimester stressed
females to enter the large center more frequently than controls did not reach significance,
p = 0.060 (Figures 11A-C). The number of fecal pellets produced by females was
unchanged between groups, H(2) = 1.574, p = 0.455, as was the time spent jumping,

F(2,25)=0.287, p = 0.753, total number of jumps, F(2,25)=1.761, p =0.193, and the
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latency to first jump, F(2,25) =2.096, p = 0.144 (Figures 11D-E, 11G-H). There was a
non-significant trend for prenatal stressor exposure to increase the number of jumping
sessions in female offspring, F(2,25) =3.077, p = 0.064, but follow-up tests showed that
the trend for first trimester stressed females to engage in more jumping bouts during open

field testing did not reach significance, p = 0.063 (Figure 11F).
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Figure 11. Additional open field behaviors in male and female offspring at 19 days of age.
Dams were stressed during pregnancy (first or second trimester; 1 TRI or 2TRI) or not stressed
(control; CON). Data shown is the cumulative time (in seconds [s]) spent in the large center (A),
frequency of entries into large center (B), latency (s) to first entry into large center (C), number of
feces (D), cumulative time (s) spent jumping (E), frequency of jumping sessions (F), total number
of individual jumps (G), and the latency (s) to first jump (H). Individuals with a latency of 600 s
did not jump. Data represents means = S.E.M. *p < 0.05 and “p = 0.060 relative to CON females.
Sample sizes for CON, 1TRI and 2TRI are N’s = 12, 15, 10 (males) and N’s =9, 7, 12 (females).

88



3. Offspring anxiety-like behavior: Elevated plus maze test

Prenatal stressor exposure did not alter additional elevated plus maze parameters
in either male or female prepubertal offspring. In males, Prenatal Stressor did not alter the
time spent or the number of entries into the center of the elevated plus maze, H(2) =
0.604, p =0.739 and H(2) =2.112, p = 0.348, respectively, nor did it change the number
of fecal pellets produced, H(2) =4.594, p = 0.101 (Figures 12A-C). Likewise, in females
center duration and frequency were also unchanged, H(2) = 0.604, p = 0.739 and F(2,25)
=2.656, p = 0.090, respectively, and prenatal stressor exposure had no effect on feces

produced in the elevated plus maze test, H(2) = 2.594, p = 0.273 (Figures 12A-C).
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Figure 12. Additional elevated plus maze behaviors in 20-day old male and female offspring.
Offspring were born to mothers stressed during pregnancy (first or second trimester; 1TRI or
2TRI) or not stressed (control; CON). Data shown is the cumulative duration (in seconds [s])
spent in the center (A), frequency of entries into center (B), and number of fecal pellets produced
(C). Data represents means + S.E.M. Sample sizes for CON, 1TRI and 2TRI are N’s =11, 15, 10
for males and N’s =9, 7, 12 for females. One CON male was excluded from the analyses due to
falling off the maze during testing.
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4. Offspring depressive-like behavior: Splash test

As digging and jumping behaviors were exhibited by offspring following water
stimulation in the splash test, these phenotypes were also assessed. Prenatally stressed
male offspring showed no differences from their non-stressed counterparts in digging
behaviors during the splash test (Total duration: H(2) = 0.414, p = 0.813; Average
duration: H(2) =0.257, p = 0.880; Total number of sessions: H(2) = 0.225, p = 0.893;

Latency: H(2) =0.172, p = 0.917), and their jumping behaviors were also unchanged

(Total number: H(2) = 3.225, p = 0.199; Latency: H(2) =3.225, p = 0.199 (Figures 13A-

F). Female offspring exposed to prenatal stressors showed no differences in the splash

test behaviors of digging (Total duration: H(2) =1.037, p = 0.596; Average duration:

H(2)=1.521, p = 0.468; Total number: H(2) =0.991 p = 0.609; Latency: H(2) = 0.722,

p

=0.697) or jumping (Total number: H(2) = 1.745, p = 0.418; Latency: H(2) =2.008, p =

0.366) (Figures 13A-F).

91



>
w

140 = . 25 ,
; : + CON _ ; « CON
& 12 « 1TRI %20_ " s 1TRI
H £ 1
EE”mo- ! = 2TRI 'é ' s 2TRI
8 : 2 :
Z sof : ESF :
: - : & i
“ 60 . ] @ '
10
§ 40 o i % - i
= B ¢ @ o '
% H ¥ 1 g 5k . :: -
P LI . . : + = ¥ e B
Bl o CLEE RS e
. [ h » +%0e®
oLl L2 B o e 0 i & =
Males Females Males Females
Sex Sex
c D
20 " 600 eoees seeses soe seee seee see
. : ¢ CON " : e CON
« 1TRI 500
151 = 2TRI

Total number of digging sessions
=
T
Latency to start digging (s)
g
L]
.

s o
{
HH-
E_r

Males Females Males Females

Sex Sex

m
&
S
1
n

700~ '
» ¢ CON i ¢ CON

! + 1TRI 600 = ? } ®eser maam Y 5 {TR|

« 2TRI soik % . ; {_ i[ + 2TRI
=

w X
o @
T T

»n
o
T

4 400

300

-
[
T

200 ’

Total number of jumps
- »n
=] =
T T
Latency to first jump (s)

100 =

.
o
=g

Males Females Males Females

Figure 13. Splash test digging and jumping behaviors of male and female mouse offspring
aged 19 days.

Dams experienced stress during pregnancy (first or second trimester; 1 TRI or 2TRI) or were not
stressed (control; CON). Data shown is the cumulative duration (in seconds [s]) spent digging
(A), average length (s) of digging session (B), frequency of digging sessions (C), latency (s) to
start digging (D), total number of jumps (E), and latency (s) to start jumping (F). Individuals with
a latency of 600 s did not display the specified behaviors. Data represents means + S.EM. p <
0.05 main effect of prenatal stressor. Sample sizes for CON, 1TRI and 2TRI are N’s = 12, 15, 8
for males and N’s =9, 7, 12 for females. Two 2TRI males had to be excluded due to problems
with the video files.
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5. Offspring depressive-like behavior: Tail suspension test

There was no effect of prenatal stressor exposure on the average length or total
number of immobility sessions in male or female prepubertal offspring (Average length
males: F(2,31) =1.604, p = 0.217; Average length females: F(2,21) =0.681, p =0.517;
Total number males: F(2,31) =1.197, p = 0.316; Total number females: F(2,21) =1.863,

p = 0.180) (Figures 14A-B).
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Figure 14. Supplementary tail suspension test measures in male and female mouse offspring
at 20 days of age

Dams were stressed during pregnancy (first or second trimester; 1 TRI or 2TRI) or not stressed
(control; CON). Data shown is the average length (in seconds [s]) of immobility session (A) and
the total number of immobility sessions (B). Data represents means = S.E.M. Sample sizes for
CON, ITRI and 2TRI are N’s = 12, 14, 8 for males and N’s =9, 7 and 8 for females. Seven mice
in total had to be excluded from the final dataset due to the following testing issues: one 1 TRI
male and two 2TRI females continuously grabbed onto the tape/bar which their tails were
attached to; a 2TRI male and a 2TRI female had their back paws stuck to the tape for entire test;
one 2TRI male and one 2TRI female video files were lost.

94



References

Ahmed EI, Zehr JL, Schulz KM, Lorenz BH, DonCarlos LL, Sisk CL (2008) Pubertal
hormones modulate the addition of new cells to sexually dimorphic brain regions.
Nat Neurosci 11:995-997.

Akatsu S, Ishikawa C, Takemura K, Ohtani A, Shiga T (2015) Effects of prenatal stress
and neonatal handling on anxiety, spatial learning and serotonergic system of
male offspring mice. Neurosci Res 101:15-23.

Albani SH, Andrawis MM, Abella RJH, Fulghum JT, Vatamand N, Dumas TC (2015)
Behavior in the elevated plus maze is differentially affected by testing conditions

in rats under and over three weeks of age. Front Behav Neurosci 9:31.
d0i:10.3389/fnbeh.2015.00031.

Alonso SJ, Arevalo R, Afonso D, Rodriguez M (1991) Effects of maternal stress during
pregnancy on forced swimming test behavior of the offspring. Physiol Behav
50:511-517.

Amugongo SK, Hlusko LJ (2013) Impact of maternal prenatal stress on growth of the
offspring. Aging Dis 5:1-16. doi:10.14336/AD.2014.05001.

Anderson JC, Williams S, McGee R, Silva PA (1987) DSM-III disorders in preadolescent
children: prevalence in a large sample from the general population. Arch Gen
Psychiatry 44:69-76.

Angold A, Costello EJ, Worthman CM (1998) Puberty and depression: the roles of age,
pubertal status and pubertal timing. Psychol Med 28:51-61.

Arck PC, Merali FS, Stanisz AM, Stead RH, Chaouat G, Manuel J, Clark DA (1995)
Stress-induced murine abortion associated with substance P-dependent alteration
in cytokines in maternal uterine decidua. Biol Reprod 53:814-819.

Arnett MG, Pan MS, Doak W, Cyr PEP, Muglia LM, Muglia LJ (2015) The role of
glucocorticoid receptor-dependent activity in the amygdala central nucleus and
reversibility of early-life stress programmed behavior. Transl Psychiatry 5:e542.
doi:10.1038/tp.2015.35.

Bickhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF, Gordon
JI (2004) The gut microbiota as an environmental factor that regulates fat storage.
Proc Natl Acad SciU S A 101:15718-15723.

Bagchi DP, MacDougald OA (2019) Identification and dissection of diverse mouse
adipose depots. J Vis Exp:59499. doi:10.3791/59499.

Bailey KR, Crawley JN (2009) Chapter 5 - Anxiety-related behaviors in mice. In:
Methods of behavior analysis in neuroscience, 2nd ed. (Buccafusco JJ, ed), pp
77-102. Boca Raton, FL: CRC Press/Taylor & Francis.

Baram TZ, Lerner SP (1991) Ontogeny of corticotropin releasing hormone gene
expression in rat hypothalamus-comparison with somatostatin. Int J Dev Neurosci
9:473-478.

95



Beesdo K, Knappe S, Pine DS (2009) Anxiety and anxiety disorders in children and
adolescents: developmental issues and implications for DSM-V. Psychiatr Clin
North Am 32:483-524.

Behringer R, Gertsenstein M, Nagy KV, Nagy A (2016) Selecting female mice in estrus
and checking plugs. Cold Spring Harb Protoc 2016:729-731.

Belkacemi L, Jelks A, Chen C-H, Ross MG, Desai M (2011) Altered placental
development in undernourished rats: role of maternal glucocorticoids. Reprod
Biol Endocrinol 9:105. doi:10.1186/1477-7827-9-105.

Belluscio LM, Berardino BG, Ferroni NM, Ceruti JM, Canepa ET (2014) Early protein
malnutrition negatively impacts physical growth and neurological reflexes and
evokes anxiety and depressive-like behaviors. Physiol Behav 129:237-254.

Benediktsson R, Calder AA, Edwards CR, Seckl JR (1997) Placental 11 beta-
hydroxysteroid dehydrogenase: a key regulator of fetal glucocorticoid exposure.
Clin Endocrinol (Oxf) 46:161-166.

Berghénel A, Heistermann M, Schiilke O, Ostner J (2017) Prenatal stress accelerates
offspring growth to compensate for reduced maternal investment across
mammals. Proc Natl Acad Sci U S A 114:E10658-E10666.
doi:10.1073/pnas.1707152114.

Berry DC, Stenesen D, Zeve D, Graff JM (2013) The developmental origins of adipose
tissue. Development 140:3939-3949.

Bertram C, Trowern AR, Copin N, Jackson AA, Whorwood CB (2001) The maternal diet
during pregnancy programs altered expression of the glucocorticoid receptor and
type 2 11B-hydroxysteroid dehydrogenase: potential molecular mechanisms
underlying the programming of hypertension in utero. Endocrinology 142:2841—
2853.

Betts KS, Williams GM, Najman JM, Alati R (2015) The relationship between maternal
depressive, anxious, and stress symptoms during pregnancy and adult offspring
behavioral and emotional problems. Depress Anxiety 32:82-90.

Bittner A, Egger HL, Erkanli A, Costello EJ, Foley DL, Angold A (2007) What do
childhood anxiety disorders predict? J Child Psychol Psychiatry 48:1174—1183.

Blustein J, Attina T, Liu M, Ryan AM, Cox LM, Blaser MJ, Trasande L (2013)
Association of caesarean delivery with child adiposity from age 6 weeks to 15
years. Int J Obes 37:900-906.

Bogoch Y, Biala YN, Linial M, Weinstock M (2007) Anxiety induced by prenatal stress
is associated with suppression of hippocampal genes involved in synaptic
function. J Neurochem 101:1018-1030.

Boivin JR, Piekarski DJ, Wahlberg JK, Wilbrecht L (2017) Age, sex, and gonadal
hormones differently influence anxiety- and depression-related behavior during
puberty in mice. Psychoneuroendocrinology 85:78-87.

96



Borsonelo EC, Suchecki D, Calil HM, Galdur6z JCF (2011) Supplementation with fish
oil and coconut fat prevents prenatal stress-induced changes in early postnatal
development. Int J Dev Neurosci 29:521-527.

Boulle F, Pawluski JL, Homberg JR, Machiels B, Kroeze Y, Kumar N, Steinbusch
HWM, Kenis G, van den Hove DLA (2015) Prenatal stress and early-life
exposure to fluoxetine have enduring effects on anxiety and hippocampal BDNF
gene expression in adult male offspring. Dev Psychobiol 58:427-438.

Boulle F, Pawluski JL, Homberg JR, Machiels B, Kroeze Y, Kumar N, Steinbusch
HWM, Kenis G, van den Hove DLA (2016) Developmental fluoxetine exposure
increases behavioral despair and alters epigenetic regulation of the hippocampal
BDNF gene in adult female offspring. Horm Behav 80:47-57.

Bouwknecht JA, Spiga F, Staub DR, Hale MW, Shekhar A, Lowry CA (2007)
Differential effects of exposure to low-light or high-light open-field on anxiety-
related behaviors; relationship to c-Fos expression in serotonergic and non-
serotonergic neurons in the dorsal raphe nucleus. Brain Res Bull 72:32-43.

Bowman RE, MacLusky NJ, Sarmiento Y, Frankfurt M, Gordon M, Luine VN (2004)
Sexually dimorphic effects of prenatal stress on cognition, hormonal responses,
and central neurotransmitters. Endocrinology 145:3778-3787.

Braden GC, Rasmussen S, Monette S, Tolwani RJ (2017) Effects of breeding
configuration on maternal and weanling behavior in laboratory mice. ] Am Assoc
Lab Anim Sci 56:369-376.

Braithwaite EC, Pickles A, Sharp H, Glover V, O’Donnell KJ, Tibu F, Hill J (2017)
Maternal prenatal cortisol predicts infant negative emotionality in a sex-
dependent manner. Physiol Behav 175:31-36.

Briffa JF, Hosseini SS, Tran M, Moritz KM, Cuffe JSM, Wlodek ME (2017) Maternal
growth restriction and stress exposure in rats differentially alters expression of

components of the placental glucocorticoid barrier and nutrient transporters.
Placenta 59:30-38.

Bronson SL, Bale TL (2014) Prenatal stress-induced increases in placental inflammation
and offspring hyperactivity are male-specific and ameliorated by maternal
antiinflammatory treatment. Endocrinology 155:2635-2646.

Brown AS, van Os J, Driessens C, Hoek HW, Susser ES (2000) Further evidence of
relation between prenatal famine and major affective disorder. Am J Psychiatry
157:190-195.

Brown AS, Vinogradov S, Kremen WS, Poole JH, Deicken RF, Penner JD, McKeague
IW, Kochetkova A, Kern D, Schaefer CA (2009) Prenatal exposure to maternal
infection and executive dysfunction in adult schizophrenia. Am J Psychiatry
166:683—-690.

Brown RW, Diaz R, Robson AC, Kotelevtsev YV, Mullins JJ, Kaufman MH, Seckl JR
(1996) The ontogeny of 11B-hydroxysteroid dehydrogenase type 2 and
mineralocorticoid receptor gene expression reveal intricate control of
glucocorticoid action in development. Endocrinology 137:794-797.

97



Brummelte S, Galea LAM (2010) Chronic corticosterone during pregnancy and
postpartum affects maternal care, cell proliferation and depressive-like behavior
in the dam. Horm Behav 58:769—779.

Brunton PJ, Russell JA (2010) Prenatal social stress in the rat programmes
neuroendocrine and behavioural responses to stress in the adult offspring: sex-
specific effects. J] Neuroendocrinol 22:258-271.

Brunton PJ, Sullivan KM, Kerrigan D, Russell JA, Seckl JR, Drake AJ (2013) Sex-
specific effects of prenatal stress on glucose homoeostasis and peripheral
metabolism in rats. J Endocrinol 217:161-173.

Buss C, Davis EP, Shahbaba B, Pruessner JC, Head K, Sandman CA (2012) Maternal
cortisol over the course of pregnancy and subsequent child amygdala and

hippocampus volumes and affective problems. Proc Natl Acad Sci U S A
109:E1312-1319. doi:10.1073/pnas.1201295109.

Buynitsky T, Mostofsky DI (2009) Restraint stress in biobehavioral research: recent
developments. Neurosci Biobehav Rev 33:1089—-1098.

Caligioni C (2009) Assessing reproductive status/stages in mice. Curr Protoc Neurosci
Appendix-41:1-11.

Canino G, Shrout PE, Rubio-Stipec M, Bird HR, Bravo M, Ramirez R, Chavez L,
Alegria M, Bauermeister JJ, Hohmann A, Ribera J, Garcia P, Martinez-Taboas A
(2004) The DSM-IV rates of child and adolescent disorders in Puerto Rico:

prevalence, correlates, service use, and the effects of impairment. Arch Gen
Psychiatry 61:85-93.

Cao YJ, Wang Q, Zheng XX, Cheng Y, Zhang Y (2018) Involvement of SNARE
complex in the hippocampus and prefrontal cortex of offspring with depression
induced by prenatal stress. J Affect Disord 235:374-383.

Cao-Lei L, Dancause KN, Elgbeili G, Massart R, Szyt M, Liu A, Laplante DP, King S
(2015) DNA methylation mediates the impact of exposure to prenatal maternal
stress on BMI and central adiposity in children at age 134 years: Project Ice
Storm. Epigenetics 10:749-761.

Carabotti M, Scirocco A, Maselli MA, Severi C (2015) The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Ann
Gastroenterol 28:203-209.

Carlson D, David LK, Gallagher NM, Vu M-AT, Shirley M, Hultman R, Wang J, Burrus
C, McClung CA, Kumar S, Carin L, Mague SD, Dzirasa K (2017) Dynamically-
timed stimulation of corticolimbic circuitry activates a stress-compensatory
pathway. Biol Psychiatry 82:904-913.

Carpenter T, Grecian SM, Reynolds RM (2017) Sex differences in early-life
programming of the hypothalamic—pituitary—adrenal axis in humans suggest

increased vulnerability in females: a systematic review. J Dev Orig Health Dis
8:244-255.

98



Carroll D, Phillips AC, Thomas GN, Gale CR, Deary I, Batty GD (2009) Generalized
anxiety disorder is associated with metabolic syndrome in the Vietnam experience
study. Biol Psychiatry 66:91-93.

Castelli V, Lavanco G, Brancato A, Plescia F (2020) Targeting the stress system during
gestation: is early handling a protective strategy for the offspring? Front Behav
Neurosci 14:9. doi:10.3389/fnbeh.2020.00009.

Catalano R, Bruckner T, Marks AR, Eskenazi B (2006) Exogenous shocks to the human
sex ratio: the case of September 11, 2001 in New York City. Hum Reprod
21:3127-3131.

Champagne DL, Bagot RC, van Hasselt F, Ramakers G, Meaney MJ, de Kloet ER, Joéls
M, Krugers H (2008) Maternal care and hippocampal plasticity: evidence for
experience-dependent structural plasticity, altered synaptic functioning, and

differential responsiveness to glucocorticoids and stress. J Neurosci 28:6037—
6045.

Chen VS, Morrison JP, Southwell MF, Foley JF, Bolon B, Elmore SA (2017) Histology
atlas of the developing prenatal and postnatal mouse central nervous system, with
emphasis on prenatal days E7.5 to E18.5. Toxicol Pathol 45:705-744.

Chen Y-T, Hu Y, Yang Q-Y, Son JS, Liu X-D, de Avila JM, Zhu M-J, Du M (2020)
Excessive glucocorticoids during pregnancy impair fetal brown fat development

and predisposes offspring to metabolic dysfunctions. Diabetes 69:1662-1674.
doi:10.2337/db20-0009.

Choleris E, Thomas AW, Kavaliers M, Prato FS (2001) A detailed ethological analysis of
the mouse open field test: effects of diazepam, chlordiazepoxide and an extremely
low frequency pulsed magnetic field. Neurosci Biobehav Rev 25:235-260.

Chooi YC, Ding C, Magkos F (2019) The epidemiology of obesity. Metabolism 92:6—10.

Chung S, Son GH, Park SH, Park E, Lee KH, Geum D, Kim K (2005) Differential
adaptive responses to chronic stress of maternally stressed male mice offspring.
Endocrinology 146:3202—-3210.

Cirulli F, Adriani W, Laviola G (1997) Sexual segregation in infant mice: behavioural
and neuroendocrine responses to d-amphetamine administration.
Psychopharmacology (Berl) 134:140-152.

Claessens SEF, Daskalakis NP, Oitzl MS, de Kloet ER (2012) Early handling modulates
outcome of neonatal dexamethasone exposure. Horm Behav 62:433-441.

Clark DA, Banwatt D, Chaouat G (1993) Stress-triggered abortion in mice prevented by
alloimmunization. Am J Reprod Immunol 29:141-147.

Cohen P, Cohen J, Kasen S, Velez CN, Hartmark C, Johnson J, Rojas M, Brook J,
Streuning EL (1993) An epidemiological study of disorders in late childhood and
adolescence - I. Age- and gender-specific prevalence. J Child Psychol Psychiatry
34:851-867.

Cryan JF, Dinan TG (2012) Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat Rev Neurosci 13:701-712.

99



Cryan JF, Mombereau C, Vassout A (2005) The tail suspension test as a model for
assessing antidepressant activity: review of pharmacological and genetic studies
in mice. Neurosci Biobehav Rev 29:571-625.

Cuffe JSM, O’Sullivan L, Simmons DG, Anderson ST, Moritz KM (2012) Maternal
corticosterone exposure in the mouse has sex-specific effects on placental growth
and mRNA expression. Endocrinology 153:5500-5511.

Cuffe JSM, Saif Z, Perkins AV, Moritz KM, Clifton VL (2017) Dexamethasone and sex
regulate placental glucocorticoid receptor isoforms in mice. J Endocrinol 234:89—
100.

Cunningham MG, Bhattacharyya S, Benes FM (2002) Amygdalo-cortical sprouting
continues into early adulthood: implications for the development of normal and
abnormal function during adolescence. J Comp Neurol 453:116-130.

Cyranowski JM, Frank E, Young E, Shear MK (2000) Adolescent onset of the gender
difference in lifetime rates of major depression: a theoretical model. Arch Gen
Psychiatry 57:21-27.

Dahlgren J, Nilsson C, Jennische E, Ho H-P, Eriksson E, Niklasson A, Bjorntorp P,
Wikland KA, Holming A (2001) Prenatal cytokine exposure results in obesity
and gender-specific programming. Am J Physiol Endocrinol Metab 281:E326-
334. doi:10.1152/ajpendo.2001.281.2.E326.

Dancause KN, Laplante DP, Hart KJ, O’Hara MW, Elgbeili G, Brunet A, King S (2015)
Prenatal stress due to a natural disaster predicts adiposity in childhood: The lowa
Flood Study. J Obes 2015:570541. doi:10.1155/2015/570541.

Dang S, Lu Y, Su Q, Lin T, Zhang X, Zhang H, Zhang J, Zhang L, Zhu Z, Li H (2018)
H3K9 acetylation of Tph2 involved in depression-like behavior in male, but not

female, juvenile offspring rat induced by prenatal stress. Neuroscience 381:138—
148.

Davis EP, Sandman CA (2010) The timing of prenatal exposure to maternal cortisol and
psychosocial stress is associated with human infant cognitive development. Child
Dev 81:131-148.

de Jong JMA, Larsson O, Cannon B, Nedergaard J (2015) A stringent validation of
mouse adipose tissue identity markers. Am J Physiol Endocrinol Metab
308:E1085-1105. doi:10.1152/ajpendo.00023.2015.

de Lijster JM, Dierckx B, Utens EMWJ, Verhulst FC, Zieldorff C, Dieleman GC,
Legerstee JS (2017) The age of onset of anxiety disorders. Can J Psychiatry
62:237-246.

de Rooij SR, Caan MWA, Swaab DF, Nederveen AJ, Majoie CB, Schwab M, Painter
RC, Roseboom TJ (2016) Prenatal famine exposure has sex-specific effects on
brain size. Brain 139:2136-2142.

de Weerth C, van Hees Y, Buitelaar JK (2003) Prenatal maternal cortisol levels and
infant behavior during the first 5 months. Early Hum Dev 74:139-151.

100



Deacon RMIJ (2009) Chapter 3 - Digging in mice: marble burying, burrowing, and direct
observation reveal changes in mouse behavior. In: Mood and anxiety related
phenotypes in mice: characterization using behavioral tests (Gould TD, ed), pp
37-45. Totowa, NJ: Humana Press.

Debassio WA, Kemper TL, Galler JR, Tonkiss J (1994) Prenatal malnutrition effect on
pyramidal and granule cell generation in the hippocampal formation. Brain Res
Bull 35:57-61.

deCatanzaro D, MacNiven E, Goodison T, Richardson D (1994) Estrogen antibodies
reduce vulnerability to stress-induced failure of intrauterine implantation in
inseminated mice. Physiol Behav 55:35-38.

Del Cerro MCR, Ortega E, Gomez F, Segovia S, Pérez-Laso C (2015) Environmental
prenatal stress eliminates brain and maternal behavioral sex differences and alters
hormone levels in female rats. Horm Behav 73:142—147.

Del Cerro MCR, Pérez-Laso C, Ortega E, Martin JLR, Gémez F, Pérez-l1zquierdo MA,
Segovia S (2010) Maternal care counteracts behavioral effects of prenatal
environmental stress in female rats. Behav Brain Res 208:593-602.

Delevich K, Hall CD, Piekarski D, Zhang Y, Wilbrecht L (2020) Prepubertal
gonadectomy reveals sex differences in approach-avoidance behavior in adult
mice. Horm Behav 118:104641. doi:10.1016/j.yhbeh.2019.104641.

Depino AM (2015) Early prenatal exposure to LPS results in anxiety- and depression-
related behaviors in adulthood. Neuroscience 299:56—-65.

DeSesso JM, Williams AL (2018) Chapter 10 - Periods of susceptibility: interspecies
comparison of developmental milestones during ontogenesis of the central
nervous system. In: Handbook of developmental neurotoxicology, 2nd ed.
(Slikker W, Paule MG, Wang C, eds), pp 113—-125. Jefferson, AR: Academic
Press.

Diaz R, Brown RW, Seckl JR (1998) Distinct ontogeny of glucocorticoid and
mineralocorticoid receptor and 11B-hydroxysteroid dehydrogenase types I and II
mRNAs in the fetal rat brain suggest a complex control of glucocorticoid actions.
J Neurosci 18:2570-2580.

Diz-Chaves Y, Astiz M, Bellini MJ, Garcia-Segura LM (2013) Prenatal stress increases
the expression of proinflammatory cytokines and exacerbates the inflammatory

response to LPS in the hippocampal formation of adult male mice. Brain Behav
Immun 28:196-206.

Diz-Chaves Y, Pernia O, Carrero P, Garcia-Segura LM (2012) Prenatal stress causes
alterations in the morphology of microglia and the inflammatory response of the
hippocampus of adult female mice. J Neuroinflammation 9:71. doi:10.1186/1742-
2094-9-71.

D’mello AP, Liu Y (2006) Effects of maternal immobilization stress on birth weight and
glucose homeostasis in the offspring. Psychoneuroendocrinology 31:395-406.

101



Doger E, Cakiroglu Y, Kopiik SY, Ceylan Y, Simsek HU, Caliskan E (2013) Impact of
earthquakes on sex ratio at birth: Eastern Marmara earthquakes. J Turk Ger
Gynecol Assoc 14:92-97.

Douhard M (2017) Offspring sex ratio in mammals and the Trivers-Willard hypothesis:
in pursuit of unambiguous evidence. BioEssays 39:d0i:10.1002/bies.201700043.

Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, Lanctot KL (2010) A
meta-analysis of cytokines in major depression. Biol Psychiatry 67:446—457.

Dunbar JA, Reddy P, Davis-Lameloise N, Philpot B, Laatikainen T, Kilkkinen A, Bunker
SJ, Best JD, Vartiainen E, Kai Lo S, Janus ED (2008) Depression: an important
comorbidity with metabolic syndrome in a general population. Diabetes Care
31:2368-2373.

Dupouy JP, Coffigny H, Magre S (1975) Maternal and foetal corticosterone levels during
late pregnancy in rats. J Endocrinol 65:347-352.

Edlow AG, Guedj F, Pennings JLA, Sverdlov D, Neri C, Bianchi DW (2016) Males are
from Mars, and females are from Venus: sex-specific fetal brain gene expression

signatures in a mouse model of maternal diet-induced obesity. Am J Obstet
Gynecol 214:¢623 1-10. doi:10.1016/j.aj0og.2016.02.054.

Ehrlich DE, Neigh GN, Bourke CH, Nemeth CL, Hazra R, Ryan SJ, Rowson S, Jairam
N, Sholar C, Rainnie DG, Stowe ZN, Owens MJ (2015) Prenatal stress, regardless
of concurrent escitalopram treatment, alters behavior and amygdala gene
expression of adolescent female rats. Neuropharmacology 97:251-258.

Ellman LM, Schetter CD, Hobel CJ, Chicz-DeMet A, Glynn LM, Sandman CA (2008)
Timing of fetal exposure to stress hormones: effects on newborn physical and
neuromuscular maturation. Dev Psychobiol 50:232-241.

Enayati M, Mosaferi B, Homberg JR, Diniz DM, Salari A-A (2020) Prenatal maternal
stress alters depression-related symptoms in a strain- and sex-dependent manner
in rodent offspring. Life Sci 251:117597. doi:10.1016/5.1f5.2020.117597.

Entringer S, Kumsta R, Hellhammer DH, Wadhwa PD, Wiist S (2009) Prenatal exposure
to maternal psychosocial stress and HPA axis regulation in young adults. Horm
Behav 55:292-298.

Entringer S, Wiist S, Kumsta R, Layes IM, Nelson EL, Hellhammer DH, Wadhwa PD
(2008) Prenatal psychosocial stress exposure is associated with insulin resistance
in young adults. Am J Obstet Gynecol 199:e498 1-7.
do0i:10.1016/j.2jog.2008.03.006.

Epkins CC (2002) A comparison of two self-report measures of children’s social anxiety
in clinical and community samples. J Clin Child Adolesc Psychol 31:69—-79.

Fedotova J, Akulova V, Pivina S, Dragasek J, Caprnda M, Kruzliak P (2017a)
Modifications of anxiety-like behavior in prenatally stressed male offspring with
imbalance of androgens. Am J Transl Res 9:1448-1459.

102



Fedotova YO, Akulova VK, Pivina SG (2017b) Characteristics of depressive-like
behavior of prenatally stressed male rats with androgen deficiency. Bull Exp Biol
Med 162:594-596.

Fenoglio KA, Brunson KL, Avishai-Eliner S, Chen Y, Baram TZ (2004) Region-specific
onset of handling-induced changes in corticotropin-releasing factor and
glucocorticoid receptor expression. Endocrinology 145:2702-2706.

Ferré P, Nufiez JF, Garcia E, Tobefia A, Escorihuela RM, Fernandez-Teruel A (1995)
Postnatal handling reduces anxiety as measured by emotionality rating and
hyponeophagia tests in female rats. Pharmacol Biochem Behav 51:199-203.

Fonseca ESM, Massoco CO, Palermo-Neto J (2002) Effects of prenatal stress on stress-
induced changes in behavior and macrophage activity of mice. Physiol Behav
77:205-215.

Francis JL, Moitra E, Dyck I, Keller MB (2012) The impact of stressful life events on
relapse of generalized anxiety disorder. Depress Anxiety 29:386—391.

Fride E, Weinstock M (1984) The effects of prenatal exposure to predictable or
unpredictable stress on early development in the rat. Dev Psychobiol 17:651-660.

Frye CA, Petralia SM, Rhodes ME (2000) Estrous cycle and sex differences in
performance on anxiety tasks coincide with increases in hippocampal
progesterone and 3a,5a-THP. Pharmacol Biochem Behav 67:587-596.

Frye CA, Wawrzycki J (2003) Effect of prenatal stress and gonadal hormone condition
on depressive behaviors of female and male rats. Horm Behav 44:319-326.

Fujioka A, Fujioka T, Ishida Y, Maekawa T, Nakamura S (2006) Differential effects of
prenatal stress on the morphological maturation of hippocampal neurons.
Neuroscience 141:907-915.

Garoflos E, Panagiotaropoulos T, Pondiki S, Stamatakis A, Philippidis E, Stylianopoulou
F (2005) Cellular mechanisms underlying the effects of an early experience on
cognitive abilities and affective states. Ann Gen Psychiatry 4:8.
doi:10.1186/1744-859X-4-8.

Garoflos E, Stamatakis A, Pondiki S, Apostolou A, Philippidis H, Stylianopoulou F
(2007) Cellular mechanisms underlying the effect of a single exposure to neonatal

handling on neurotrophin-3 in the brain of 1-day-old rats. Neuroscience 148:349—
358.

Garoflos E, Stamatakis A, Rafrogianni A, Pondiki S, Stylianopoulou F (2008) Neonatal
handling on the first postnatal day leads to increased maternal behavior and fos
levels in the brain of the newborn rat. Dev Psychobiol 50:704-713.

Gatta E, Mairesse J, Deruyter L, Marrocco J, van Camp G, Bouwalerh H, Lo Guidice J-
M, Morley-Fletcher S, Nicoletti F, Maccari S (2018) Reduced maternal behavior
caused by gestational stress is predictive of life span changes in risk-taking
behavior and gene expression due to altering of the stress/anti-stress balance.
Neurotoxicology 66:138—149.

103



Gerardin DCC, Pereira OCM, Kempinas WG, Florio JC, Moreira EG, Bernardi MM
(2005) Sexual behavior, neuroendocrine, and neurochemical aspects in male rats
exposed prenatally to stress. Physiol Behav 84:97—-104.

Gillman MW, Rich-Edwards JW, Huh S, Majzoub JA, Oken E, Taveras EM, Rifas-
Shiman SL (2006) Maternal corticotropin-releasing hormone levels during
pregnancy and offspring adiposity. Obesity (Silver Spring) 14:1647—1653.

Golani I, Fentress JC (1985) Early ontogeny of face grooming in mice. Dev Psychobiol
18:529-544.

Golub Y, Canneva F, Funke R, Frey S, Distler J, von Horsten S, Freitag CM, Kratz O,
Moll GH, Solati J (2016) Effects of in utero environment and maternal behavior
on neuroendocrine and behavioral alterations in a mouse model of prenatal
trauma. Dev Neurobiol 76:1254-1265.

Golubeva AV, Crampton S, Desbonnet L, Edge D, O’Sullivan O, Lomasney KW,
Zhdanov AV, Crispie F, Moloney RD, Borre YE, Cotter PD, Hyland NP,
O’Halloran KD, Dinan TG, O’Keeffe GW, Cryan JF (2015) Prenatal stress-
induced alterations in major physiological systems correlate with gut microbiota
composition in adulthood. Psychoneuroendocrinology 60:58—74.

Gonzalez-Maciel A, Romero-Velazquez RM, Reynoso-Robles R, Uribe-Escamilla R,
Vargas-Sanchez J, de la Garza-Montafio P, Alfaro-Rodriguez A (2015) Prenatal
protein malnutrition affects the density of GABAergic interneurons during
hippocampus development in rats. Rev Invest Clin 67:296-303.

Graham AM, Rasmussen JM, Entringer S, Ward EB, Rudolph MD, Gilmore JH, Styner
M, Wadhwa PD, Fair DA, Buss C (2019) Maternal cortisol concentrations during
pregnancy and sex-specific associations with neonatal amygdala connectivity and
emerging internalizing behaviors. Biol Psychiatry 85:172—181.

Gressens P, Muaku SM, Besse L, Nsegbe E, Gallego J, Delpech B, Gaultier C, Evrard P,
Ketelslegers J-M, Maiter D (1997) Maternal protein restriction early in rat
pregnancy alters brain development in the progeny. Dev Brain Res 103:21-35.

Grigoryan G, Segal M (2013) Prenatal stress affects network properties of rat
hippocampal neurons. Biol Psychiatry 73:1095-1102.

Grundwald NJ, Brunton PJ (2015) Prenatal stress programs neuroendocrine stress
responses and affective behaviors in second generation rats in a sex-dependent
manner. Psychoneuroendocrinology 62:204-216.

Guan L, Jia N, Zhao X, Zhang X, Tang G, Yang L, Sun H, Wang D, Su Q, Song Q, Cai
D, Cai Q, Li H, Zhu Z (2013) The involvement of ERK/CREB/Bc¢l-2 in

depression-like behavior in prenatally stressed offspring rats. Brain Res Bull 99:1-
8. doi:10.1016/j.brainresbull.2013.08.003.

Gur TL, Palkar AV, Rajasekera T, Allen J, Niraula A, Godbout J, Bailey MT (2019)
Prenatal stress disrupts social behavior, cortical neurobiology and commensal
microbes in adult male offspring. Behav Brain Res 359:886—894.

104



Gur TL, Shay L, Palkar AV, Fisher S, Varaljay VA, Dowd S, Bailey MT (2017) Prenatal
stress affects placental cytokines and neurotrophins, commensal microbes, and
anxiety-like behavior in adult female offspring. Brain Behav Immun 64:50-58.

Han J, Lee J-E, Jin J, Lim JS, Oh N, Kim K, Chang S-I, Shibuya M, Kim H, Koh GY
(2011) The spatiotemporal development of adipose tissue. Development
138:5027-5037.

Hansen D, Mgller H, Olsen J (1999) Severe periconceptional life events and the sex ratio
in offspring: follow up study based on five national registers. Br Med J 319:548—
549.

Hao Y, Huang W, Nielsen DA, Kosten TA (2011) Litter gender composition and sex
affect maternal behavior and DNA methylation levels of the Oprm1 gene in rat
offspring. Front Psychiatry 2:21. doi:10.3389/fpsyt.2011.00021.

Harris A, Seckl J (2011) Glucocorticoids, prenatal stress and the programming of disease.
Horm Behav 59:279-289.

Hauser J, Feldon J, Pryce CR (2006) Prenatal dexamethasone exposure, postnatal
development, and adulthood prepulse inhibition and latent inhibition in Wistar
rats. Behav Brain Res 175:51-61.

He FQ, Fang G, Wang B, Guo XJ, Guo CL (2015) Perinatal stress effects on later anxiety
and hormone secretion in male mandarin voles. Behav Neurosci 129:789-800.

Hentges RF, Graham SA, Plamondon A, Tough S, Madigan S (2019) A developmental
cascade from prenatal stress to child internalizing and externalizing problems. J
Pediatr Psychol 44:1057-1067.

Herbison CE, Allen K, Robinson M, Newnham J, Pennell C (2017) The impact of life
stress on adult depression and anxiety is dependent on gender and timing of
exposure. Dev Psychopathol 29:1443—-1454.

Hoffmann HM (2018) Determination of reproductive competence by confirming pubertal
onset and performing a fertility assay in mice and rats. J Vis Exp:58352.
doi:10.3791/58352.

Hohwii L, LiJ, Olsen J, Serensen TIA, Obel C (2014) Severe maternal stress exposure
due to bereavement before, during and after pregnancy and risk of overweight and
obesity in young adult men: a Danish national cohort study. PLoS One 9:¢97490.
doi:10.1371/journal.pone.0097490.

Holinka CF, Tseng Y-C, Finch CE (1979) Reproductive aging in C57BL/6J mice: plasma
progesterone, viable embryos and resorption frequency throughout pregnancy.
Biol Reprod 20:1201-1211.

Holmes MC, Abrahamsen CT, French KL, Paterson JM, Mullins JJ, Seckl JR (2006) The
mother or the fetus? 11B-hydroxysteroid dehydrogenase type 2 null mice provide
evidence for direct fetal programming of behavior by endogenous glucocorticoids.
J Neurosci 26:3840-3844.

105



Huang C, Phillips MR, Zhang Y, Zhang J, Shi Q, Song Z, Ding Z, Pang S, Martorell R
(2013) Malnutrition in early life and adult mental health: evidence from a natural
experiment. Soc Sci Med 97:259-266.

Huang C-J, Hsieh H-M, Tu H-P, Jiang H-J, Wang P-W, Lin C-H (2018) Schizophrenia in
type 2 diabetes mellitus: prevalence and clinical characteristics. Eur Psychiatry
54:102-108.

Huizink AC, Bartels M, Rose RJ, Pulkkinen L, Eriksson CJP, Kaprio J (2008) Chernobyl
exposure as stressor during pregnancy and hormone levels in adolescent
offspring. J Epidemiol Community Health 62:e5. doi:10.1136/jech.2007.060350.

Huizink AC, de Medina PGR, Mulder EJH, Visser GHA, Buitelaar JK (2002)
Psychological measures of prenatal stress as predictors of infant temperament. J
Am Acad Child Adolesc Psychiatry 41:1078—1085.

Hutchings DE, Gibbon J (1970) Preliminary study of behavioral and teratogenic effects
of two “stress” procedures administered during different periods of gestation in
the rat. Psychol Rep 26:239-246.

Hyde JS, Mezulis AH, Abramson LY (2008) The ABCs of depression: integrating
affective, biological, and cognitive models to explain the emergence of the gender
difference in depression. Psychol Rev 115:291-313.

Ishiwata H, Shiga T, Okado N (2005) Selective serotonin reuptake inhibitor treatment of
early postnatal mice reverses their prenatal stress-induced brain dysfunction.
Neuroscience 133:893-901.

Isingrini E, Camus V, Le Guisquet A-M, Pingaud M, Devers S, Belzung C (2010)
Association between repeated unpredictable chronic mild stress (UCMS)

procedures with a high fat diet: a model of fluoxetine resistance in mice. PLoS
One 5:¢10104. doi:10.1371/journal.pone.0010404.

Iturra-Mena AM, Arriagada-Solimano M, Luttecke-Anders A, Dagnino-Subiabre A
(2018) Effects of prenatal stress on anxiety- and depressive-like behaviours are

sex-specific in prepubertal rats. J Neuroendocrinol 30:¢12609.
doi:10.1111/jne.12609.

Jafari Z, Faraji J, Mirza Agha B, Metz GAS, Kolb BE, Mohajerani MH (2017) The
adverse effects of auditory stress on mouse uterus receptivity and behaviour. Sci
Rep 7:4720. doi:10.1038/s41598-017-04943—-04948.

Jaric I, Rocks D, Cham H, Herchek A, Kundakovic M (2019) Sex and estrous cycle
effects on anxiety- and depression-related phenotypes in a two-hit developmental
stress model. Front Mol Neurosci 12:74. doi:10.3389/fnmol.2019.00074.

Jarrard LE (1968) Behavior of hippocampal lesioned rats in home cage and novel
situations. Physiol Behav 3:65-70.

JaSarevi¢ E, Bale TL (2019) Prenatal and postnatal contributions of the maternal
microbiome on offspring programming. Front Neuroendocrinol 55:100797.
doi:10.1016/j.yfrne.2019.100797.

106



Jasarevi¢ E, Howard CD, Misic AM, Beiting DP, Bale TL (2017) Stress during
pregnancy alters temporal and spatial dynamics of the maternal and offspring
microbiome in a sex-specific manner. Sci Rep 7:44182. doi:10.1038/srep44182.

Jasarevi¢ E, Howard CD, Morrison K, Misic A, Weinkopff T, Scott P, Hunter C, Beiting
D, Bale TL (2018) The maternal vaginal microbiome partially mediates the

effects of prenatal stress on offspring gut and hypothalamus. Nat Neurosci
21:1061-1071.

Jasarevi¢ E, Howerton CL, Howard CD, Bale TL (2015) Alterations in the vaginal
microbiome by maternal stress are associated with metabolic reprogramming of
the offspring gut and brain. Endocrinology 156:3265-3276.

Jeje SO, Raji Y (2017) Maternal treatment with dexamethasone during gestation alters
sexual development markers in the F1 and F2 male offspring of Wistar rats. J Dev
Orig Hlth Dis 8:101-112.

Jia N, Li Q, Sun H, Song Q, Tang G, Sun Q, Wang W, Chen R, Li H, Zhu Z (2015)
Alterations of group I mGluRs and BDNF associated with behavioral abnormity
in prenatally stressed offspring rats. Neurochem Res 40:1074—1082.

Jiang H-Y, Zhang X, Yu Z-H, Zhang Z, Deng M, Zhao J-H, Ruan B (2018) Altered gut
microbiota profile in patients with generalized anxiety disorder. J Psychiatr Res
104:130-136.

Jones SL, Dufoix R, Laplante DP, Elgbeili G, Patel R, Chakravarty MM, King S,
Pruessner JC (2019) Larger amygdala volume mediates the association between
prenatal maternal stress and higher levels of externalizing behaviors: sex specific

effects in Project Ice Storm. Front Hum Neurosci 13:144.
doi:10.3389/fnhum.2019.00144.

Kalueff AV, Stewart AM, Song C, Berridge KC, Graybiel AM, Fentress JC (2016)
Neurobiology of rodent self-grooming and its value for translational neuroscience.
Nat Rev Neurosci 17:45-59.

Kalueff AV, Tuohimaa P (2005) Mouse grooming microstructure is a reliable anxiety
marker bidirectionally sensitive to GABAergic drugs. Eur J Pharmacol 508:147—
153.

Kashani JH, McGee RO, Clarkson SE, Anderson JC, Walton LA, Williams S, Silva PA,
Robins AJ, Cytryn L, McKnew DH (1983) Depression in a sample of 9-year-old
children: prevalence and associated characteristics. Arch Gen Psychiatry
40:1217-1223.

Keller J, Gomez R, Williams G, Lembke A, Lazzeroni L, Murphy GM, Schatzberg AF
(2017) HPA axis in major depression: cortisol, clinical symptomatology, and
genetic variation predict cognition. Mol Psychiatry 22:527-536.

Kelley AE, Cador M, Stinus L (1989) Chapter 2 - Exploration and its measurement. In:
Psychopharmacology (Boulton AA, Baker GB, Greenshaw AlJ, eds), pp 95-144.
Totowa, NJ: Humana Press.

107



Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP (2015) Breaking down
the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders. Front Cell Neurosci 9:392. doi: 10.3389/fncel.2015.00392.

Kendler KS, Karkowski LM, Prescott CA (1999) Causal relationship between stressful
life events and the onset of major depression. Am J Psychiatry 156:837—841.

Kertes DA, Kamin HS, Hughes DA, Rodney NC, Bhatt S, Mulligan CJ (2016) Prenatal
maternal stress predicts methylation of genes regulating the hypothalamic-
pituitary-adrenocortical system in mothers and newborns in the Democratic
Republic of Congo. Child Dev 87:61-72.

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, Eshleman S, Wittchen H-
U, Kendler KS (1994) Lifetime and 12-month prevalence of DSM-III-R
psychiatric disorders in the United States: results from the National Comorbidity
Survey. Arch Gen Psychiatry 51:8-19.

Khashan AS, Abel KM, McNamee R, Pedersen MG, Webb RT, Baker PN, Kenny LC,
Mortensen PB (2008) Higher risk of offspring schizophrenia following antenatal

maternal exposure to severe adverse life events. Arch Gen Psychiatry 65:146—
152.

Kim DR, Bale TL, Epperson CN (2015) Prenatal programming of mental illness: current
understanding of relationship and mechanisms. Curr Psychiatry Rep 17:5.
doi:10.1007/s11920-014-0546—-0549.

Kimble DP (1963) The effects of bilateral hippocampal lesions in rats. ] Comp Physiol
Psychol 56:273-283.

Kinderman P, Schwannauer M, Pontin E, Tai S (2013) Psychological processes mediate
the impact of familial risk, social circumstances and life events on mental health.
PLoS One 8:€76564. doi:10.1371/journal.pone.0076564.

Kingsbury M, Weeks M, MacKinnon N, Evans J, Mahedy L, Dykxhoorn J, Colman I
(2016) Stressful life events during pregnancy and offspring depression: evidence
from a prospective cohort study. J] Am Acad Child Adolesc Psychiatry 55:709—
716.

Kinsley C, Svare B (1986) Prenatal stress effects: are they mediated by reductions in
maternal food and water intake and body weight gain? Physiol Behav 37:191—
193.

Kleinhaus K, Harlap S, Perrin M, Manor O, Margalit-Calderon R, Opler M, Friedlander
Y, Malaspina D (2013) Prenatal stress and affective disorders in a population
birth cohort. Bipolar Disord 15:92-99.

Komada M, Takao K, Miyakawa T (2008) Elevated plus maze for mice. J Vis Exp
22:1088. doi:10.3791/1088.

Laloux C, Mairesse J, van Camp G, Giovine A, Branchi I, Bouret S, Morley-Fletcher S,
Bergonzelli G, Malagodi M, Gradini R, Nicoletti F, Darnaudéry M, Maccari S
(2012) Anxiety-like behaviour and associated neurochemical and

108



endocrinological alterations in male pups exposed to prenatal stress.
Psychoneuroendocrinology 37:1646—1658.

Lan N, Chiu MPY, Ellis L, Weinberg J (2017) Prenatal alcohol exposure and prenatal
stress differentially alter glucocorticoid signaling in the placenta and fetal brain.
Neuroscience 342:167-179.

Langley-Evans SC, Phillips GJ, Benediktsson R, Gardner DS, Edwards CR, Jackson AA,
Seckl JR (1996) Protein intake in pregnancy, placental glucocorticoid metabolism
and the programming of hypertension in the rat. Placenta 17:169-172.

Last CG, Perrin S, Hersen M, Kazdin AE (1996) A prospective study of childhood
anxiety disorders. ] Am Acad Child Psy 35:1502—-1510.

Lee Y-A, Kim Y-J, Goto Y (2016) Cognitive and affective alterations by prenatal and
postnatal stress interaction. Physiol Behav 165:146—153.

Lee YE, Byun SK, Shin S, Jang JY, Choi B, Park D, Jeon JH, Nahm S-S, Kang J-K,
Hwang S-Y, Kim J-C, Kim Y-B (2008) Effect of maternal restraint stress on fetal
development of ICR mice. Exp Anim 57:19-25.

Lenz KM, McCarthy MM (2010) Organized for sex — steroid hormones and the
developing hypothalamus. Eur J Neurosci 32:2096-2104.

Lesage J, Blondeau B, Grino M, Bréant B, Dupouy JP (2001) Maternal undernutrition
during late gestation induces fetal overexposure to glucocorticoids and
intrauterine growth retardation, and disturbs the hypothalamo-pituitary adrenal
axis in the newborn rat. Endocrinology 142:1692—-1702.

Lesage J, Del-Favero F, Leonhardt M, Louvart H, Maccari S, Vieau D, Darnaudery M
(2004) Prenatal stress induces intrauterine growth restriction and programmes

glucose intolerance and feeding behaviour disturbances in the aged rat. J
Endocrinol 181:291-296.

Lezak KR, Missig G, Carlezon Jr WA (2017) Behavioral methods to study anxiety in
rodents. Dialogues Clin Neurosci 19:181-191.

Li W-Y, Chang Y-C, Lee LJ-H, Lee L-J (2014) Prenatal infection affects the neuronal
architecture and cognitive function in adult mice. Dev Neurosci 36:359-370.

Lieberman MW (1963) Early developmental stress and later behavior. Science 141:824—
825.

Lin Y-L, Wang S (2014) Prenatal lipopolysaccharide exposure increases depression-like
behaviors and reduces hippocampal neurogenesis in adult rats. Behav Brain Res
259:24-34.

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A, Sharma S, Pearson D,
Plotsky PM, Meaney MJ (1997) Maternal care, hippocampal glucocorticoid
receptors, and hypothalamic-pituitary-adrenal responses to stress. Science
277:1659-1662.

109



Liu GT, Dancause KN, Elgbeili G, Laplante DP, King S (2016) Disaster-related prenatal
maternal stress explains increasing amounts of variance in body composition
through childhood and adolescence: Project Ice Storm. Environ Res 150:1-7.

Loizou LA, Salt P (1970) Regional changes in monoamines of the rat brain during
postnatal development. Brain Res 20:467—470.

LuY, Zhang J, Zhang L, Dang S, Su Q, Zhang H, Lin T, Zhang X, Zhang Y, Sun H, Zhu
Z, Li H (2017) Hippocampal acetylation may improve prenatal-stress-induced
depression-like behavior of male offspring rats through regulating AMPARs
expression. Neurochem Res 42:3456-3464.

Luby JL, Heffelfinger AK, Mrakotsky C, Hessler MJ, Brown KM, Hildebrand T (2002)
Preschool major depressive disorder: preliminary validation for developmentally
modified DSM-IV criteria. ] Am Acad Child Psy 41:928-937.

Luft C, Levices IP, da Costa MS, Haute GV, Grassi-Oliveira R, de Oliveira JR, Donadio
MVF (2020) Exercise before pregnancy attenuates the effects of prenatal stress in
adult mice in a sex-dependent manner. Int J Dev Neurosci 80:86-95.

Lussier SJ, Stevens HE (2016) Delays in GABAergic interneuron development and
behavioral inhibition after prenatal stress. Dev Neurobiol 76:1078—1091.

Maccari S, Morley-Fletcher S (2007) Effects of prenatal restraint stress on the
hypothalamus—pituitary—adrenal axis and related behavioural and neurobiological
alterations. Psychoneuroendocrinology 32:S10-15.

Macri S, Mason GJ, Wiirbel H (2004) Dissociation in the effects of neonatal maternal
separations on maternal care and the offspring’s HPA and fear responses in rats.
Eur J Neurosci 20:1017-1024.

Mairesse J, Lesage J, Breton C, Bréant B, Hahn T, Darnaudéry M, Dickson SL, Seckl J,
Blondeau B, Vieau D, Maccari S, Viltart O (2007a) Maternal stress alters

endocrine function of the feto-placental unit in rats. Am J Physiol Endocrinol
Metab 292:e1526-1533. doi:10.1152/ajpendo.00574.2006.

Mairesse J, Viltart O, Salomé N, Giuliani A, Catalani A, Casolini P, Morley-Fletcher S,
Nicoletti F, Maccari S (2007b) Prenatal stress alters the negative correlation
between neuronal activation in limbic regions and behavioral responses in rats

exposed to high and low anxiogenic environments. Psychoneuroendocrinology
32:765-776.

Majidi-Zolbanin J, Doosti M-H, Kosari-Nasab M, Salari A-A (2015) Prenatal maternal
immune activation increases anxiety- and depressive-like behaviors in offspring
with experimental autoimmune encephalomyelitis. Neuroscience 294:69—-81.

Mann A, Thompson A, Robbins N, Blomkalns AL (2014) Localization, identification,
and excision of murine adipose depots. JOVE - J Vis Exp 94:¢52174 1-7.

Marzola P, Boschi F, Moneta F, Sbarbati A, Zancanaro C (2016) Preclinical in vivo
imaging for fat tissue identification, quantification, and functional
characterization. Front Pharmacol 7:336. doi:10.3389/fphar.2016.00336.

110



Maxwell SD, Fineberg AM, Drabick DA, Muphy SK, Ellman LM (2018) Maternal
prenatal stress and other developmental risk factors for adolescent depression:
spotlight on sex differences. J Abnorm Child Psychol 46:381-397.

Meaney MJ, Aitken DH, Bhatnagar S, Sapolsky RM (1991) Postnatal handling attenuates
certain neuroendocrine, anatomical, and cognitive dysfunctions associated with
aging in female rats. Neurobiol Aging 12:31-38.

Meaney MJ, Aitken DH, Bodnoff SR, Iny LJ, Sapolsky RM (1985) The effects of
postnatal handling on the development of the glucocorticoid receptor systems and

stress recovery in the rat. Prog Neuropsychopharmacol Biol Psychiatry 9:731—
734.

Meaney MJ, Aitken DH, Viau V, Sharma S, Sarrieau A (1989) Neonatal handling alters
adrenocortical negative feedback sensitivity and hippocampal type 11
glucocorticoid receptor binding in the rat. Neuroendocrinology 50:597—-604.

Medina A, Seasholtz AF, Sharma V, Burke S, Bunney W, Myers RM, Schatzberg A,
Akil H, Watson SJ (2013) Glucocorticoid and mineralocorticoid receptor
expression in the human hippocampus in major depressive disorder. J Psychiatr
Res 47:307-314.

Meerlo P, Horvath KM, Nagy GM, Bohus B, Koolhaas JM (1999) The influence of
postnatal handling on adult neuroendocrine and behavioural stress reactivity. J
Neuroendocrinol 11:925-933.

Meikle DB, Thornton MW (1995) Premating and gestational effects of maternal nutrition
on secondary sex ratio in house mice. J Reprod Fertil 105:193—196.

Mina TH, Rédikkonen K, Riley SC, Norman JE, Reynolds RM (2015) Maternal distress
associates with placental genes regulating fetal glucocorticoid exposure and IGF2:
role of obesity and sex. Psychoneuroendocrinology 59:112—122.

Miranda-Contreras L, Mendoza-Bricefio RV, Palacios-Prii EL (1998) Levels of
monoamine and amino acid neurotransmitters in the developing male mouse

hypothalamus and in histotypic hypothalamic cultures. Int J Dev Neurosci
16:403-412.

Mitchell NC, Gould GG, Koek W, Daws LC (2016) Ontogeny of SERT expression and
antidepressant-like response to escitalopram in wild-type and SERT mutant mice.
J Pharmacol Exp Ther 358:271-281.

Mitchell NC, Gould GG, Smolik CM, Koek W, Daws LC (2013) Antidepressant-like
drug effects in juvenile and adolescent mice in the tail suspension test:
relationship with hippocampal serotonin and norepinephrine transporter
expression and function. Front Pharmacol 4:131. doi:10.3389/fphar.2013.00131.

Mitra J, Chowdhury M (1989) Glycerylphosphorylcholine diesterase activity of uterine
fluid in conditions inducing secondary sex ratio change in the rat. Gamete Res
23:415-420.

Monk CS, Telzer EH, Mogg K, Bradley BP, Mai X, Louro HMC, Chen G, McClure-
Tone EB, Ernst M, Pine DS (2008) Amygdala and ventrolateral prefrontal cortex

111



activation to masked angry faces in children and adolescents with generalized
anxiety disorder. Arch Gen Psychiatry 65:568—576.

Montano MM, Wang M-H, Even MD, Vom Saal FS (1991) Serum corticosterone in fetal
mice: sex differences, circadian changes, and effect of maternal stress. Physiol
Behav 50:323-329.

Morley-Fletcher S, Darnaudéry M, Mocaer E, Froger N, Lanfumey L, Laviola G,
Casolini P, Zuena AR, Marzano L, Hamon M, Maccari S (2004) Chronic
treatment with imipramine reverses immobility behaviour, hippocampal
corticosteroid receptors and cortical 5-HT1A receptor mRNA in prenatally
stressed rats. Neuropharmacology 47:841-847.

Mueller BR, Bale TL (2006) Impact of prenatal stress on long term body weight is
dependent on timing and maternal sensitivity. Physiol Behav 88:605—614.

Mueller BR, Bale TL (2008) Sex-specific programming of offspring emotionality
following stress early in pregnancy. J Neurosci 28:9055-9065.

Murata K, Fujita N, Takahashi R, Inui A (2018) Ninjinyoeito improves behavioral
abnormalities and hippocampal neurogenesis in the corticosterone model of
depression. Front Pharmacol 9:1216. doi:10.3389/fphar.2018.01216.

Murphy BEP, Clark SJ, Donald IR, Pinsky M, Vedady D (1974) Conversion of maternal
cortisol to cortisone during placental transfer to the human fetus. Am J Obstet
Gynecol 118:538-541.

Mychasiuk R, Ilnytskyy S, Kovalchuk O, Kolb B, Gibb R (2011) Intensity matters: brain,
behaviour and the epigenome of prenatally stressed rats. Neuroscience 180:105—
110.

Namiki T, Ito J, Kashiwazaki N (2018) Molecular mechanisms of embryonic
implantation in mammals: lessons from the gene manipulation of mice. Reprod
Med Biol 17:331-342.

Nitt D, Barchiesi R, Murad J, Feng J, Nestler EJ, Champagne FA, Thorsell A (2017)
Perinatal malnutrition leads to sexually dimorphic behavioral responses with

associated epigenetic changes in the mouse brain. Sci Rep 7:11082.
doi:10.1038/s41598-017-10803-2.

Nuiez JF, Ferré P, Garcia E, Escorihuela RM, Fernandez-Teruel A, Tobefia A (1995)
Postnatal handling reduces emotionality ratings and accelerates two-way active
avoidance in female rats. Physiol Behav 57:831-835.

Nuiiez JL, Sodhi J, Juraska JM (2002) Ovarian hormones after postnatal day 20 reduce
neuron number in the rat primary visual cortex. J Neurobiol 52:312-321.

O’Donnell KJ, Meaney MJ (2016) Fetal origins of mental health: the developmental
origins of health and disease hypothesis. Am J Psychiatry 174:319-328.

O’Leary OF, Cryan JF (2009) Chapter 7 - The tail-suspension test: a model for
characterizing antidepressant activity in mice. In: Mood and anxiety related
phenotypes in mice: characterization using behavioral tests (Gould TD, ed), pp
119-137. Totowa, NJ: Humana Press.

112



Oosterhof CA, El Mansari M, Merali Z, Blier P (2016) Altered monoamine system
activities after prenatal and adult stress: a role for stress resilience? Brain Res
1642:409-418.

Ordyan NE, Fedotova YO, Pivina SG (2013) Effects of prenatal stress on the activity of
the pituitary-ovarian system in female rats. Bull Exp Biol Med 155:433-435.

Ordyan NE, Pivina SG (2004) Characteristics of the behavior and stress-reactivity of the
hypophyseal-adrenal system in prenatally stressed rats. Neurosci Behav Physiol
34:569-574.

Orgilés M, Méndez X, Espada JP, Carballo JL, Piqueras JA (2012) Anxiety disorder
symptoms in children and adolescents: differences by age and gender in a
community sample. Rev Psiquiatr Salud Ment 5:115-120.

Osborne, N.D., Groulx, C., Charlton, T., Connor, K.C., & Audet, M.C. (2020). Prenatal
stress modulates activity of the gut microbiota-immune-brain axis in response to
an adult social stressor in male and female mouse offspring. Brain Behav Immun.
In preparation.

Overstreet DH (2012) Chapter 7 - Modeling depression in animal models. In: Psychiatric
disorders: methods and protocols (Kobeissy FH, ed), pp 125-144. Totowa, NJ:
Humana Press.

Padmanabhan V, Cardoso RC, Puttabyatappa M (2016) Developmental programming, a
pathway to disease. Endocrinology 157:1328-1340.

Pallarés ME, Adrover E, Baier CJ, Bourguignon NS, Monteleone MC, Brocco MA,
Gonzalez-Calvar SI, Antonelli MC (2013) Prenatal maternal restraint stress

exposure alters the reproductive hormone profile and testis development of the rat
male offspring. Stress 16:429-440.

Pallarés ME, Scacchi Bernasconi PA, Feleder C, Cutrera RA (2007) Effects of prenatal
stress on motor performance and anxiety behavior in Swiss mice. Physiol Behav
92:951-956.

Pankevich DE, Mueller BR, Brockel B, Bale TL (2009) Prenatal stress programming of
offspring feeding behavior and energy balance begins early in pregnancy. Physiol
Behav 98:94-102.

Papaioannou A, Dafni U, Alikaridis F, Bolaris S, Stylianopoulou F (2002) Effects of
neonatal handling on basal and stress-induced monoamine levels in the male and
female rat brain. Neuroscience 114:195-206.

Pariante CM, Miller AH (2001) Glucocorticoid receptors in major depression: relevance
to pathophysiology and treatment. Biol Psychiatry 49:391-404.

Pascual R, Ebner D, Araneda R, Urqueta MJ, Bustamante C (2010) Maternal stress
induces long-lasting Purkinje cell developmental impairments in mouse offspring.
Eur J Pediatr 169:1517-1522.

Paternain L, Batlle MA, de la Garza AL, Milagro FI, Martinez JA, Campion J (2012)
Transcriptomic and epigenetic changes in the hypothalamus are involved in an

113



increased susceptibility to a high-fat-sucrose diet in prenatally stressed female
rats. Neuroendocrinology 96:249-260.

Paternain L, de la Garza AL, Batlle MA, Milagro FI, Martinez JA, Campion J (2013)
Prenatal stress increases the obesogenic effects of a high-fat-sucrose diet in adult
rats in a sex-specific manner. Stress 16:220-232.

Paul HA, Bomhof MR, Vogel HJ, Reimer RA (2016) Diet-induced changes in maternal
gut microbiota and metabolomic profiles influence programming of offspring
obesity risk in rats. Sci Rep 6:20683. doi:10.1038/srep20683.

Pefia CJ, Monk C, Champagne FA (2012) Epigenetic effects of prenatal stress on 113-
hydroxysteroid dehydrogenase-2 in the placenta and fetal brain. PLoS One
7:€39791. doi:10.1371/journal.pone.0039791.

Pereira-Figueiredo I, Sancho C, Carro J, Castellano O, Lopez DE (2014a) The effects of
sertraline administration from adolescence to adulthood on physiological and
emotional development in prenatally stressed rats of both sexes. Front Behav
Neurosci 8.

Pereira-Figueiredo I, Sancho C, Carro J, Castellano O, Lopez DE (2014b) The effects of
sertraline administration from adolescence to adulthood on physiological and

emotional development in prenatally stressed rats of both sexes. Front Behav
Neurosci 8:260. doi:10.3389/fnbeh.2014.00260.

Piekarski DJ, Boivin JR, Wilbrecht L (2017) Ovarian hormones organize the maturation
of inhibitory neurotransmission in the frontal cortex at puberty onset in female
mice. Curr Biol 27:1735-1745.€3. do0i:10.1016/j.cub.2017.05.027.

Pimentel GD, Lira FS, Rosa JC, Oliveira JL, Losinskas-Hachul AC, Souza GIH, das
Gragas T. do Carmo M, Santos RVT, de Mello MT, Tufik S, Seelaender M,
Oyama LM, Oller do Nascimento CM, Watanabe RH, Ribeiro EB, Pisani LP
(2012) Intake of trans fatty acids during gestation and lactation leads to
hypothalamic inflammation via TLR4/NF«xBp65 signaling in adult offspring. J
Nutr Biochem 23:265-271.

Pintar JE, Lugo DI (1987) Proopiomelanocortin gene expression, prohormone processing,
and secretion during rat pituitary development. Ann NY Acad Sci 512:318-327.

Poltyrev T, Gorodetsky E, Bejar C, Schorer-Apelbaum D, Weinstock M (2005) Effect of
chronic treatment with ladostigil (TV-3326) on anxiogenic and depressive-like
behaviour and on activity of the hypothalamic—pituitary—adrenal axis in male and
female prenatally stressed rats. Psychopharmacology 181:118-125.

Poltyrev T, Weinstock M (2004) Gender difference in the prevention of hyperanxiety in
adult prenatally stressed rats by chronic treatment with amitriptyline.
Psychopharmacology 171:270-276.

Porsolt RD, Bertin A, Jalfre M (1978) “Behavioural despair” in rats and mice: strain
differences and the effects of imipramine. Eur J Pharmacol 51:291-294.

114



Pratt NC, Lisk RD (1989) Effects of social stress during early pregnancy on litter size and
sex ratio in the golden hamster (Mesocricetus auratus). J Reprod Fertil 87:763—
769.

Prell RA, Halpern WG, Rao GK (2016) Perspective on a modified developmental and
reproductive toxicity testing strategy for cancer immunotherapy. Int J Toxicol
35:263-273.

Pryce CR, Bettschen D, Feldon J (2001) Comparison of the effects of early handling and
early deprivation on maternal care in the rat. Dev Psychobiol 38:239-251.

Qulu L, Daniels WMU, Mabandla MV (2015) Exposure to prenatal stress has deleterious
effects on hippocampal function in a febrile seizure rat model. Brain Res
1624:506-514.

Radtke KM, Ruf M, Gunter HM, Dohrmann K, Schauer M, Meyer A, Elbert T (2011)
Transgenerational impact of intimate partner violence on methylation in the
promoter of the glucocorticoid receptor. Transl Psychiatry 1:e21.
doi:10.1038/tp.2011.21.

Rayen I, van den Hove DL, Prickaerts J, Steinbusch HW, Pawluski JL (2011) Fluoxetine
during development reverses the effects of prenatal stress on depressive-like

behavior and hippocampal neurogenesis in adolescence. PLoS One 6:¢24003.
doi:10.1371/journal.pone.0024003.

Reisinger S, Khan D, Kong E, Berger A, Pollak A, Pollak DD (2015) The Poly(I:C)-
induced maternal immune activation model in preclinical neuropsychiatric drug
discovery. Pharmacol Therapeut 149:213-226.

Reis-Silva TM, Sandini TM, Calefi AS, Orlando BCG, Moreira N, Lima APN, Florio JC,
Queiroz-Hazarbassanov NGT, Bernardi MM (2019) Stress resilience evidenced
by grooming behaviour and dopamine levels in male mice selected for high and
low immobility using the tail suspension test. Eur J Neurosci 50:2942-2954.

Rice D, Barone Jr. S (2000) Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ Health Perspect 108
Suppl 3:511-533.

Rice F, Harold GT, Boivin J, van den Bree M, Hay DF, Thapar A (2010) The links
between prenatal stress and offspring development and psychopathology:
disentangling environmental and inherited influences. Psychol Med 40:335-345.

Rimondini R, Agren G, Borjesson S, Sommer W, Heilig M (2003) Persistent behavioral
and autonomic supersensitivity to stress following prenatal stress exposure in rats.
Behav Brain Res 140:75-80.

Rivers JPW, Crawford MA (1974) Maternal nutrition and the sex ratio at birth. Nature
252:297-298.

Rond6é PHC, Ferreira RF, Nogueira F, Ribeiro MCN, Lobert H, Artes R (2003) Maternal
psychological stress and distress as predictors of low birth weight, prematurity
and intrauterine growth retardation. Eur J Clin Nutr 57:266-272.

115



Rosenfeld CS, Grimm KM, Livingston KA, Brokman AM, Lamberson WE, Roberts RM
(2003) Striking variation in the sex ratio of pups born to mice according to
whether maternal diet is high in fat or carbohydrate. Proc Natl Acad Sci U S A
100:4628-4632.

Salminen S, Gibson GR, McCartney AL, Isolauri E (2004) Influence of mode of delivery
on gut microbiota composition in seven year old children. Gut 53:1388—1389.

Schroeder M, Jakovcevski M, Polacheck T, Drori Y, Ben-Dor S, R6h S, Chen A (2018)
Sex dependent impact of gestational stress on predisposition to eating disorders
and metabolic disease. Mol Metab 17:1-16. doi: 10.1016/j.molmet.2018.08.005.

Schroeder M, Jakovcevski M, Polacheck T, Lebow M, Drori Y, Engel M, Ben-Dor S,
Chen A (2017) A methyl-balanced diet prevents CRF-induced prenatal stress-
triggered predisposition to binge eating-like phenotype. Cell Metab 25:1269-
1281.e6. doi:10.1016/j.cmet.2017.05.001.

Schroeder M, Sultany T, Weller A (2013) Prenatal stress effects on emotion regulation
differ by genotype and sex in prepubertal rats. Dev Psychobiol 55:176—-192.

Scott WJ, Holson JF (1977) Weight differences in rat embryos prior to sexual
differentiation. J] Embryol Exp Morphol 40:259-263.

Seckl JR, Holmes MC (2007) Mechanisms of disease: glucocorticoids, their placental
metabolism and fetal “programming” of adult pathophysiology. Nat Clin Pract
Endocrinol 3:479-488.

Seibenhener ML, Wooten MC (2015) Use of the open field maze to measure locomotor
and anxiety-like behavior in mice. J Vis Exp:e52434. doi:10.3791/52434.

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ (2013) Brain
development in rodents and humans: identifying benchmarks of maturation and

vulnerability to injury across species. Prog Neurobiol 106—107:1-16.
doi:10.1016/j.pneurobio.2013.04.001.

Seth S, Lewis AJ, Saffery R, Lappas M, Galbally M (2015) Maternal prenatal mental
health and placental 11B-HSD2 gene expression: initial findings from the Mercy
Pregnancy and Emotional Wellbeing Study. Int J Mol Sci 16:27482-27496.

Severino GS, Fossati IAM, Padoin MJ, Gomes CM, Trevizan L, Sanvitto GL, Franci CR,
Anselmo-Franci JA, Lucion AB (2004) Effects of neonatal handling on the
behavior and prolactin stress response in male and female rats at various ages and
estrous cycle phases of females. Physiol Behav 81:489—-498.

Shiota N, Narikiyo K, Masuda A, Aou S (2016) Water spray-induced grooming is
negatively correlated with depressive behavior in the forced swimming test in
rats. J Physiol Sci 66:265-273.

Simerly RB (2002) Wired for reproduction: organization and development of sexually
dimorphic circuits in the mammalian forebrain. Annu Rev Neurosci 25:507-536.

Siviy SM (2018) Effects of neonatal handling on play and anxiety in F344 and Lewis
rats. Dev Psychobiol 60:458-467.

116



Skripuletz T, Kruschinski C, Pabst R, Horsten S von, Stephan M (2010) Postnatal
experiences influence the behavior in adult male and female Fischer and Lewis
rats. Int J Dev Neurosci 28:561-571.

Sloboda DM, Moss TIM, Li S, Matthews SG, Challis JRG, Newnham JP (2008)
Expression of glucocorticoid receptor, mineralocorticoid receptor, and 11-
hydroxysteroid dehydrogenase 1 and 2 in the fetal and postnatal ovine

hippocampus: ontogeny and effects of prenatal glucocorticoid exposure. J
Endocrinol 197:213-220.

Smith JT, Waddell BJ (2000) Increased fetal glucocorticoid exposure delays puberty
onset in postnatal life. Endocrinology 141:2422-2428.

Smith JT, Waddell BJ (2002) Leptin receptor expression in the rat placenta: changes in
Ob-Ra, Ob-Rb, and Ob-Re with gestational age and suppression by
glucocorticoids. Biol Reprod 67:1204-1210.

Soares CN, Zitek B (2008) Reproductive hormone sensitivity and risk for depression
across the female life cycle: a continuum of vulnerability? J Psychiatry Neurosci
33:331-343.

Soares-Cunha C, Coimbra B, Borges S, Domingues AV, Silva D, Sousa N, Rodrigues AJ
(2018) Mild prenatal stress causes emotional and brain structural modifications in
rats of both sexes. Front Behav Neurosci 12:129. doi:10.3389/fnbeh.2018.00129.

Speirs HJ, Seckl JR, Brown RW (2004) Ontogeny of glucocorticoid receptor and 11beta-
hydroxysteroid dehydrogenase type-1 gene expression identifies potential critical
periods of glucocorticoid susceptibility during development. J Endocrinol
181:105-116.

Staud F, Mazancova K, Miksik I, Pavek P, Fendrich Z, Pacha J (2006) Corticosterone
transfer and metabolism in the dually perfused rat placenta: effect of 11p-
hydroxysteroid dehydrogenase type 2. Placenta 27:171-180.

Steel Z, Marnane C, Iranpour C, Chey T, Jackson JW, Patel V, Silove D (2014) The
global prevalence of common mental disorders: a systematic review and meta-
analysis 1980-2013. Int J Epidemiol 43:476—493.

St-Hilaire A, Steiger H, Liu A, Laplante DP, Thaler L, Magill T, King S (2015) A
prospective study of effects of prenatal maternal stress on later eating-disorder
manifestations in affected offspring: preliminary indications based on the Project
Ice Storm cohort. Int J Eat Disord 48:512-516.

Stohr T, Wermeling DS, Szuran T, Pliska V, Domeney A, Welzl H, Weiner I, Feldon J
(1998) Differential effects of prenatal stress in two inbred strains of rats.
Pharmacol Biochem Behav 59:799-805.

Sugden MC, Langdown ML, Munns MJ, Holness MJ (2001) Maternal glucocorticoid
treatment modulates placental leptin and leptin receptor expression and materno-
fetal leptin physiology during late pregnancy, and elicits hypertension associated
with hyperleptinaemia in the early-growth-retarded adult offspring. Eur J
Endocrinol 145:529-539.

117



Sun H, Guan L, Zhu Z, Li H (2013a) Reduced levels of NR1 and NR2A with depression-
like behavior in different brain regions in prenatally stressed juvenile offspring.
PLoS One 8:¢81775. doi:10.1371/journal.pone.0081775.

Sun H, Jia N, Guan L, Su Q, Wang D, Li H, Zhu Z (2013b) Involvement of NR1, NR2A
different expression in brain regions in anxiety-like behavior of prenatally
stressed offspring. Behav Brain Res 257:1-7. doi:10.1016/j.bbr.2013.08.044.

Szczesny E, Basta-Kaim A, Slusarczyk J, Trojan E, Glombik K, Regulska M, Leskiewicz
M, Budziszewska B, Kubera M, Lason W (2014) The impact of prenatal stress on
insulin-like growth factor-1 and pro-inflammatory cytokine expression in the
brains of adult male rats: the possible role of suppressors of cytokine signaling
proteins. J Neuroimmunol 276:37—46.

Szymanska M, Budziszewska B, Jaworska-Feil L, Basta-Kaim A, Kubera M, Leskiewicz
M, Regulska M, Lason W (2009) The effect of antidepressant drugs on the HPA
axis activity, glucocorticoid receptor level and FKBP51 concentration in
prenatally stressed rats. Psychoneuroendocrinology 34:822—-832.

Tamashiro KLK, Terrillion CE, Hyun J, Koenig JI, Moran TH (2009) Prenatal stress or
high-fat diet increases susceptibility to diet-induced obesity in rat offspring.
Diabetes 58:1116-1125.

Tamura M, Sajo M, Kakita A, Matsuki N, Koyama R (2011) Prenatal stress inhibits
neuronal maturation through downregulation of mineralocorticoid receptors. J
Neurosci 31:11505-11514.

Thompson SM, Berkowitz LE, Clark BJ (2018) Behavioral and neural subsystems of
rodent exploration. Learn Motiv 61:3—15.

Torche F, Kleinhaus K (2012) Prenatal stress, gestational age and secondary sex ratio: the

sex-specific effects of exposure to a natural disaster in early pregnancy. Hum
Reprod 27:558-567.

Trivers RL, Willard DE (1973) Natural selection of parental ability to vary the sex ratio
of offspring. Science 179:90-92.

Trojan E, Chamera K, Bryniarska N, Kotarska K, Leskiewicz M, Regulska M, Basta-
Kaim A (2019) Role of chronic administration of antidepressant drugs in the
prenatal stress-evoked inflammatory response in the brain of adult offspring rats:
involvement of the NLRP3 inflammasome-related pathway. Mol Neurobiol
56:5365-5380.

Tsunoda Y, Tokunaga T, Sugie T (1985) Altered sex ratio of live young after transfer of
fast- and slow-developing mouse embryos. Gamete Res 12:301-304.

Ueno H, Takahashi Y, Suemitsu S, Murakami S, Kitamura N, Wani K, Matsumoto Y,
Okamoto M, Ishihara T (2020) Effects of repetitive gentle handling of male
C57BL/6NCrl mice on comparative behavioural test results. Sci Rep 10:3509.
doi:10.1038/s41598-020-60530-60534.

Vackova Z, Vagnerova K, Libra A, Miksik I, Pacha J, Staud F (2009) Dexamethasone
and betamethasone administration during pregnancy affects expression and

118



function of 11B-hydroxysteroid dehydrogenase type 2 in the rat placenta. Reprod
Toxicol 28:46-51.

Vallée M, Mayo W, Dellu F, Le Moal M, Simon H, Maccari S (1997) Prenatal stress
induces high anxiety and postnatal handling induces low anxiety in adult
offspring: correlation with stress-induced corticosterone secretion. J Neurosci
17:2626-2636.

Vallée M, Mayo W, Maccari S, Le Moal M, Simon H (1996) Long-term effects of
prenatal stress and handling on metabolic parameters: relationship to
corticosterone secretion response. Brain Res 712:287-292.

Valles-Colomer M, Falony G, Darzi Y, Tigchelaar EF, Wang J, Tito RY, Schiweck C,
Kurilshikov A, Joossens M, Wijmenga C, Claes S, Van Oudenhove L,
Zhernakova A, Vieira-Silva S, Raes J (2019) The neuroactive potential of the
human gut microbiota in quality of life and depression. Nat Microbiol 4:623—-632.

van Camp G, Cigalotti J, Bouwalerh H, Mairesse J, Gatta E, Palanza P, Maccari S,
Morley-Fletcher S (2018) Consequences of a double hit of stress during the
perinatal period and midlife in female rats: mismatch or cumulative effect?
Psychoneuroendocrinology 93:45-55.

van den Broek T, Fleischmann M (2019) Prenatal famine exposure and mental health in
later midlife. Aging Ment Health 23:166—170.

van den Hove DLA, Lauder JM, Scheepens A, Prickaerts J, Blanco CE, Steinbusch
HWM (2006) Prenatal stress in the rat alters 5-HT1A receptor binding in the
ventral hippocampus. Brain Res 1090:29-34.

van den Hove DLA, Leibold NK, Strackx E, Martinez-Claros M, Lesch KP, Steinbusch
HWM, Schruers KRJ, Prickaerts J (2014) Prenatal stress and subsequent exposure
to chronic mild stress in rats; interdependent effects on emotional behavior and
the serotonergic system. Eur Neuropsychopharmacol 24:595-607.

van Hasselt FN, Cornelisse S, Zhang TY, Meaney MJ, Velzing EH, Krugers HJ, Joéls M
(2012) Adult hippocampal glucocorticoid receptor expression and dentate
synaptic plasticity correlate with maternal care received by individuals early in
life. Hippocampus 22:255-266.

Vaughan OR, Sferruzzi-Perri AN, Fowden AL (2012) Maternal corticosterone regulates
nutrient allocation to fetal growth in mice. J Physiol 590:5529-5540.

Virk J, LiJ, Vestergaard M, Obel C, Kristensen JK, Olsen J (2012) Prenatal exposure to
bereavement and type-2 diabetes: a Danish longitudinal population based study.
PLoS One 7:¢43508. doi:10.1371/journal.pone.0043508.

Virk J, LiJ, Vestergaard M, Obel C, Lu M, Olsen J (2010) Early life disease
programming during the preconception and prenatal period: making the link
between stressful life events and type-1 diabetes. PLoS One 5:e11523.
10.1371/journal.pone.0011523.

Virtue AT, McCright SJ, Wright JM, Jimenez MT, Mowel WK, Kotzin JJ, Joannas L,
Basavappa MG, Spencer SP, Clark ML, Eisennagel SH, Williams A, Levy M,

119



Manne S, Henrickson SE, Wherry EJ, Thaiss CA, Elinav E, Henao-Mejia J (2019)
The gut microbiota regulates white adipose tissue inflammation and obesity via a
family of microRNAs. Sci Transl Med 11:eaav1892.
doi:10.1126/scitranslmed.aav1892.

Wakshlak A, Weinstock M (1990) Neonatal handling reverses behavioral abnormalities
induced in rats by prenatal stress. Physiol Behav 48:289-292.

Walf AA, Frye CA (2007) Estradiol decreases anxiety behavior and enhances inhibitory
avoidance and gestational stress produces opposite effects. Stress 10:251-260.

Ward GR, Wainwright PE (1988) Reductions in maternal food and water intake account
for prenatal stress effects on neurobehavioral development in B6D2F2 mice.
Physiol Behav 44:781-786.

Ward IL, Ward OB, Affuso JD, Long WD, French JA, Hendricks SE (2003) Fetal
testosterone surge: specific modulations induced in male rats by maternal stress
and/or alcohol consumption. Horm Behav 43:531-539.

Ward IL, Weisz J (1980) Maternal stress alters plasma testosterone in fetal males.
Science 207:328-329.

Watson JB, Mednick SA, Huttunen M, Wang X (1999) Prenatal teratogens and the
development of adult mental illness. Dev Psychopathol 11:457—466.

Watt TT, Appel L, Roberts K, Flores B, Morris S (2013) Sugar, stress, and the
supplemental nutrition assistance program: early childhood obesity risks among a
clinic-based sample of low-income Hispanics. J] Community Health 38:513-520.

Wei L, David A, Duman RS, Anisman H, Kaffman A (2010) Early life stress increases
anxiety-like behavior in Balbc mice despite a compensatory increase in levels of
postnatal maternal care. Horm Behav 57:396-404.

Weir JA (1960) A sex ratio factor in the house mouse that is transmitted by the male.
Genetics 45:1539-1552.

Wiebold JL, Stanfield PH, Becker WC, Hillers JK (1986) The effect of restraint stress in
early pregnancy in mice. J Reprod Fertil 78:185-192.

Wild S, Roglic G, Green A, Sicree R, King H (2004) Global prevalence of diabetes:
estimates for the year 2000 and projections for 2030. Diabetes Care 27:1047—
1053.

Wood CE, Walker C-D (2015) Fetal and neonatal HPA axis. Compr Physiol 6:33-62.

Woods L, Perez-Garcia V, Hemberger M (2018) Regulation of placental development
and Its impact on fetal growth — new insights from mouse models. Front
Endocrinol 9:570. doi:10.3389/fendo.2018.00570.

Wu S, Gennings C, Wright RJ, Wilson A, Burris HH, Just AC, Braun JM, Svensson K,
Zhong J, Brennan KJM, Dereix A, Cantoral A, Schnaas L, T¢llez-Rojo MM,
Wright RO, Baccarelli AA (2018) Prenatal stress, methylation in inflammation-
related genes, and adiposity measures in early childhood: the PROGRESS cohort
study. Psychosom Med 80:34-41.

120



Yao Y, Robinson AM, Zucchi FC, Robbins JC, Babenko O, Kovalchuk O, Kovalchuk I,
Olson DM, Metz GAS (2014) Ancestral exposure to stress epigenetically

programs preterm birth risk and adverse maternal and newborn outcomes. BMC
Med 12:121. doi:10.1186/s12916-014-0121-0126.

Ye W, Pitlock MD, Javors MA, Thompson BJ, Lechleiter JD, Hensler JG (2018) The
long-term effect of maternal dietary protein restriction on 5-HT1A receptor
function and behavioral responses to stress in adulthood. Behav Brain Res
349:116-124.

Yen Y-C, Anderzhanova E, Bunck M, Schuller J, Landgraf R, Wotjak CT (2013) Co-
segregation of hyperactivity, active coping styles, and cognitive dysfunction in
mice selectively bred for low levels of anxiety. Front Behav Neurosci 7:103.
doi:10.3389/fnbeh.2013.00103.

Yong Ping E, Laplante DP, Elgbeili G, Jones SL, Brunet A, King S (2020) Disaster-
related prenatal maternal stress predicts HPA reactivity and psychopathology in
adolescent offspring: Project Ice Storm. Psychoneuroendocrinology 117:104697.
doi:

Zagron G, Weinstock M (2006) Maternal adrenal hormone secretion mediates

behavioural alterations induced by prenatal stress in male and female rats. Behav
Brain Res 175:323-328.

Zhang H, Shang Y, Xiao X, Yu M, Zhang T (2017) Prenatal stress-induced impairments
of cognitive flexibility and bidirectional synaptic plasticity are possibly associated
with autophagy in adolescent male-offspring. Exp Neurol 298:68-78.

Zhang XH, Jia N, Zhao XY, Tang GK, Guan LX, Wang D, Sun HL, Li H, Zhu ZL (2013)
Involvement of pGluR1, EAAT2 and EAATS3 in offspring depression induced by
prenatal stress. 250:333-341.

Zheng H-T, Fu T, Zhang H-Y, Yang Z-S, Zheng Z-H, Yang Z-M (2020) Progesterone-
regulated Hsd11b2 as a barrier to balance mouse uterine corticosterone. J
Endocrinol 244:177-187.

Zhu P, Wang W, Zuo R, Sun K (2019) Mechanisms for establishment of the placental
glucocorticoid barrier, a guard for life. Cell Mol Life Sci 76:13-26.

Zijlmans MAC, Korpela K, Riksen-Walraven JM, de Vos WM, de Weerth C (2015)
Maternal prenatal stress is associated with the infant intestinal microbiota.
Psychoneuroendocrinology 53:233-245.

121



