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Abstract

Prenatal stress mediated through the mother can program the long-term phenotype of the
offspring. The capacity for adaptation to adversity in early life depends in part on the life
history of the animal. It is therefore likely that an early life ethologically relevant
psychogenic stressor that has been present over evolutionary times could prime responses
to an environment containing this stress via epigenetic mechanisms such as DNA
methylation modifications. Pregnant C57BL/6 mice and, separately, Long-Evans rats
were exposed daily to unpredictable and inescapable predator odors or distilled water
control over the second half of pregnancy. I examined the effect of the prenatal predator
odour exposure on the integrative phenotype of adult offspring at the level of behaviour,
physiology, endocrinology, transcription and DNA methylation. Prenatally predator
odour-exposed offspring exhibited an overall increase in stress-related behaviours on a
variety of commonly-used and semi-naturalistic assessments of the response to stress, as
well as modifications of energy consumption at baseline and under stress. These changes
were accompanied by a sex-specific increase in endocrine responses to stress and an
increase in circulating thyroid hormone. Additionally, I observed modifications in stress-
related transcript abundance at birth and in adulthood accompanied by DNA methylation
modifications in adulthood. Overall, assessments of the integrative phenotype of prenatal
predator odour-exposed animals indicate a persistent increase in stress responsiveness
across a variety of experimental conditions and phenotypic levels in the two rodent

species. This phenotype supports the hypothesis that maternal programming allows



developmental forecasting that shapes the individual developmental trajectory. Prenatal

predator odour is therefore a potent programming stressor.
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Introduction



1.1 Publication

Part of the introduction is adapted in the following review article:

St-Cyr, Sophie and McGowan, Patrick O. Adaptation or pathology? The role of prenatal
stressor type and intensity in the developmental programing of adult phenotype. Invited

review submitted to Neurotoxicology and Teratology.

1.2 Early life influence on phenotype

The mother is the major interface between the offspring and its prenatal environment.
Early life environment is known to be a significant factor in programming the
developmental trajectory of animals. These early life decisions are therefore responsible
for the long-term phenotype of an individual. These effects have been observed for 60
years now. The first evidence of early environment programming was reported in rats
where pups handled every day before weaning possessed lighter adrenal glands,
indicating a decreased stress response, in adulthood compared to non-handled control rats
(Levine, 1957). Several hypotheses have been developed to explain the mechanism by

which the early life milieu can lead to developmental and long-term phenotypic changes.

1.2.1 Description of Thrifty phenotype and Developmental Origin of Health and
Disease hypotheses

The ‘Thrifty phenotype’ hypothesis was proposed in 1992 by Hales and Barker. This
hypothesis states that predisposition to type 2 diabetes is determined through energetic
availability in early human development. More broadly, energy restriction in utero leads
to a growth restriction through an energy allocation trade-off in which vital organs
development is prioritized over tissues development. This trade-off leads to an

irreversible change in the developmental trajectory of the individual. This prenatal



condition can be detected through a low birth-weight and, later, by a raised blood
pressure and increased insulin resistance in adulthood. Insulin growth factors (/GF-I and
II) and their receptors have been hypothesized to mediate this phenotypic plasticity as
they constitute key regulators of foetal growth that could be imprinted in prenatal life

depending upon the nutritional resource availability (McMillen and Robinson, 2005).

These long-term modifications in low-birth weight offspring have later been described as
the metabolic syndrome, encompassing changes in growth, metabolism and vasculature.
Organ development alterations leads to metabolic and hormonal imprinting in the
individuals which can lead to hypertension, insulin resistance and increased stress
response (as detected through increased blood glucocorticoid and adrenocorticotropic
hormone) (Hales and Barker, 2001; Phillips et al., 2000; Reynolds, 2001). Therefore,
early life energy deprivation changes the structure and life-long functional capacity of the
organs affecting the individuals’ glucose homeostasis, insulin secretion and action, blood
pressure regulation, renal and endothelial function, appetite and hypothalamic-pituitary-
adrenal axis reactivity. The window of programming can be extended to the early
postnatal environment as observed in rats from small litters exhibiting chronic
hyperphagia, obesity, hyperleptinemia, hyperglycemia, hyperinsulinemia and insulin
resistance (McMillen and Robinson, 2005). The metabolic syndrome crystallizes the
impact of early life events on the developmental trajectory of the individual. This concept
gave birth to the Developmental Origin of Health and Disease (DOHaD) hypothesis
predicting inflammation and increased risk of obesity in preadolescent years (Gluckman
and Hanson, 2006). Therefore, the foetus trade-off strategy of reducing growth when

energy is limited promotes immediate survival against health in later life.

New evidence indicates that early energetic deprivation confers an advantage later in life
by increasing energy conservation and reducing somatic growth in poor nutrition
environments (Youngson and Whitelaw, 2008), which can confer increased longevity
(Ozanne and Hales, 2004) in this type of environment. Incidentally, in human populations
exposed to famine, increased birth weight increased 9-fold the risk of rickets, a disease

associated to severe malnutrition (Chali et al., 1998) as large babies are more likely to



exceed their mother energetic resources and suffer from energetic insufficiency. These
observations suggest that the thrifty phenotype could be adaptive in a deprived thrifty
postnatal environment and maximize the immediate offspring fitness. On the contrary, a
thrifty phenotype would be inappropriate in an environment where energy is abundant
and available and would induce obesity or insulin resistance. This observation introduced
the concept of the importance of a similar and stable prenatal and postnatal environment

for efficient maternal programming, through reliable maternal cues.

1.2.2 Description of Mismatch and Predictive Adaptive Response hypotheses

The Predictive Adaptive Response hypothesis is an extension of the mismatch hypothesis
by Bateson and Gluckman (2011) stating that developmental forecasting determines the
developmental trajectory of the individual. Cues from the early life would therefore
influence the development of a phenotype appropriate to the predicted later life
environment. However, a mismatch from the predicted environment would lead to
adverse health and fitness effects. The prenatal cues can be the nutrition, body
composition or stress level of the mother. This hypothesis also predicts that
developmental plasticity happens in response to an adaptive range of cues and signals,
while producing non-adaptive outcomes in response to a novel or extreme insult (Bateson
et al., 2014). Contrary to the Developmental Origin of Health and Disease hypothesis,
which produces two distinct phenotypes, the Predictive Adaptive Response hypothesis
predicts graded phenotypic changes. The Predictive Adaptive Response hypothesis states
that maternal effects can maximize the offspring fitness by preparing the offspring to
future environmental conditions. Further, the Predictive Adaptive Response hypothesis
explains the adverse effects described in the thrifty hypothesis as by-products of the
evolutionary recent raise in human longevity and emergence of the westernized diet rich
in carbohydrate and fat (Bateson et al., 2014), therefore increasing the probability of
long-term mismatched environments. The major implication of this mismatch is that the
‘adaptive’ trade-off traits triggered prenatally by maternal cues leads to adverse outcomes

in the long run.



1.2.3 Epigenetics as the mechanism of maternal programming

Epigenetics refers to molecular processes leading to stable changes in gene expression
that can last over cell divisions without altering the underlying deoxyribonucleic acid
(DNA) sequence (Allis et al., 2007). The most studied epigenetic marks are DNA
methylation and histone modifications including methylation and acetylation amongst
other. DNA methylation produces a long-lasting addition of a methyl group by a DNA
methyltransferase on a carbon of the cytosine nucleotide ring, most often in the context of
a Cytosine-Guanine dinucleotide. DNA methylation marks are long lasting, especially in
post-mitotic cells such as neurons. This epigenetic mark is linked to a decreased access to
the DNA, and concurrently a decrease in the associated gene expression. For example,
highly methylated Cytosine-Guanine dinucleotide sites in a promoter region leads to the
inhibition of transcription factor binding at this site, reducing gene expression. On the
contrary, a methylated repressive binding site would increase the gene expression. At a
higher level, histone modifications (e.g. acetylation, methylation, ubiquitination) change
the chromatin structure, making nucleosomes more or less accessible for transcription.
The most studied histone modification is the acetylation of positively charged amino
acids on histone tails through histone acetyltransferases (HATs). Acetylation generally
opens the chromatin, allowing transcription factors to bind to the DNA. Histone
deacetylase (HDACs) have the opposite effect (Allis et al., 2007). Therefore, permanent
programming of the foetus through maternal influence can happen through long-lasting

epigenetic alterations of the foetus, a phenomenon called maternal programming.

Epigenetic programming has been suggested to mediate offspring phenotypic plasticity
described in the Developmental Origin of Health and Disease and Predictive Adaptive
Response hypotheses. Epigenetic inheritance could optimally transmit Predictive
Adaptive Responses by propagating a well-adapted phenotype in a specific environment
within a population until genetic fixation occurs (Bateson et al., 2014). Epigenetic
inheritance would also allow species to survive short-term environmental challenges

while preserving maximal genotypic variation.



1.3 Stress affects bodily functions

1.3.1 Stress is a brake in the body equilibrium

The stress response has been described by Hans Selye as the physiological consequences
to a wide variety of noxious stimulus (Herman, 2010). These physiological changes are
triggered to restore homeostasis in cases of real or anticipated threat to homeostasis
(physical or psychological stressors). The adaptive way to cope with stress is through the
‘fight-or-flight” response involving active problem-solving in response to an escapable
stress, or passively through immobility or reduction of harm when exposed to an
inescapable stress (Homberg, 2012). Generally, acute stress leads to the mobilization of
energy while chronic stress generally suppresses growth, reproduction, digestion and
immunity. The autonomic nervous system and Hypothalamic-Pituitary Adrenal axis are
the main components of the stress response mediating this response (Tsigos and
Chrousos, 2002). The initial fast response to stress happens within seconds through the
activation of the autonomic sympathetic activation of the locus coeruleus and
noradrenergic cell groups of the medulla and pons. This fast response changes the
function of several target organs through epinephrine and norepinephrine signalling
(Chrousos, 1998; Tsigos and Chrousos, 2002). This initial stress response has not been
shown to be ‘programmable’; therefore it will not further be discussed in the context of

this thesis.

1.3.2 Stress response through the Hypothalamic-Pituitary Adrenal axis

The endocrine response to stress is mediated through the hypothalamic-pituitary adrenal
(HPA) axis from minutes to hours following the stress onset through glucocorticoids. The
corticotropin-releasing factor and arginine vasopressin are released by the paraventricular
nucleus of the hypothalamus and, acting synergistically, lead the pituitary to synthesize
and secrete adrenocorticotropic hormone. The adrenocorticotropic hormone is derived
from proopiomelanocortin that is produced by the arcuate nucleus of the hypothalamus

and the pituitary gland (Chrousos, 1998). The adrenocorticotropic hormone in turn



induces the downstream release of glucocorticoids, such as cortisol and corticosterone,
their amount depending on the species, by the adrenal cortex and into the circulatory
system. The adrenal cortex produces and releases mineralocorticoids, mainly aldosterone,
glucocorticoids and androgens (Marieb and Hoehn, 2012). The main glucocorticoid in
fish and humans is cortisol while corticosterone is found in rodents, birds, amphibians
and reptiles (Nelson, 2000). When glucocorticoids reach the glucocorticoid receptors in
the hippocampus, negative feedback prevents further Adrenocorticotropic hormone
release. Glucocorticoid receptors include the type-2 high affinity mineralocorticoid
receptor (NR3C2) binding low levels of cortisone and cortisol or corticosterone and the
type-1 low affinity glucocorticoid receptor (NR3C/) mediating the response to higher
glucocorticoid levels (O’Connor et al., 2000), including during the stress response
(Figure 1). Mineralocorticoid receptors show a ten times greater affinity to
glucocorticoids than glucocorticoid receptors (O’Connor et al., 2000). Glucocorticoid
receptors and mineralocorticoid receptors are present in cell cytoplasm until activation,
bound to the co-chaperone FKBP5 (FK506 binding protein 5) and heat-shock protein 90
(Hsp90). FKBPS is the co-chaperone protein of multiple steroid receptors and is essential
for mediating the effect of those steroid hormones on gene expression via transactivation.
Once in the nucleus, glucocorticoid receptors act as a transcription factor binding to
genomic glucocorticoid receptor elements by altering the transcription of multiple genes

(Jadskeldinen et al., 2011).

The regulation of the hypothalamic-pituitary adrenal axis is complex and takes place at
all the levels of the axis including extra-hypothalamic brain regions such as the medial
prefrontal cortex, the hippocampus and amygdala. The glucocorticoid receptor activation
in the pituitary, hypothalamus and hippocampus inhibits the hypothalamic-pituitary
adrenal axis activity. Corticotropin-releasing hormone neurons are also subject to an ultra
short inhibitory corticotropin-releasing hormone loop and an hypothalamic inhibitory
Proopiomelanocortin loop (Calogero et al., 1988). The hippocampus and amygdala,
which are inter-connected and mediate anxiety behaviour, can also modulate the
hypothalamus-pituitary adrenal axis activity (Davis, 1992; McHugh et al., 2004; Snyder
et al., 2011). Hippocampal projections inhibit the hypothalamus-pituitary adrenal axis
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through projections to the hypothalamus, bed nucleus of the stria terminalis and septum
to the medial prefrontal cortex. On the contrary, amygdala projections to areas adjacent to
the paraventricular nucleus of the hypothalamus, bed nucleus of the stria terminalis,
medial prefrontal cortex potentiate the hypothalamus-pituitary adrenal axis activation
(Herman et al., 2003; Schulkin et al., 2005). Finally, the medial prefrontal cortex can also
mediate negative feedback of the hypothalamus-pituitary adrenal axis through

glucocorticoid receptor binding (Herman et al., 2005).

On average, only 5% of the circulating glucocorticoids are biologically active while 90%
is bound to corticosteroid-binding globulin (or transcortin) along with residual albumin
binding (Qian et al., 2011). Bound cortisol and corticosterone are physiologically
inactive. In situations of stress, the glucocorticoid reservoir in the blood becomes more
readily available through decreased corticosteroid-binding globulin-binding. Further,
glucocorticoids are short-lived molecules with the half-life of corticosterone bound and

unbound in rodents being under 30 minutes (Sainio et al., 1988).

Glucocorticoids naturally show a circadian rhythm under the control of the
suprachiasmatic nucleus of the hypothalamus (Moore and Eichler, 1972) with levels
peaking at the onset of the active phase, which is the dark phase in rodents (Qian et al.,
2012). The circadian rhythm of the hypothalamic-pituitary adrenal axis is driven by
mineralocorticoid receptor glucocorticoid binding (Dallman et al., 1989). Elevated
corticosterone at arousal time is thought to have evolved as an adaptation to match the
predictable rise in energy needed to support an increase in locomotor activity at that
moment (Malisch et al., 2008). The circadian rhythm can be altered by changes in
lighting and feeding schedules (Moore and Eichler, 1972) as well as chronic stress which

can blunt the corticosterone circadian rhythm (Yuan et al., 2016).

Multiple tissues including the liver and placenta express the enzyme 11B-hydroxysteroid
dehydrogenase. This key enzyme presents two isoforms: Type 1 catalyzes the reduction
of 11-dehydrocorticosterone to corticosterone while, inversely, 11p-hydroxysteroid

dehydrogenase dehydrogenases corticosterone into the inactive 11-dehydrocorticosterone



metabolite. 11p-hydroxysteroid dehydrogenase is dynamically expressed in the placenta
and regulates the amount of maternal glucocorticoids received by the foetus, which can in
turn mediate modifications in the offspring phenotype (Bellisario et al., 2015; Welberg et
al., 2000).

1.3.3 Mechanisms and effects of acute and chronic stress

The acute stress response is responsible for behavioural and physiological adaptations.
The stress-induced ‘fight-or-flight’ response is associated with the facilitation of neural
pathways mediating arousal, alertness, vigilance, cognition, focused attention and
aggression while inhibiting feeding and reproduction through a redirection of energy
allocation (Homberg, 2012; Wingfield and Ramenofsky, 1999). These behavioural
changes are accompanied by physiological adaptations such as an increase in heart rate,
blood pressure, respiratory rate, temperature, analgesia, hepatic energy production
gluconeogenesis and lipolysis. While energy is being allocated to the ‘fight-or-flight’
adaptive response, there is an associated decrease of digestion, growth, reproductive
investment, inflammation and immunity (Chrousos, 1998) (Figure 1) (Table 1). Growth
suppression is mediated mostly through a glucocorticoid inhibition of the release of
growth hormone, thyroid-stimulating hormone and conversion of thyroxine to the
biologically active triiodothyronine. Reproductive investment is limited mainly through
the inhibition of luteinizing hormone, follicle-stimulating hormone, testosterone and
estradiol by glucocorticoids. Inhibition of inflammation and immune response is
mediated through glucocorticoids and induced nuclear factor-kappa B which inhibits the
release of cytokines (interleukin-1 and 6, tumor necrosis factor) and mediators of
inflammation such as serotonin (Chrousos, 1998; Munhoz et al., 2010). However, new
theories suggest that acute stress might mediate an increase in innate immune response
while suppressing the adaptive immune response (Cruz-Topete and Cidlowski, 2014).
Finally, analgesia is mediated by the increased transcript abundance of B-endorphin
(Chrousos and Gold, 1992; O’Connor et al., 2000). The genes reported here, expression
of which is modified under stress, are interesting potential programming targets during

prenatal stress exposure.
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Table 1. Behavioural and physiological adaptations during acute and chronic stress

Behavioural adaptations

Physiological adaptations

A Arousal/Alertness
A Anxiety

A Cognition/Vigilance
WV Appetite/Feeding

WV Reproductive behaviour

A Heart rate/Blood pressure

A Respiratory rate

A Temperature

A Gluconeogenesis/Lipolysis

WV Growth

WV Reproductive system investment
W Digestion

WV Inflammation/Immunity

Adapted from Chrousos and Gold (1992).
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However, in the case of chronic stress, the prolonged activation of the adaptive stress
responses triggers negative outcomes including hyper-arousal, hyper-vigilance, prolonged
anorexia, hypogonadism and decreased libido. A lot of these effects are associated to
symptoms of depression and facilitate the development of addictive behaviours such as

alcoholism (Chrousos and Gold, 1992).

1.3.4 Targets and timing of maternal programming during the hypothalamic-

pituitary adrenal axis development and maturation

The hypothalamus, pituitary and adrenal glands are active endocrine organs during foetal
development (Ng, 2000). The hypothalamic-pituitary adrenal axis development is related
to periods of rapid brain growth associated to species-specific gestation times (Clancy et
al., 2001). In this section, I will review the maternal programming during the
hypothalamic-pituitary adrenal axis development and maturation in laboratory rodents. In
mice and rats, the gestation time is respectively of 19 and 21 days and the hypothalamic-
pituitary adrenal axis maturation starts around gestational day 14. During development,
maternal glucocorticoids modulate and can inhibit the activation of the foetal
hypothalamic-pituitary adrenal axis. Further, intrauterine homeostasis and vital organ
maturation including lung, liver and central nervous system requires neural development

of the hypothalamic-pituitary adrenal axis (O’Connor et al., 2000).

In rodent foetus, although glucocorticoid receptors are expressed as early as gestational
day 12.5 in the neuroepithelium, negative feedback of the hypothalamic-pituitary adrenal
axis is mediated by neural transcription of glucocorticoid receptors in the foetus
happening from the gestational day 16.5 onward (Diaz et al., 1998; Reichardt and Schiitz,
1996). Glucocorticoid receptors are not detected in the foetal brain before the gestational
day 15.5 (Diaz et al., 1998). This period coincides with sex-specific transcript abundance
difference in placental 11B-hydroxysteroid dehydrogenase, with female placentas
showing reduced transcript abundance and thus reduced maternal glucocorticoid
buffering (Pankevich et al.,, 2009). As effects of prenatal stress on placental 11f3-

hydroxysteroid dehydrogenase transcript abundance have been observed until parturition,
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differential glucocorticoid exposure in utero could explain the sex-specific glucocorticoid

receptor transcript abundance in offspring at birth (Pefia et al., 2012).

In rats, the proopiomelanocortin transcript, from which adrenocorticotropic hormone is
derived, is detected in the pituitary as early as gestational day 13.5 and it’s abundance is
responsive to physiological mediators (Lugo and Pintar, 1996). Arginine-vasopressin
transcription starts later, in the hypothalamus on the gestational day 15 and on gestational
day 17 and 18 in the pituitary and hypothalamus (Rundle and Funder, 1988; Tribollet et
al., 1991). The -corticotropin-releasing hormone regulates the growth of pituitary
corticotrophs, adrenocortical differentiation and the maturation of the foetal
hypothalamic-pituitary adrenal axis during the late foetal development. Foetal
corticotropin-releasing factor rise in maternal and foetal circulation triggers parturition as
well as a surge in foetal glucocorticoids (O’Connor et al., 2000). Corticotropin-releasing
factor receptors are expressed in the rat foetal hypothalamus from the gestational day 16
and in the foetal amygdala and cortex on the gestational day 17 while hippocampal
transcription is detected postnatally only (Eghbal-Ahmadi et al., 1998). Foetal
corticosterone-binding globulin concentration and binding capacity increases up to the
gestational day 20 and lead to a 3-fold increase in bioactive glucocorticoids in late
pregnancy (gestational day 18 to term) up to postnatal day 28 (Gewolb and Warshaw,
1986).

Early postnatally, between postnatal day 4 to 14, the hypothalamic-pituitary adrenal axis
is hyporesponsive (stress hyporesponsive period, Lupien et al., 2009). This
hyporesponsive period corresponds to a low baseline blood glucocorticoid level with a
minimal hypothalamic-pituitary adrenal axis reactivity in response to noxious stressors.
The stress hyperesponsive period could protect the rapidly developing brain from
glucocorticoids and is maintained by maternal care (Lupien et al., 2009). The stress
hyperesponsive period is accompanied by decreased hypothalamic glucocorticoid
receptor and corticotropin-releasing factor transcription (Halasz et al., 1997).
Hippocampal glucocorticoid receptor and mineralocorticoid receptor transcript

abundance increases from postnatal day 9 to 15 (Meaney et al., 1985). Similarly, lactating
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dams show significantly reduced diurnal peaks of corticosterone and hypothalamic-
pituitary adrenal axis reactivity in response to an acute stressor. This stable circadian
corticosterone level is probably important to normalize and maintain metabolic activity in
lactating mothers while decreasing their anxiety and stress responsiveness to enable
normal postnatal development in the offspring (Hillerer et al., 2011; Windle et al., 2013).
The normal hypothalamic-pituitary adrenal axis activity of the mother is resumed within
two days of pups weaning (Windle et al., 2013). Stress during pregnancy can lead to a
shift in the circadian pattern of corticosteroid release in the dam, preventing the normal

hypocorticism of the lactating dam (Malisch et al., 2008).

Therefore, the foetal maturation of the hypothalamic-pituitary adrenal axis in rodents
happens well into the second half of pregnancy. This period is likely the most responsive
to maternal programming. Further, as maternal influence on the offspring’s
hypothalamic-pituitary adrenal axis remains over the first two postnatal weeks, this

period is likely responsible for further programming or ‘rescue’ of prenatal programming.

1.4 Traditionally studied prenatal stress paradigms on the long-

term individual phenotype

The basis of the prenatal and early postnatal paradigms leading to long-term phenotypic
modifications is to provide an unpredictable and uncontrollable (unavoidable) stress of a
physical, psychological or psychosocial nature. Some examples of early life stressors
applied to laboratory rodent models include saline injections, chemical exposure, forced
swimming, crowding, electric shocks, restraint or immobilization combined or not with
heat or bright light, acoustic startle, forced swimming, crowding (high conspecific
density) or combinations of stressors in chronic variable stress paradigms (Charil et al.,
2010; Crews et al., 2007; Darnaudéry and Maccari, 2008; Mueller and Bale, 2006;
Weinstock, 1997). More directly, some females were supplemented with glucocorticoids

or synthetic glucocorticoids during pregnancy (Muneoka et al., 1997). Equivalent
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stressors in humans are thought to be marital discord, threat of war, death of husband or

unpredictable aircraft noise among others (Weinstock, 1997).

To report the overall impacts associated to prenatal stress, I will focus on two of the most
traditional and studied paradigms: prenatal restraint stress and prenatal chronic variable
stress. Postnatal stressors applied to the mother and maternal separation stress are not
included here as, in these cases, pups are directly stressed. In these cases, maternal
programming is mitigated between the maternal stress and direct exposure to the stressor

components.

1.4.1 General impacts of prenatal restraint stress

Prenatal restraint stress consists of rodent dams being restrained up to three times a day
for an hour during the last week of pregnancy. Prenatal restraint stress during the second
half of pregnancy leads to a decrease in 11B-hydroxysteroid dehydrogenase placental
transcription and enzymatic activity. This change is accompanied by an increase in
maternal circulating corticosterone and a decreased corticosterone-binding globulin level
in rats (Koehl et al., 1999; Morley-Fletcher et al., 2003). Taken together, prenatal
restraint stress therefore leads to an increase in corticosterone reaching the foetus during

the prenatal stress period.

Prenatal restraint stress leads to several long-term behavioural alterations including an
increase in stress-related behaviour and activity during novel environment exploration in
adulthood compared to non-prenatally stressed rodents (Darnaudéry and Maccari, 2008;
De Souza et al., 2013; Dong et al., 2015; Morley-Fletcher et al., 2003; Vallée et al., 1997;
Xu et al., 2014). Further, prenatal restraint stress is associated to a stronger startle
response to an unpredictable loud noise paired with a foot shock, that does not fade with
time when compared to control mice (Matrisciano et al., 2013). Prenatally restrained
adult rodents of both sexes display increased stereotypic behaviours (Matrisciano et al.,
2013) and slower learning in novel environments (Darnaudéry et al., 2006; Vallée et al.,

1999). Finally, a general decrease in social interaction, investigation, memory and social
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play behaviour was detected following prenatal restraint stress in rodents (De Souza et

al., 2013; Dong et al., 2015; Matrisciano et al., 2013; Morley-Fletcher et al., 2003).

Prenatal restraint stress animals also exhibit an altered physiological and endocrine
phenotype. Prenatally restrained rats are lighter at birth with males remaining lighter up
to adulthood (Lesage et al., 2004; Vallee et al., 1996). Prenatally restrained rat males also
consumed less food daily at baseline (Vallee et al., 1996) but more after a day of fasting
(Lesage et al., 2004). Prenatally restrained rat males also displayed higher blood glucose
at baseline and after feeding (Lesage et al., 2004; Vallee et al., 1996). Baseline
corticosterone levels were also decreased at birth in prenatally restrained male rats (Koehl
et al., 1999, 1997; Lesage et al., 2004). Furthermore, prenatally restrained rats display a
stress response (corticosterone increase) to a novel environment stress at a younger age,
even during the stress hyporesponsive period compared to non-stressed rats (Henry et al.,
1994). Furthermore, from weaning to adulthood, prenatally restrained rats showed higher
corticosterone release and slower recovery in response to restraint stress (Henry et al.,
1994; Morley-Fletcher et al., 2003; Vallée et al., 1999; Xu et al., 2014). Surprisingly,
prenatally restrained rats have a decreased baseline circulating corticosterone level while
being increased toward the end of the male light phase and throughout the entire
circadian cycle in females compared to non-prenatally stressed rats (Koehl et al., 1999,
1997; Lesage et al., 2004). These changes were accompanied by a lower adrenal weight
at birth in males and higher adrenal weight in both rat sexes in adulthood (Darnaudéry et

al., 2006; Lesage et al., 2004).

Long-term transcription levels and neuropeptide metabolism are affected by prenatal
restraint stress. From weaning to adulthood, prenatally restrained rats exhibit decreased
glucocorticoid and mineralocorticoid receptor transcript abundance and binding in the
hippocampus. Further, immediate early gene transcription, indicating brain region
activation, is higher in the prenatally restrained rats hippocampus compared to non-
prenatally stressed rats. These results indicate a potentiation of the hypothalamic-pituitary
adrenal axis reactivity along with a reduction in the associated negative feedback in

prenatally restrained rats when compared to control rats (Henry et al., 1994; Koehl et al.,

16



1999). Neuronal activity is also showing sex- and prenatally restrained-treatment specific
prefrontal cortex monoaminergic, dopaminergic and serotonergic activity and metabolism

(Bowman et al., 2004).

Finally, prenatally restrained-specific epigenetic states were investigated. For example,
Cytosine-Guanine dinucleotide methylation levels were different at several sites within
the prenatally restrained rat foetal hypothalamus 11B-hydroxysteroid dehydrogenase with
no associated transcript abundance change (Darnaudéry and Maccari, 2008; Pefia et al.,
2012). Furthermore, associated increase in DNA methyltransferases and micro
ribonucleic acid (RNA) transcripts were detected in the placenta and the foetal
hippocampus and cortex up to adulthood in prenatally restrained rats (Matrisciano et al.,
2013; Monteleone et al., 2014; Pena et al., 2012). Prenatally restrained rodents also show
decreased brain-derived neurotrophic factor (BDNF) and Glycoprotein M6A transcript
abundance with an associated increase in DNA methylation in the prefrontal cortex and
hippocampus up to adulthood (Dong et al., 2015; Monteleone et al., 2014). The brain-
derived neurotrophic factor is associated to synaptic plasticity and neuronal survival
including normal neuronal development and is implicated in several psychiatric disorders
such as depression (Boulle et al., 2012). Both of these genes are linked to alterations in
neuronal connectivity and plasticity and have been suggested to counteract stress damage
in neuronal cells. More broadly, sex-specific histone acetylation (H3K9) and methylation
marks were detected in the prenatally restrained mice frontal cortex at birth (Schneider et

al., 2016).

Therefore, prenatally restrained rodents show stress-associated behavioural,
physiological, endocrine, transcript abundance and epigenetic modifications compared to
control rodents from birth to adulthood with hints for a prenatal restraint stress-induced
acceleration in development (Henry et al., 1994). Taken together, these results indicate a
potentiation of the hypothalamic-pituitary adrenal axis reactivity along with a reduction
in the associated negative feedback. These modifications potentially mediate long-term
detrimental effects such as stress-associated body weight reduction and neuronal damage.

Prenatal restraint stress-associated phenotypic modifications have been associated to
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increased susceptibility to develop neuropsychiatric disorders such as major depression,
drug addiction, metabolic syndrome or anxiety (Darnaudéry and Maccari, 2008).
Although the layers of phenotypic differences have not yet been tied in a coherent
contextual framework, the phenotypic impacts of prenatal restraint stress are profound
and long-lasting and exhibit strong sex differences (Bowman et al., 2004; Lesage et al.,

2004; Zuena et al., 2008). Results from this section are summarized in Table 2.

1.4.2 General impacts of prenatal chronic variable stress

Chronic variable stress involves dams being exposed to an unpredictable mild daily
stressor. Stressors are applied one to three times a day and range from exposure to 2,3,5-
trimethyl-3-thiazoline (TMT, a purified fox feces component) or a new object, white
noise, saturated bedding, restraint, multiple cage change, forced swimming, cold
exposure, social crowding or light-dark reversal (Koenig et al., 2005; Mueller and Bale,
2006; Tamashiro et al., 2009). Some of those stressors are applied overnight. Chronic
variable stress has been applied over different foetal periods but I will report here chronic
variable stress applied mainly during the second half of pregnancy. Dams submitted to

chronic variable stress show higher circulating corticosterone at the end of pregnancy.

Behavioural impacts of prenatal chronic variable stress includes increased locomotor
activity and aggression accompanied by decreased social interaction in both sexes
compared to control rats (Koenig et al., 2005; Lee et al., 2007; Wilson and Terry, 2013).
Decreased object recognition memory was detected in prenatally chronically variably
stressed rats of both sexes (Wilson and Terry, 2013) while spatial learning was slower in
prenatally chronically variably stressed males and faster in prenatally chronically variably
stressed females compared to control unstressed mice (Mueller and Bale, 2007). Finally,
prenatally chronically variably stressed rats showed decreased sensorimotor gating

through an increased startle response to a stress-associated cue (Koenig et al., 2005).

Physiologically, prenatally chronically variably stressed mice are heavier at birth

(Mueller and Bale, 2006). Prenatally chronically variably stressed rats also show
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decreased glucose tolerance from weaning to adulthood (Tamashiro et al., 2009).
Prenatally chronically variably stressed rodent males also show endocrinological
modifications through a decrease in circulating corticosterone at birth but increased
hypothalamic-pituitary adrenal axis reactivity in adulthood (Koenig et al., 2005; Mueller
and Bale, 2008; Tamashiro et al., 2009).

At the epigenetic level, the main differences were found in adult males exposed to
prenatal chronic variable stress during the first week of pregnancy. DNA methylation was
altered in adult prenatally chronically variably stressed male mice amygdala
corticotropin-releasing factor and hippocampal glucocorticoid receptor genes while the
brain-derived neurotrophic factor gene DNA methylation was not affected (Mueller and
Bale, 2008) when compared to control male mice. Increased hippocampal glucocorticoid
receptor methylation was associated to decreased transcript abundance and the opposite
was observed in the amygdala corticotropin-releasing factor. Taken together, these results
are in accordance with an increase in stress reactivity in prenatally chronically variably
stressed male mice. Further, early prenatal chronic variable stress is associated with male
dysmasculinization through changes in steroid metabolism and microRNA transcript
abundance as detected through the comparison of postnatal day 1, second generation
brain transcriptome of mice of both sexes (Morgan and Bale, 2011). Female epigenetic
state has not been assessed in response to chronic variable stress applied on dams during
the first week of pregnancy. In a very thorough study, chronic variable stress applied on
dams during the last week of pregnancy lead to decreased brain-derived neurotrophic
factor transcript abundance in the hippocampus and amygdala after weaning up to
adulthood associated to an increase in DNA methyltransferase transcript abundance and
brain-derived neurotrophic factor DNA methylation within the exon [V promoter

(Boersma et al., 2014).

Therefore, prenatally restrained animals show stress-associated behavioural,
physiological, endocrine, gene transcript abundance and epigenetic modifications
somewhat similarly to the phenotypic differences found in response to the prenatal

restraint stress (see Table 2). Further, the phenotypic impacts of prenatal chronic variable
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stress are profound and long-lasting and exhibit sex differences when both sexes were

investigated (Morgan and Bale, 2011; Mueller and Bale, 2007).

1.4.3 Caveats of traditionally studied prenatal stress paradigms

Although phenotypic modifications triggered by prenatal restraint stress and prenatal
chronic variable stress are widespread and interesting, some caveats should be
considered. Indeed, the prenatal restraint stress-induced phenotype has been exhaustively
studied; this physical stressor is artificial and lacks a proper ecological context to
interpret the impact of the elicited phenotypic modifications. Similarly, the chronic
variable stressors are combining physical and psychogenic stressors that are mitigated by
the presence of side effects such as the heat or cold stress initiated by restraint, cold
exposure, wet bedding or forced swimming. These stressors have a physical component
to them which underlies endocrine modifications, such as thyroid hormone release in
response to cold stress (Gaskill et al., 2013), beyond the glucocorticoid release elicited.
Subsequently, the programming effects are more difficult to disentangle and interpret.
These complications are further added to the different chronic variable stressors

combinations and frequency applied by different research groups.

Therefore, an optimal prenatally applied stressor to study the broad phenotypic impacts
and mechanisms underlying maternal programming should be psychological and mild.
Additionally, this stressor should offer a context to evaluate the fitness consequences of

the expressed programmed phenotype.

1.5 Predator and predator cues presence lead to modifications

of the prey phenotype

Predation cues constitute an optimal naturally occurring stressor to elicit maternal

programming as it provides a context to evaluate the consequent long-term survival and
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health phenotypic impacts. Further, this type of stress has been present over evolutionary

times.

In this section, I will describe how individual mammalian phenotypes are modified by
non-lethal predator or predator cue presence at the behavioural, physiological, endocrine,
neural circuits activation and transcript abundance level. However, most of the impacts
described here are also widely found in non-mammalian vertebrate species and several
invertebrate species (Lima, 1998). Finally, I will report direct fitness impacts of the

induced phenotypic changes as well as the programming potential of this type of stress.

This review is not exhaustive but rather conveys the breadth of the phenotypic alterations
following the predation stress. I report studies conducted on wild or laboratory animals in
wild, semi-natural or laboratory settings using live predators or predator cues. The studies

reported also covers mammals of all developmental ages.

1.5.1 Behavioural changes elicited by predator or predator cue presence in

mammalian prey species

1.5.1.1 Behavioural changes elicited by predator or predator cue presence in

mammalian prey species in a wild or semi-natural context

One of the common behavioural trade-offs identified in natural populations and in semi-
natural settings following changes in the risk of predation is to leave a safe habitat to
forage. Several rodent species including house mice and white-footed mice exposed to
mammalian feces or raptor predation cues favoured foraging under a vegetation cover
instead of an open habitat, while simultaneously reducing their general activity level
(Bowers et al., 1993; Dickman, 1992). Similarly, the introduction of wolves in elk
habitats lead to the displacement of the elks from an optimal grassland meadow habitat to
a protected wooded area (Creel et al., 2005). This displacement was associated to a
reduction in their food intake (Christianson and Creel, 2010). Further, elks doubled the

proportion of daylight hours they spent vigilant (Creel et al., 2008).
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A general decrease in activity accompanied by increased hiding in refuges has been
detected following increased predation risk. Indeed, gerbils and desert rodent species
decreased their activity under owl presence cues (Abramsky et al., 1996; Longland and
Price, 1991). Similarly, rats exposed to a cat predator in a visible burrow system reduced
their activity level while increasing their flight response and time to emerge from the
burrow (Blanchard and Blanchard, 1989). Bank voles exposed to predator scents also
decreased their activity in response to weasels, stoats, stone martens or polecats predators
(Jedrzejewski et al., 1993). In addition, field voles exposed to a falcon threat decreased
their activity level and favoured less risky areas of the environment to avoid predation
(Korpimaki et al., 1996). Finally, wild rat populations that are normally nocturnal became
diurnal in response to a nocturnal fox threat. This behaviour was inducible and reversed

back after the removal of the predatory threat (Fenn and MacDonald, 1995).

1.5.1.2 Behavioural changes elicited by predator or predator cue presence in

mammalian prey species in a laboratory context

Studies conducted in the laboratory complement and confirm a lot of the wild population
observations. The bulk of the research in laboratory settings has been done on laboratory

mice and rat strains.

Few studies have looked at the impact of predation on foraging in a laboratory setting.
Rats exposed to a predator-simulating robot reduced their food consumption in its
presence while hiding longer in their nest (Choi and Kim, 2010). However, foraging in
the presence of uniform predator odour did not change the use of exposed or covered

food patches in mice (Troxell-Smith et al., 2016).

Avoidance of predator or predator cues is widely observed in laboratory rodents. CD-1
mice avoided fox feces scent more than an aversive odour not associated to predation
threat (butyric acid, Sotnikov et al., 2011). Rodents exposed to a purified fox feces scent

(2,3,5-trimethyl-3-thiazoline), to a live or feces from a cat or ferret increased their startle
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response, avoidance, emergence time form a shelter and spontaneous defecation and
urination while decreasing their motor activity and visits of the exposed portions of a
novel environment (open field) (Belzung et al., 2001; Dielenberg et al., 2001; Fendt et al.,
2005; Plata-Salaman et al., 2000). Male mice and rats exposed to a cat or a ferret acutely
increased their frequency of risk assessment behaviours in a stressful elevated novel
environment (elevated-plus maze). Further, this effect lasted at least a week and
potentiated the long-term startle response of the prey (Adamec et al., 2004b, 2003; Plata-
Salaman et al., 2000). Lastly, predator odour exposure is sufficient to elicit increased
stress-induced behaviours in rodents, including decreased activity in the elevated-plus

maze (Armario et al., 2008).

Social affiliation with conspecifics can be modulated with predation risk. Long-Evans
rats exposed to a cat subsequently decreased the time they spend investigating a
conspecific (Adamec et al., 2003; Blundell et al., 2005). However, in other studies,
predation stress did not modify the amount of social interaction in mice (Adamec et al.,
2006, 2005). Male striped field mice exposed chronically over 21 days to weasel male
anal gland odour exhibited a transient increase in aggressive behaviour in staged

encounters during the first week of predator odour exposure (Wang et al., 2011).

Predation stress can also enhance learning, an influence best tested in a laboratory setting.
CD-1 mice learned faster the localization of a platform in a Morris water maze when they
are exposed to a fox feces scent beforehand, a phenomenon mediated through the
amygdala and hippocampus (Galliot et al., 2010). On the contrary, Swiss mice of both
sexes trained in a Morris water maze learned slower when simultaneously presented with
a rat odour (Banik and Anand, 2011). Although the effects of predator odour are
contradictory, the presence of a predator cue before or during the learning task likely

affects the end result.
Furthermore, the behavioural response to predatory stimuli changed at different

developmental stages. Rat weanlings at 26 days of age or near weaning (postnatal day 20)

display increased immobility and analgesia in response to a cat odour or a live cat, while
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it is not the case during their stress hyporesponsive period on postnatal day 14. This
progression indicates potentially age-specific selection pressure around the weaning age

to express anti-predatory behaviour (Wiedenmayer and Barr, 2001).

1.5.1.3 Summary of behavioural modifications elicited by predator or predator

cue presence in mammalian prey species

As reported here, anti-predatory behaviours have been widely observed in mammals. The
most broadly expressed anti-predatory behaviours include avoidance through increased
refuging and vigilance associated to decreased activity and foraging. Additionally, some
prey studies report broad habitat and circadian activity shifts to avoid predators. Finally,
predator or predator cue exposure can lead to a reduction in social affiliation and increase
in competition-based aggressive behaviours. These behaviours are in accordance with the
stress-induced ‘fight-or-flight’ response associated to trade-offs such as reduced energy

intake through foraging. Results from this section are summarized in Table 3.

1.5.2 Physiological changes in response to predator or predator cue presence in

mammalian prey species

1.5.2.1 Physiological changes in response to predator or predator cue presence

in mammalian prey species in a wild or semi-natural context

A well-documented physiological effect of stress and predation is stress-induced
hyperthermia. Stress-induced hyperthermia is defined as an increase in body temperature
in response to stress through a temporary elevation of the metabolic rate (Bouwknecht et
al., 2007). In the wild, kangaroo rats investigating a predatory rattlesnake dynamically
altered their body heat temperature signature with their head and snout showing a

decrease in temperature while their leg temperature significantly increased
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(Schraft and Clark, 2017). Other metabolic impacts reported include increased heart rate
in elk exposed to coyote predator scent (Chabot et al., 1996).

Weight maintenance is also largely affected by predatory threat. Snowshoe hares under
high predation stress (e.g. lynx and coyotes) show increased overwinter body mass loss
compared to hares from the same population under low predation stress. This weight loss
is accompanied by a decrease in body condition and immunity, demonstrated in part

through lower leucocyte blood counts (Boonstra et al., 1998).

1.5.2.2 Physiological changes in response to predator or predator cue presence

in mammalian prey species in a laboratory context

Important physiological impacts of predation are also reported in laboratory settings. The
stress-induced hyperthermic response was detected in rats exposed to ferret skin odour
exposure along with an increased heart rate as compared with the exposure to an

unknown strawberry odour (Campeau et al., 2008).

Regarding weight maintenance, female striped field mice exposed chronically over 21
days to weasel male anal gland odour lost weight while their adrenal gland relative size

increased (Wang et al., 2011).

1.5.2.3 Summary of physiological modifications in response to predator or

predator cue presence in mammalian prey species

Physiological changes in prey species in response to predator or predator cue presence
has been observed in response to predation stress. Acute physiological changes include an
increase in metabolic rate detected through a rise in body temperature and faster heart
rate. Chronic predation stress can also lead to weight loss and a decrease in body
condition. Some of these effects are likely downstream consequences from the predator-
induced decrease in foraging reported previously. Results from this section are

summarized in Table 3.
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1.5.3 Endocrine changes in response to predation or predation cue presence in

mammalian prey species

1.56.3.1 Endocrine changes in response to predation or predation cue presence

in mammalian prey species in a wild or semi-natural context

Glucocorticoids widely mediate the stress response to predation. Female snowshoe hares
exposed to a high predation stress displayed higher blood free cortisol level and reduced
maximum cortisol-binding globulin binding capacity than hares from the same population

exposed to a low predation risk (Sheriff et al., 2010).

1.56.3.2 Endocrine changes in response to predation or predation cue presence

in mammalian prey species in a laboratory context

Female striped field mice chronically exposed to male weasel anal gland scent overnight
showed an increased baseline corticosterone concentration as measured in the feces over
the entire three week exposure while males and control mice did not show this elevated
corticosterone level (Wang et al., 2011). Similarly, rats acutely and chronically exposed
to ferrets exhibited an increase in circulating corticosterone when compared to unexposed
animals (Plata-Salaman et al., 2000). This increase in corticosterone and
adrenocorticotropic hormone is specific to the predator odour and does not happen in
response to a novel odour such as a strawberry scent (Campeau et al., 2008; Masini et al.,
2009). Finally, CD-1 mice exposed acutely to 2,3,5-trimethyl-3-thiazoline show increased
circulating corticosterone as compared to the exposure to a solely aversive odour (butyric

acid) or cat odour (Sotnikov et al., 2011).

1.6.3.3 Summary of endocrine modifications in response to predation or

predation cue presence in mammalian prey species
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Glucocorticoid release in prey species in response to predator or predator cue presence is
the hallmark indicator that predation elicits stress in prey species. This induction is
robust, stable and long lasting with no signs of habituation over time. Further, this
induction is specific to predator odours, as other novel odours do not elicit a similar
strong increase in circulating glucocorticoids. Results from this section are summarized

in Table 3.

1.5.4 Neural circuits activation and transcript abundance changes in response to

predator or predator cue presence in mammalian prey species

1.56.4.1 Neural circuits activation and transcript abundance changes in response
to predator or predator cue presence in mammalian prey species in a

wild and semi-natural context

There are only a few studies that examine the impact of differential predation stress on
transcript abundance in wild populations. Lavergne et al. (2014) compared the
hippocampal transcriptome of wild adult male hares from the same population during
years of high and low predation stress. Predation stress lead to the differential regulation
of 106 genes, with high predation stress leading to the up-regulation of genes implicated
in metabolic processes and hormonal response concomitantly to the down-regulation of
genes playing a role in immune response and blood cell production. Interestingly, the
strongest down-regulated gene was transthyretin, implicated in thyroid hormone transport
regulating upon other the growth of the animal. Furthermore, transthyretin contains a
glucocorticoid-response element making it stress-sensitive. The pathways and
differentially expressed genes found in this study are therefore in accordance with the
physiological impacts found in hares under different predation stress such as the
difference in hormonal levels, increased weight loss and decreased body condition and

immunity found in this species (Boonstra et al., 1998).
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1.56.4.2 Neural circuits activation and transcript abundance changes in response
to predator or predator cue presence in mammalian prey species in a

laboratory context

Immediate early gene induction (e.g. Egrl, C-fos, AFosB), indicating general activation
of a brain region, has been observed on several instances in laboratory rodents. Adult
male rats exposed to a cat acutely or chronically exhibited an increase in the immediate
early gene C-fos transcript abundance in several brain region including the medial
amygdala, the medial hypothalamus and the bed nucleus of the stria terminalis, which are
brain structures that are associated to the fear-induced ‘defense circuit’ (Dielenberg et al.,
2001; Figueiredo et al., 2003). Additionally, an increase in the corticosterone-releasing
factor transcript abundance in the paraventricular nucleus of the hypothalamus was
detected (Figueiredo et al., 2003). Similarly, chronic exposure of adult male rats to a cat
skin odour over a week lead to the up-regulation of the immediate early genes FosB and
AFosB for a week in the nucleus accumbens and in the hypothalamus (Staples et al.,
2009). Rats exposed to 2,3,5-trimethyl-3-thiazoline acutely showed a specific activation
of early genes (C-fos, Enk, Egr-1) in the bed nucleus of the stria terminalis, the
paraventricular nucleus of the hypothalamus, the central amygdala but not the medial
prefrontal cortex as compared to the aversive butyric acid or neutral water odours (Asok
et al., 2013). Adult male rats exposed acutely to a live ferret or its fur and skin odour
induced an increase in C-fos transcript abundance in several brain regions including the
cortex, the nucleus of the stria terminalis, paraventricular nucleus of the hypothalamus,
basolateral nucleus of the amygdala and hippocampal cornu ammonis 3 (Masini et al.,
2005; Roseboom et al., 2007). Further, an increase in the transcript abundance of
corticosterone-releasing hormone-binding protein, corticosterone-releasing hormone
receptor 1 and somatostatin receptor 2 was detected in the amygdala (Nanda et al., 2008;
Roseboom et al., 2007). Corticosterone-releasing hormone-binding protein binds the
corticosterone-releasing factor and buffers it’s action by preventing its binding to the
receptor, while possibly targeting the corticosterone-releasing factor peptide for
degradation (Roseboom et al., 2007). Somatostatin inhibits the growth hormone and

thyroid hormone secretion and has been associated to neuropsychiatric disorders such as
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depression (Nanda et al., 2008). Finally, the medial amygdala is necessary for this
specific predator stress response (corticosterone and adrenocorticotropic hormone
release) as a bilateral lesion in this region invalidated this typical response (Masini et al.,

2009).

Regarding neuropeptides, adult male Swiss mice exposed to a cat showed an increase in
the turnover rates of several monoamines in the hippocampus (noradrenaline and
serotonin) and hypothalamus (dopamine) as measured by liquid chromatography
(Belzung et al., 2001). Furthermore, when serotonin reuptake was prevented, Swiss mice

did not exhibit the normal avoidance to cat feces.

Although epigenetic modifications initiated by predator stress has never been reported to
my knowledge, two studies in non-mammalian species are worth reporting. Daphnia
juvenile exposed to a predatory Dipteran insect showed several transcriptome alterations
when compared to unexposed Daphnia (Rozenberg et al., 2015). Similarly, Mori et al.
(2015) found differences in the frog tadpole transcriptome in relation to the presence of
larval dragonfly or salamander predators. Interestingly, in both cases, some of the up-
regulated genes were associated to chromatin reorganization and regulation (Mori et al.,
2015; Rozenberg et al., 2015). These genes could be associated to epigenetic

modifications controlling predator-induced phenotypic plasticity.

1.6.4.3 Summary of neural circuits activation and transcript abundance changes
in response to predator or predator cue presence in mammalian prey

species

The bulk of the research done on predation stress-induced neural circuit activation and
transcript abundance has been done in rodent laboratory experiments. In several studies,
immediate early gene transcription was induced in brain regions associated to the
‘defense circuit’ including the hypothalamus, amygdala, hippocampus and bed nucleus of
the stria terminalis among others. Taken together, this sustained activation links these

brain regions to predator-induced defensive behaviours. Further, some candidate
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transcript abundance including the corticosterone-releasing factor and some of its family
members (corticosterone-releasing factor binding protein and corticosterone-releasing
factor receptor 1) in the paraventricular nucleus of the hypothalamus and the amygdala
are the most sustainably and widely activated in response to predation stress.
Additionally, downstream effects detected target a reduction of growth and thyroid
hormone secretion. Finally, non-mammalian species suggest, although not directly
reported, an implication for epigenetic mechanisms in the adaptive response to predation

stress. Results from this section are summarized in Table 3.

1.5.5 Phenotypic impacts of prenatal exposure to predator or predator cue

presence

Interestingly, some studies have explored the impact of prenatal predator or predator cue
presence on the long-term phenotype of an individual. I report non-mammalian species
impacts of prenatal predator or predator cues exposure as few mammalian studies have

been conducted to date.

1.5.5.1 Phenotypic impacts of prenatal exposure to predator or predator cue

presence in a wild and semi-natural context

Injecting corticosterone within a physiological range in lizard eggs (Lacerta vivipara),
mimicking maternal stress in the mother that could be elicited through predation stress,
produced juvenile offspring with no obvious morphological changes at birth but
expressing increased anti-predatory behaviours. The resulting juvenile lizards took longer
to emerge from a shelter after a simulated predator attack with a paintbrush compared to
control unstressed animals (Uller and Olsson, 2006). Further, gravid female common
lizard exposed to predatory snake scents produced offspring which were heavier, grew
longer tails, and, as juveniles, selected colder habitats and dispersed twice more
frequently than the offspring of unexposed mothers (Bestion et al., 2014). Additionally,
prenatally predator odour-exposed juvenile lizards exhibited greater sensitivity to the

odour of the snake predator as detected through a higher tong-flicking rate when exposed
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to the predator odour (Shine and Downes, 1999). These changes are in accordance with
anti-predatory tactics detected in this species such as autotomy and increased risk
avoidance by dispersal and selecting parts of the habitat under colder temperature while
being increasingly vigilant to a predator odour to which they were never directly

encountered.

In a song sparrow wild population, higher predation stress, through the presence of a
greater variety of predators, decreased nestling quality compared to sparrows under lower
predation pressure (Clinchy et al., 2004). Furthermore, twelve coexisting passerine
species from which nest predation was prevented lead the parents to invest more in youth
production through increased egg size, clutch mass and rate of nestling feeding (Fontaine
and Martin, 2006). Similarly, a song-sparrow population for which the perceived
predation pressure was increased through playbacks of predator calls display a reduction
in the amount of offspring produced. Additionally, these offspring were more susceptible

to thermoregulatory stress and death prior to fledging (Zanette et al., 2011)

Finally, in a semi-natural environment, pregnant hares exposed to a live predator (a
trained dog) showed elevated fecal cortisol metabolites correlated with the average
juvenile increased fecal cortisol metabolites (Sheriff et al., 2010). Furthermore, the

offspring were also lighter and shorter at birth (Sheriff et al., 2009).

1.5.5.2 Phenotypic impacts of prenatal exposure to predator or predator cue
presence in a laboratory context

Live predator cues (Chaoborus kairomones) in the rearing water of gravid Daphnia
induced morphological defense (helmet) in the offspring up to the second generation
downstream (F2) of offspring. The helmet makes these Daphnia less palatable to
predators (Agrawal et al., 1999). Furthermore, offspring of gravid crickets exposed to a
wolf spider show increased anti-predatory behaviours and survival to that same predator

(Storm and Lima, 2010).
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In threespine sticklebacks (Gasterosteus aculeatus), gravid females exposed to predation
threat (chased by a northern pike model daily) produced eggs containing more
corticosterone and displaying higher metabolic rates (consuming more oxygen) while
staying longer in the embryonic stage than control animals (Giesing et al., 2011;
Mommer and Bell, 2014). Furthermore, these embryos showed massive transcriptomic
changes including several non-coding RNAs (Mommer and Bell, 2014). These altered
transcripts are associated to metabolism of steroid and sex differentiation, epigenetic
modifications (DNA methyltransferases and histones) and acceleration of the embryonic
development. Furthermore, juvenile stickleback fish produced from a gravid female

exposed to a clay predator formed tighter shoals (Giesing et al., 2011).

In accordance with this observation, song sparrows exposed to acute corticosterone
supplementation mimicking an acute stressor (such as frequent encounters with
predators) during development and growth displayed an increase in standard metabolic
rate and diurnal metabolism, especially in females (Schmidt et al., 2012). Further, in
European starlings, corticosterone administration in the egg yolk produced nestlings with
increased pectoral muscle mass associated to improved flight performance and metabolic

capacity (Chin et al., 2009).

In rodents, mice exposed to predator rat urine during the first week of pregnancy
produced smaller litters with decreased survival of the offspring (de Catanzaro, 1988).
Rats exposed to a live cat predator or predator odour prenatally were lighter at birth while
displaying increased blood corticosterone level during the first postnatal week along with
stronger induced seizures, linked to decreased hippocampal plasticity (Ahmadzadeh et al.,

2011; Korgan et al., 2014; Saboory et al., 2011).

Although not being a prenatal stress, rodent dams exposed to predator odour shortly after
parturition (postnatal days 1 to 3) in presence of her offspring displayed an increase in
maternal licking-grooming and arched-back nursing behaviours (Coutellier and Wiirbel,
2009; Mashoodh et al., 2009; McLeod et al., 2007; but see Burton et al., 2006). Further,

exposure of lactating mice dams in presence of their pups until weaning (postnatal days 1
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to 21) lead to a specific impairment in adult female offspring memory (Coutellier and
Wiirbel, 2009). Rat dams and pups exposed to cat odour on the day of birth lead to
increased avoidance to a predator odour in adult animals and decreased stress-related
behaviour in adult female offspring in a novel environment (open field) while male
offspring showed the opposite effect when compared to unstressed offspring. However,
no difference in the glucocorticoid receptor transcript abundance was detected
(Mashoodh et al., 2009). Finally, pups exposed to 2,3,5-trimethyl-3-thiazoline during the
first 3 postnatal weeks in the dam’s presence vocalized more to solicit maternal care on
postnatal days 1, 2 and 5 when compared to control pups exposed to a solely aversive
odour (butyric acid). In contradiction with the other studies reported here, pup exposed to
2,3,5-trimethyl-3-thiazoline showed decreased immobility when exposed to 2,3,5-

trimethyl-3-thiazoline in young adolescence on postnatal day 30 (Ayers et al., 2016).

1.6.6.3 Summary of phenotypic impacts of prenatal exposure to predator or
predator cue presence

Although no species has been studied exhaustively at all phenotypic level, the results
reported here suggest that prenatal predation stress can affect the offspring integrative
phenotype, in accordance with the concept of temperament or behavioural type.
Temperament consists of fixed inter-correlated traits over time (or behavioural type if not
tested over time) that are determined by the life history of the individual (Réale et al.,
2007). Such inter-correlated traits include boldness (opposite to cautiousness or shyness),
exploration and activity levels that are reproducible over time and over a range of
situations. Epigenetic modifications could likely mediate the developmental trajectories
activation although no study has investigated the mechanism associated to this

phenomenon yet. Results from this section are summarized in Table 4.
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1.6 Rationale

I demonstrated here that mammalian species are responsive and modify their phenotype
in response to predator or predator cues presence in wild, semi-natural and laboratory
settings. These effects are diverse and spread across the integrative phenotype of the
prey: affecting its behaviour, physiology, endocrinology, neural circuit activation and
transcript abundance level. However, no study has investigated simultaneously all trait
types within a prey species. Although widespread, costly inducible changes in the prey
phenotype converge within a trait type between species. This convergence suggests that
the mechanisms underlying predator response are either evolutionary conserved or
converged over a wide range of species. Additionally, prenatal exposure to predator
presence or predator cue triggered several phenotypic modifications generally in
accordance with the changes elicited in preys postnatally or in adulthood. Additionally,
some chromatin organization genes that are likely involved in epigenetic modifications
are up-regulated in response to predation risk although no study investigated direct

epigenetic alterations in response to predation or predation cues.

In a lot of instances, studies investigated males phenotypic changes only (e.g. Belzung et
al., 2001; Dielenberg et al., 2001; Figueiredo et al., 2003; Roseboom et al., 2007).
However, when both sexes were studied, frequent sex differences have been reported
(e.g. Clinchy et al., 2011; Coutellier and Wiirbel, 2009; Mashoodh et al., 2009; Schmidt
et al., 2012), suggesting that intensive efforts should be done in the future to investigate

predation-induced phenotypic plasticity in males and females.
Therefore, prenatal predator cue exposure should be sufficient to elicit modifications in

the long-lasting integrative phenotype of an individual. This phenotype should be

consistent with the notion of behavioural type.
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Furthermore, epigenetic modifications should be assessed as a mechanism that could
maintain the animal phenotype. Finally, sex-specific mechanistic and phenotypic

differences were expected.

1.7 Objectives

The objective of this thesis was to understand the long-term impacts of prenatal predator
cue exposure. More specifically, I investigated the programming impact of unpredictable
and unavoidable predator odour exposure during the prenatal hypothalamic-pituitary
adrenal axis development (Charil et al., 2010) on the adult integrative phenotype
encompassing behavioural, physiological and endocrine traits as well as the underlying
mechanistic transcript abundance and associated epigenetic modifications. Traits assessed

will be selected amongst the most widely predation stress-induced traits reported above.

To achieve this objective, I designed a predator odour exposure paradigm (PO) in which
pregnant rodent females were exposed to an hour of an unpredictable and inescapable
odour at a random time over the second half of pregnancy (gestational day 11 to 18).
Controls were exposed to distilled water over the same period and duration at a
predictable time. Sex and species-specific variations were evaluated by applying the
prenatal predator odour paradigm in both sexes of two different rodent model species:

C57BL/6 mice and Long-Evans rats.

1.8 Hypotheses

I hypothesize that the prenatal predator odour exposure paradigm will be sufficient to
elicit modifications of the animal’s integrative phenotype in a coherent manner, similarly
to a behavioural type, that will be advantageous under high predation risk. More

specifically:
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1y

2)

3)

4)

5)

6)

The prenatal predator odour exposure paradigm will elicit adult behavioural
modifications including general hypoactivity, decreased foraging in open areas,
increased stress-related behaviour and hiding in novel aversive environments and

decreased social behaviour when compared to the control phenotype.

The prenatal predator odour exposure paradigm will elicit physiological modifications
including lower birth and adult weight, increased adult metabolic rate at baseline and

in response to predator stress when compared to the control phenotype.

The prenatal predator odour exposure paradigm will elicit adult endocrine
modifications including increased corticosterone stress reactivity when compared to

the control phenotype.

The prenatal predator odour exposure paradigm will elicit increased long-term
transcript abundance changes of stress-related genes in brain regions implicated in the
hypothalamic-pituitary adrenal axis in adults when compared to the control

phenotype.
The prenatal predator odour exposure paradigm will elicit long-term differential DNA
methylation at Cytosine Guanine dinucleotides in key differentially expressed genes

in adults when compared to the control phenotype.

These differences will display some degree of specific sex- and species-specific

modifications.
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Chapter 2 General methods
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2.1 Animal housing and breeding

C57BL/6 mice and Long-Evans rats were obtained from Charles River Canada (St.
Constant, QC). Mice and rats were housed in same-sexed groups (mice: 3-5 per cage, rat:
2 per cage) and maintained on a 12:12 hours light-dark cycle (lights on at 7AM) with ad
libitum access to food and water. All experimental protocols were approved and conform
to the Local Animal Care Committee at the University of Toronto in Scarborough
regulatory standards and were in accordance with the guidelines of the Canadian Council

on Animal Care.

2.2 Predator odour exposure in pregnant dams

Females were habituated to the exposure rooms, the control room and the predator odour
exposure room including a fume hood for the predator odour exposure, for 5 to 7
consecutive days prior to breeding. From gestational days 11 to 18 in mice and from
gestational days 12 to 20 in rats, dams were introduced to a novel cage (mice: 15 x 33
cm, rat: 19 x 39 cm) and presented with liquid odours on cotton balls sealed in a petri
dish with holes, used to avoid direct contact with the odourants. Dams in the predator
odour condition were exposed once per day for one hour during the light cycle (between
7AM and 7PM) for a total of three times to 3 mL of bobcat urine, three times to 5 mL of

coyote urine (thepeemart.com), and two (mice) or three (rats) times to 100ul of a 1:5000

solution of 2,3,5-Trimethyl-3-thiazoline dissolved in mineral oil (Contech enterprises
#300000368, Mueller and Bale, 2006) in a randomized manner. 2,3,5-Trimethyl-3-
thiazoline is a component of fox feces that is very aversive and widely used in predator
odour stress exposure studies (Mueller and Bale, 2006; Takahashi et al., 2008; Wallace
and Rosen, 2000). Each exposure lasted for one hour, based on previously published
protocols (Belzung et al., 2001; Mashoodh et al., 2009; Mueller and Bale, 2007). Control
dams were exposed to the same regimen at the same time (Chapters 3-4: 3PM, Chapters

5-6: 4PM) each day, except that distilled water was used instead of the odourants.
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2.3 Maternal behaviour in dams and offspring morphological

measures

The maternal behaviours of predator odour exposed and control dams were examined on
postnatal days 1 through 6. On postnatal day 0, litters were culled to a maximum of 6
pups (litter sizes 3 to 6 pups) in mice and to a maximum of 8 pups in rats. Maternal
behaviours were video recorded for 1 hour, 6 times a day throughout the animal’s
subjective light phase (7AM, 11AM, 3PM) and dark phase (7PM, 11PM, 3AM)
(Champagne et al., 2007). Focal maternal behaviours including licking, nursing (high-
crouch, low-crouch, supine), hovering, nesting, retrieving and time on the nest were
coded using Observer XT 8.5 (Noldus, USA) every 3 minutes for a given observation
period (20 observations/period x 6 periods = 120 observations/mother/day). The
percentage of maternal behaviours was calculated by dividing the frequency observed by

the number of observations made per day.

The morphology of the offspring was examined from birth to adulthood. Sex, body
weight and body length from the tip of the snout to the base of the tail were measured on
postnatal day 0 using a scale (to the nearest 0.1g) and a Vernier calliper (to the nearest 0.1
mm), respectively. Offspring were left undisturbed except for a weekly weighing and
measuring until postnatal day 21, when they were housed in same-sex groups (mice: 3 to
5 per cage, rats: 2 per cage). In mice and rats, measurements of body length continued up
to postnatal day 56 during the weekly cage change (Chapter 3 and 4) while body weights

were measured weekly up to postnatal day 56 and 114 as well as at the time of sacrifice.

2.4 Adult offspring general testing procedures

Animals were handled (3 min/day) for seven consecutive days prior to testing. The order
of testing for each behavioural test was pseudo-randomized between prenatal stress

groups and sexes. After each behavioural test, the testing apparatus was cleaned with
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70% ethanol. Behavioural testing started when offspring were adults (postnatal day 65 or
90). Male and female adult offspring (1 or 2/sex/litter) were tested in each test. The

behavioural tests were generally conducted at least one week apart from one another.

2.5 Elevated-plus maze test in adult offspring

The elevated-plus maze comprised two open and two closed arms (mice: 35.5 cm x 5 cm,
rat: 45 x 10 cm) connected by a center platform (mice: 5 cm x 5 cm, rat: 10 x 12 cm)
elevated 80 cm above the ground. Tests were conducted in a room illuminated with red
light. The frequency of visits and time spent in the open arms and closed arms and the
distance travelled in both types of arms were measured (5 minutes in rats, 15 minutes in
mice), and the total distance travelled was recorded over 15 minutes. The number of boli
was counted at the end of the trial. Mice and rats position and activity level was measured
continuously using EthoVision XT 10 (Noldus, Toronto, Canada). Rat grooming and risk
assessment behaviours (rearing, head dipping, stretch attend posture) were coded using

Observer XT 8.5.

2.6 Open field test in adult offspring

In rats, the open field consisted in a square field (Mice: Plexiglas 38.5 cm x 38.5 cm; Rat:
opaque, 40.3 cm x 40.3 cm) in a dimly lit room (33.7 lux). Frequency of entry into and
duration spent in the centre (Mice: 21 cm x 21 cm; Rat: 10.1 cm x 10.1 cm) and the
borders of the arena as well as the total distance traveled during the 15 minutes trial were
recorded. The animal’s mid-body had to be in the center of the apparatus for the animal to
be recorded in that position. Mice and rats position and activity level was measured

continuously using EthoVision XT 10.
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2.7 Light-Dark transition test in adult offspring

The light-dark transition apparatus consisted of black (dark) and white (light), equal-sized
(30 cm x 30 cm) Plexiglas chambers placed in a dimly lit room (33.7 lux). A wall with a
small opening (12 cm x 12 cm) allowed passage between the two boxes. The frequency
of entries and duration spent in the light box as well as the total distance travelled was
recorded over 5 minutes. Mice and rats position and activity level was measured

continuously using EthoVision XT 10.

2.8 Predator odour avoidance test and corticosterone response

to predator odour exposure in adult offspring

For the predator odour avoidance test, animals were habituated to a procedure room with
a fume hood for 3 hours on the day of testing. The predator odour exposure took place in
a transparent arena (45 cm x 24 cm) placed in the fume hood. The animals were exposed
to 3 mL of bobcat urine at one end of the arena and to a shelter (Mice: 10 cm diameter

dome, Rat: 7 cm x 12 cm cylinder) at the other end of the arena.

The corticosterone response to predator odour in offspring was measured after
behavioural testing (after 4 to >7 days) accompanied by a 7-day habituation to restraint in
a loosely fitted towel. To measure the corticosterone response to predator odour
exposure, animals were habituated to a procedure room with a fume hood for 3 hours and
then hand-restrained in a loosely fitting towel. Blood was withdrawn from a small nick in
the tail for baseline corticosterone measurement (0 minutes) within 3 minutes. Animals
were then exposed to 100ul of a 1:5000 2,3,5-Trimethyl-3-thiazoline solution in mineral
oil on a cotton ball sealed in a petri dish with holes placed in a transparent cage (Mice: 15
cm x 33 cm, Rat: 19 cm x 30 cm) inside the fume hood for 60 minutes, and a second
blood sample was collected to measure levels of corticosterone immediately following

this exposure (60 minutes). Animals were then returned to their home cage and left
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undisturbed for 60 minutes, after which a third blood sample was collected to measure the
recovery corticosterone level (120 minutes). Blood was kept on ice for at least 30 minutes
before being centrifuged at 4,000 rotation per minute at 4°C for 20 minutes. Serum was
then extracted and stored at -80°C. The amount of corticosterone present in the serum
was determined using a radioimmunoassay kit with '*I-labeled anti-corticosterone
antibody (MP Biomedicals Inc., CA., USA: sensitivity 7.7 ng/mL, intra-assay coefficient

of variation 10.3%).

2.9 Tissue preparation and nucleotide extraction

Mice and rats were sacrificed by CO; inhalation followed by decapitation (Mice:
postnatal day 130 + 10; Rats: postnatal day 0 and postnatal day 177 + 2). Whole brains
and liver tissue were flash frozen in isopentane on dry ice and stored at -80°C. The entire
hippocampus (Mice: Bregma -1.22 mm to +3.08 mm; Rats: left hemisphere Bregma -2.04
mm to -4.92 mm) and amygdala (Mice: Bregma -0.58 mm to -1.94 mm; Rats: left
hemisphere Bregma -1.72 mm to -3.00 mm) were dissected from 50 pm microsections
with a Research Cryostat Leica CM3050 S (Leica Biosystems) using stereotaxic
coordinates (Mice: Franklin and Paxinos, 1997; Rat: Paxinos and Watson, 1998). RNA
and DNA were extracted using a combination of Trizol/chloroform and Allprep kit
(Qiagen). RNA was converted to complementary DNA (Applied BioSystems High
Capacity cDNA Conversion Kit). Nucleotide quantification and purity were assessed with

a spectrophotometer (Nanodrop ND-2000C, Thermo Scientific).

2.10 Transcript abundance analysis by quantitative real-time

reverse transcriptase-polymerase chain reaction

In animals, gene transcript abundance in the hippocampus, amygdala and liver were

quantified using a StepOne Plus real-time thermocycler and Fast SYBR Green PCR
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master mix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA). Primers were

designed using sequence information from GeneBank at the National Center for

Biotechnology  Information  (NCBI; www.ncbi.nlm.nith.eov) and  Ensembl

(www.useast.ensembl.org). A standard curve was generated with 6 to 11 serial dilutions

of a mixture of complementary DNA from all offspring which transcript abundance was
measured. Quantification was carried out in triplicate, and the average relative transcript

abundance for each sample was used for analysis.

2.11 DNA methylation analysis by bisulfite pyrosequencing

Bisulfite conversion of DNA from each sample (Mice: 2 pg, Rat: 300 ng) was performed
(Mice: EpiTect Bisulfite Kit [Qiagen], Rat: EZ DNA Methylation-Gold Kit [Zymo
Research, Irvine, CA, USA]). Pyrosequencing was performed with a Pyromark Q96 ID
pyrosequencer, and CpG methylation levels were quantified using Pyromark Q-CpG

1.0.9 software. Analysis of two to four replicates was carried out for each sample.

2.12 Statistical analysis

Statistical analyses were carried out using SPSS (IBM).

For the bulk of the statistics (Chapters 4-6), data were tested for normality using the
Shapiro-Wilk test and were log-transformed, log plus 1-transformed when zeros were
present in the distribution, or fraction transformed in that order to achieve normality
whenever possible. General linear models or, to correct for litter effects or missing data,
linear mixed models were used for analyses. When the data could not be normalized, a
Mann-Whitney Test was performed. Data sets with over 30 samples (maternal behaviour,
body weight, standard length, overall Cytosine-Guanine dinucleotide methylation levels)
per group that could not be normalized were treated as normal distributions as violations

of the normality assumption with large samples sizes is not considered problematic
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(Ghasemi and Zahediasl, 2012). Effect sizes were calculated using the Cohen’s d or d;
(calculated with the residuals in the linear mixed model), with d > 0.5 indicating
moderate and d > 0.8 indicating large effect sizes, eta squared (n°) or partial eta-squared
(pn®) with n* or pn>> 0.06 indicating moderate and 0> or pn>> 0.14 indicating large effect
size (Levine and Hullett, 2002; Rice and Harris, 2005; Rouder et al., 2012). Partial least-
squares difference tests or Bonferroni corrected t-tests, general least model, or linear
mixed model separated by sex were used for post hoc comparisons. Effects were

considered statistically significant at P < 0.05.

Data for maternal behaviours were analyzed using 2(predator odour exposure) X

6(postnatal day) repeated general linear model with litter size as a covariate.

Data for weight, standard length and body weight were analysed using a 2(prenatal
treatment) x 10(weighing day), 9(standard length day) or 6(food consumption day) linear
mixed model for body weight and food consumption and a repeated measures general

linear model for standard length.

A repeated measures general linear model or linear mixed model, with 2(prenatal
treatment) x 2(sex) x 3(time point) were used to examine the log-transformed
corticosterone levels and adrenocorticotropic hormone levels (Tadross et al., 2010) over

time.

Behavioural data for elevated-plus maze, open field and light-dark transition test were
analysed using a linear mixed model using prenatal odour exposure as a main effect with
litter as a random factor to account for 1-2 pups used per litter. Prenatal predator odour
exposure time spent in the different zones (i.e. predator odour zone, neutral zone, shelter
zone) was analysed using a linear mixed model using 2(prenatal treatment) x 3(zone
relative to odour) main effects, with litter as a random factor. The measures that could not

be normalized were compared using a Mann-Whitney Test.
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Two(maternal predator odour exposure) x 2(sex) general linear model or linear mixed
model followed by post-hoc analyses were used for transcript abundance analysis and

litter as a random effect.

A 2(maternal predator odour exposure) x 4-7(Cytosine-Guanine dinucleotide site) general
linear model or linear mixed model was used to examine DNA methylation levels
between groups. Bonferroni-corrected student’s t-test was used to evaluate the prenatal
predator odour exposure effect on female transcript abundance analysis and each

Cytosine-Guanine dinucleotide methylation level.

Correlational analysis was used to assess the relationship between key variables
influenced by prenatal predator odour exposure as functional and mechanistic
connections are expected between those variables. Effects were considered statistically
significant at P < 0.05 and some non-significant trends at P < 0.10 are reported. Pearson
correlations, for normal distributions, and Spearman’s rho, for non-normal distributions,
were used to assess the relationship between variables that were the most different
between the controls and prenatally predator odour exposed animals while each sex was

analysed separately.
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Chapter 3 Predator odour response and underlying sex-
specific mechanisms in prenatally predator odour

exposed mice
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3.1 Publication

Chapter 3 is adapted from the following research article:

St-Cyr, Sophie and McGowan, Patrick O., 2015. Programming of stress-related behavior
and epigenetic neural gene regulation in mice offspring through maternal exposure to
predator  odor.  Frontiers in  Behavioral = Neuroscience.  9:145  doi:

10.3389/ftnbeh.2015.00145.

3.2 Approach and hypotheses

This study was designed to examine the behavioural and neural response to prenatal
exposure to predator odour in adulthood: an ethologically relevant psychogenic stressor
that has been present in rodents’ habitat over evolutionary times. Pregnant C57BL/6 mice
were exposed daily to unpredictable and inescapable predator odours or distilled water
control over the second half of the pregnancy. I hypothesized that prenatally predator
odour exposed animals of both sexes would show increased anti-predatory behaviour,
endocrine response and transcript abundance of stress-related genes in limbic brain

regions underlain by stable epigenetic alterations.

3.3 Material and methods

3.3.1 Mice breeding

For breeding, two normally cycling females were housed with one male between 9AM
and 5PM. Female’s oestrous phase was not checked prior to breeding to avoid the
induction of pseudo-pregnancy. Females were then checked for sperm plugs indicating
gestational day 0. Pregnant females were singly housed and weighed every other day

throughout the pregnancy. Further details are available in section 2.1 on page 42.
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During initial mating, 5 females exposed to 19.4 ul of pure 2,3,5-Trimethyl-3-thiazoline
(150 pmol; Wallace and Rosen, 2000) failed to reach parturition. After that, dosing was
reduced for the remaining predator odour-exposed females (see below). Of the 23
remaining mated females, two failed to get pregnant and two control litters were excluded
due to low pup numbers. A total of 19 mated females gave birth to 11 prenatally predator

odour exposed litters and 8 control litters.

3.3.2 Predator odour exposure in pregnant dams

In preliminary testing of the behavioural response to predator odour in adult females, a
cage was divided into three zones: far, neutral and near a predator odour source, and the
animal’s location was measured once per minute over a 15 minute trial. Bobcat and
coyote urine elicited anti-predator behaviours, as females exposed to predator odour
(sample size = 4 per odour) stayed in the ‘far’ zone more frequently relatively to females
exposed to distilled water control exposure (sample size = 16) (Figure 2A). As well, in
additional preliminary testing in a separate group of animals, females showed elevated
basal corticosterone levels after one week of exposure to predator odours compared to
distilled water control using the same exposure regimen as above (sample size = 4 per
group) (Figure 2B). Further procedural details are available in section 2.2 on page 42 and

section 2.3 on page 43.

3.3.3 Adult offspring sample sizes

A set of animals was tested in the predator odour avoidance test and for corticosterone
radioimmunoassays with predator odour exposure (control male sample size = 13, control
female sample size = 8, prenatally predator odour-exposed male sample size = 13,
prenatally predator odour-exposed female sample size = 13). For corticosterone
measurements, where two animals of the same sex and litter were tested, the samples
were pooled in equal amounts. The final sample sizes were: control male sample size = 8,

control female sample size = 6, predator odour-exposed male sample size n = 8 and

51



10 1 *

(o0}

T ODistilled water

4 - OBobcat urine

® Coyote urine

Frequency in zone
far from odor
D
H

Odor

1000 1
900
800 +
700 A
600
500 H
400 A
300 +
200 H

100 1
—e—PrO
0 T 1

Pre-exposure Post-exposure

Serum corticosterone
concentration (ng/mL)

Figure 2. Preliminary exposure to predator odours in adult mice females.

Bobcat (3 mL) and coyote (5 mL) urine elicited avoidance of the predator odour source
relative to distilled water control (A.) and elevated basal corticosterone levels after a
week of unpredictable one hour daily predator odour (2,3,5-Trimethyl-3-thiazoline,
bobcat and coyote odour) exposure (B.). Data are average + standard error of the mean.

PO: Predator Odour; C: Control. *P < 0.05, effect of predator odour exposure.
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predator odour-exposed female sample size = 8 for each time point. Each sample was
assayed in duplicate. A separate set of adult offspring (sample size = 6 per prenatal stress
group, 1 mouse/sex/litter) was used for transcript abundance and DNA methylation

measurements. Further procedural details are available in sections 2.4 on page 43.

3.3.4 Predator odour avoidance test and corticosterone response to predator
odour exposure in adult offspring

In mice, predator odour avoidance, quantified as the average distance from the predator
odour over each 10 minutes of the 30 minutes trial, and the total distance travelled during
each 10 minutes of the trial were tracked in an automated fashion using EthoVision

XT10. Further procedural details are available in section 2.8 on page 45.

3.3.5 Transcript abundance analysis by quantitative real time polymerase chain

reaction

The transcript abundance of 7 genes of interest was quantified: Brain-derived
neurotrophic factor, glucocorticoid receptor, mineralocorticoid receptor, FK506 binding
protein 5, corticosterone-releasing factor, corticosterone-releasing factor receptor 1 and
corticosterone-releasing factor receptor 2. The transcript abundance of 4 housekeeping
genes (Glyceraldehyde 3-phosphate dehydrogenase, Actin beta, 14-3-3 protein zeta/delta
and 18S ribosomal RNA) was also assessed. Table 5 presents the primers used in this

study.

Transcript abundance was quantified relative to 4-3-3 protein zeta/delta, the gene
showing the least variance between the prenatal stressed and control offspring according
to a previously published algorithm (NormgPCR R script, available at:
http://www.bioconductor.org/packages/release/bioc/html/NormgPCR.html). Further

procedural details are available in sections 2.9 and 2.10 on page 46.

3.3.6 DNA methylation analysis by bisulfite pyrosequencing
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Table S. Mice primer sequences

Gene Forward primer (5°-3°) Reverse primer (5°-3’)

YWHAZ TTGAGCAGAAGACGGAAGGT GAAGCATTGGGGATCAAGAA

NR3CI AACTGGAATAGGTGCCAAGG GAGGAGAACTCACATCTGGT

NR3C2 GAAGAGCCCCTCTGTTTGCAG TCCTTGAGTGATGGGACTGTG

FKBPS5 CGGAAAGGCGAGGGATACTC TTCCCCAACAACGAACACCA

CRF GCAGCCCTTGAATTTCTTGCA TCTTCACCCATGCGGATCAG

CRFRI CGCAAGTGGATGTTCGTCT GGGGCCCTGGTAGATGTAGT

CRFR2 CCCCTGTGGACACTTTTGGA AGGTCGTGTTGCAGTAGGTG

BDNF AGGTTCGAGAGGTCTGACGA ATGTTTGCGGCATCCAGGTA
BDNFmO AGATGTATTATTTTAAATGCGCGGA ACTTCCCAACAAACCAAACGA
BDNFmN AGAGTGTTTATTTAGAGGTAGAGGAGGTAT | AACCCATCCCCAAAATTCTAAACTCT
BDNFseq TTTGTTTAGATTAAATGGA

YWHAZ: 14-3-3 protein zeta/delta, NR3CI: Glucocorticoid receptor, NR3C2:

Mineralocorticoid receptor, FKBP5: FK506 binding protein 5, CRF: Corticotropin-

releasing factor, CRFRI: Corticotropin-releasing factor receptor 1,

CRFR2:

Corticotropin-releasing factor receptor 2, BDNF: Brain-derived neurotrophic factor,

BDNFmO: BDNF methylation Outside, BDNFmN: BDNF methylation Nested,

BDNFseq: BDNF sequencing primer.
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DNA methylation of the brain-derived neurotrophic factor exon IV gene in mice was
examined by bisulfite pyrosequencing for 6 prenatally predator odour exposed and 6
control female offspring. Biotinylated polymerase chain reaction products were obtained
using outside and nested polymerase chain reaction primers targeting four Cytosine-
Guanine dinucleotide sites within brain-derived neurotrophic factor exon IV proximal to
the transcription initiation site Table 5 and Figure 7A (Lubin et al., 2008). Replicates
with a coefficient of variation greater than 30% were considered outliers and removed
from analysis (sample size = 1 prenatally predator odour exposed and sample size = 1

control offspring). Further procedural details are available in sections 2.11 on page 46.

3.3.7 Statistical analysis

Statistical analysis procedures are described in section 2.12 on page 47.

3.4 Results

3.4.1 Maternal behaviour

Maternal behaviour was examined in predator-odour exposed dams and control dams
between postnatal days 1 through 6. There was a significant interaction between postnatal
day and predator odour exposure in the percent time that dams spent licking and
grooming their offspring [F(s75) = 3.04, P = 0.02], with control dams showing increased
licking on postnatal day 3 compared to predator odour-exposed dams [P = 0.02] (Figure
3). There was no effect of maternal predator odour exposure on the other measures of
maternal behaviour examined, the length of pregnancy, litter size, offspring sex ratios,

offspring body weight, offspring body length and offspring sex ratio [P’s > 0.05].

3.4.2 Behavioural and corticosterone response to predator odour exposure in
adult offspring
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Figure 3. Predator odour-exposed (PO) dams transiently decreased the amount of
maternal behaviour provided as measured by the time spent licking the pups
compared to control (C) dams.
Data are average * standard error of the mean. *P < 0.05, effect of predator odour

exposure.
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When the offspring reached adulthood, they were tested for their response to predator
odour exposure. Overall, the adult offspring of dams exposed to predator odour showed
increased avoidance behaviour when exposed to bobcat urine (Figure 4A-C). The
offspring of predator odour-exposed dams stayed further away from the predator odour
compared to control offspring overall during the 30 minutes trial [F(;, 44y=4.29, P = 0.04]
(Figure 4D). Male offspring from predator odour-exposed dams stayed farther from the
source of the predator odour on average compared to male control offspring [P < 0.05 at

0-10 and P < 0.09 at 10-20 minutes]. In addition, when exposed to predator odour in
adulthood, offspring from predator-odour exposed dams were less active than control
offspring, traveling a shorter distance over the course of the trial [F(i 44)= 4.38, P = 0.04]
(Figure 4E). The effect of dams’ predator odour exposure on offspring locomotor activity
varied over time [F(» gg) = 3.13, P = 0.05, maternal predator odour exposure x time
interaction] and as a function of sex [F(i44) = 4.45, P = 0.04]. Female offspring from
predator odour-exposed dams were also hypoactive compared to control female offspring
in the first 10 minutes and last 10 minutes of the trial [P’s < 0.05 at 0-10 and 20-30

minutes].

The same subjects were tested for their corticosterone response to 2,3,5-Trimethyl-3-
thiazoline predator odour exposures a minimum of 4 days after the completion of
behavioural testing. Corticosterone levels were examined at baseline (0 minute), after an
hour exposure to predator odour (60 minutes) and an hour after the end of the exposure to
assess the return to baseline (120 minutes). Overall, all adult offspring showed a
significant rise in corticosterone levels in response to predator odour exposure and a
significant decrease in corticosterone levels between the 60 minutes and 120 minutes
time points [Fo, 50)=24.31, P < 0.001] (Figure 5). The corticosterone response over time
differed between offspring from dams exposed to predator odour and control offspring
[Fo, 52 = 4.55, P = 0.02, time x maternal predator odour exposure interaction]. The
corticosterone response over time also differed between males and females [F, 52)= 4.24,
P =0.02, time x sex interaction]. There was a significant three-way interaction between
all three variables [F(2, 5= 6.23, P = 0.004, time X sex x maternal predator odour

exposure interaction]. Female offspring from predator odour-exposed dams showed
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Figure 4. Adult offspring from dams exposed to predator odour during pregnancy
(PO) increased avoidance and hypoactivity in predator odour presence compared to
control (C) adult offspring.

Predator odour exposure setup (A.). Representative 30 minutes track of control (B.) and
PO (C.) adult offspring. Average distance to the predator odour (D.) and overall distance
travelled (E.). Data are average + standard error of the mean. M: male, F: female. Bars,
*P <0.05, ***P <0.001, main effect of maternal predator odour exposure; Bars, ****pP <
0.0001, main effect of sex; p< 0.10, *P <0.05, ** P <0.01 post hoc comparison within

a SCX.
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Figure 5. Adult female offspring from dams exposed to predator odour during
pregnancy (PO) show an elevated predator odour-challenged level of corticosterone
(CORT) to a predator odour compared to control (C) adult offspring.
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standard error of the mean. M: Male, F: Female. *P < 0.05, post hoc comparison within

female offspring.
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significantly higher corticosterone levels immediately after exposure to the predator

odour compared to female control offspring [P = 0.03].

3.4.3 Transcript abundance analysis in adult offspring

The transcript abundance of stress-related genes in the hippocampus and amygdala was
measured in adult offspring from predator odour exposed dams and controls. In the
hippocampus, there was a significant interaction between maternal predator odour
condition and offspring sex for brain-derived neurotrophic factor transcript abundance
[F(1,200 = 7.70, P = 0.01]. Female offspring showed a higher brain-derived neurotrophic
factor transcript abundance compared to male offspring [F(; -9 = 9.58, P < 0.01], an
effect due to significantly higher brain-derived neurotrophic factor among control female
offspring compared to prenatally predator odour exposed female offspring [P = 0.03]
(Figure 6A). There was no difference in the transcript abundance of corticosterone-
releasing factor receptor 1 in the hippocampus. In the amygdala, offspring from predator
odour—exposed dams showed higher transcript abundance of corticosterone-releasing
factor receptor 1 compared to control offspring [F ) = 6.29, P = 0.02], and
corticosterone-releasing factor receptor 1 transcript abundance levels varied as a
function of maternal predator odour condition and offspring sex [F(; 9 = 9.49, P < 0.01,
maternal predator odour exposure x sex interaction] (Figure 6B). Prenatally predator
odour exposed females showed higher transcript abundance of corticosterone-releasing
factor receptor I compared to control females [P = 0.01]. Overall, the level of predator-
odour induced corticosterone (60 minutes time point) (Figure 5) was positively correlated
with the transcript abundance of corticosterone-releasing factor receptor [ in the
amygdala [R’ = 0.25, P = 0.01]. There was no difference in the transcript abundance of
brain-derived neurotrophic factor in the amygdala. The transcript abundance of the other
stress-related genes examined (glucocorticoid receptor, mineralocorticoid receptor,
FK5006 binding protein 5, corticosterone-releasing factor, and corticosterone-releasing
factor receptor 2) did not differ in the hippocampus or amygdala of offspring as a

function of maternal predator odour exposure or offspring sex.
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Figure 6. Prenatal exposure to predator odour (PO) leads to differences in
transcript abundance in the hippocampus and amygdala of the adult offspring.

Respectively, hippocampal and amygdala brain-derived neurotrophic factor (BDNF; A.)
and corticosterone-releasing factor receptor 1 (CRHRI; B.) transcript relative abundance
corrected using the 14-3-3 protein zeta/delta (YWHAZ) transcript abundance. Data are
average * standard error of the mean. C: control. Bars, *P < 0.05, main effect of maternal

predator odour exposure; * P < 0.05, post hoc comparison within sex.
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3.4.4 DNA methylation analysis of brain-derived neurotrophic factor exon [V in
adult female offspring

Due to the observed reduction in brain-derived neurotrophic factor transcript abundance
in the hippocampus of prenatally predator odour exposed female compared to controls
and previous reports of altered epigenetic regulation of brain-derived neurotrophic factor
exon IV as a function of early life environmental factors (Lubin et al., 2008; Roth et al.,
2009), we examined DNA methylation levels in brain-derived neurotrophic factor exon
IV in the hippocampus of adult female offspring (Figure 7A). Overall, levels of DNA
methylation in female offspring differed significantly across Cytosine-Guanine
dinuclotides sites within brain-derived neurotrophic factor exon IV [F;3;) = 647, P =
0.003]. In particular, Cytosine-Guanine dinucleotide site 3 showed a significantly lower
methylation in prenatally predator odour exposed females compared to control females
[(t19) = 4.09, P = 0.004] (Figure 7B). Furthermore, hippocampal brain-derived
neurotrophic factor transcript abundance was positively correlated with hippocampal
brain-derived neurotrophic factor exon IV Cytosine-Guanine dinucleotide site 3
methylation level in females [R’ = 0.46, P = 0.03] (Figure 7C). Methylation levels of
other Cytosine-Guanine dinucleotide sites within the exon did not differ significantly as a
function of the prenatal treatment or vary in relation to brain-derived neurotrophic factor

transcript abundance [P’s > 0.05].

3.5 Discussion

3.5.1 Maternal behaviour in dams exposed to predator odour during pregnancy

Dams exposed to predator odour during pregnancy showed alterations in maternal
behaviour consisting of reduced licking of their pups on postnatal day 3. Decreased
licking and grooming of pups has been linked to several indices of stress-related
behaviour in adult rat and mouse offspring (Champagne et al., 2006; Weaver et al., 2004).

Therefore, the modulation of dam maternal behaviour may reflect an adjustment of the
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Figure 7. DNA methylation level of the brain-derived neurotrophic factor (BDNF)
exon IV in the hippocampus of female offspring of predator odour exposed (PO)
and control (C) dams.
Region sequenced with transcription initiation site (bent arrow) and Cytosine-Guanine
dinucleotide sites (A.). DNA methylation level (%) of the 4 sequenced Cytosine-Guanine
dinucleotide sites (B.). Correlation between the hippocampal BDNF transcript abundance
and the hippocampal BDNF exon IV Cytosine-Guanine dinucleotide site 3 methylation
level (%) [P = 0.03] (C.). Data are average + standard error of the mean. * P < 0.05,

effect of maternal predator odour.
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females to a predator odour exposure itself or to cues provided by the pups as a function
of the exposure. However, this transient decreased licking in predator odour exposed
dams did not correlate with adult offspring phenotypic measures. We also did not detect
changes in offspring body weight or growth associated with maternal predator odour
exposure or maternal care. Future studies using a cross-fostering design would be
important in determining the relative contribution of prenatal and postnatal programming

to the adult prenatal predator odour exposed phenotype (e.g. Weaver et al., 2004).

3.5.2 Behavioural and endocrine response to predator odour exposure in adult
offspring

The offspring of dams exposed to predator odour during pregnancy displayed an increase
in avoidance behaviour to inescapable predator odour in adulthood compared to offspring
from control dams. Prenatally predator odour exposed females were also hypoactive in
the context of predator odour exposure. Further, prenatally predator odour exposed
females displayed a greater increase in circulating corticosterone after exposure to an
inescapable predator odour in adulthood compared to control females. Increased
corticosterone levels after predator odour exposure in adult rodents have previously been
linked to higher hypothalamic-pituitary adrenal axis reactivity and increased stress-
related behaviours or previous exposure to predator odour in early postnatal life in both
sexes. Similarly, the offspring of gravid crickets exposed to a live predator exhibit
increased anti-predator behaviours (McAllister et al., 1999; Zheng and Quirion, 2004).
Our data suggest an increase in anti-predator behaviours in adulthood in mice exposed to

predator odour prenatally.

3.5.3 Neural transcript abundance in adult offspring

The transcript abundance of stress-related genes was altered in offspring as a function of
prenatal predator odour exposure. In the hippocampus, decreased transcript abundance of

brain-derived neurotrophic factor was observed in female offspring of predator odour-

exposed dams. Brain-derived neurotrophic factor exon IV is the most abundant isoform
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of expressed brain-derived neurotrophic factor transcripts (Giannotti et al., 2014). During
development (Andersen and Sonntag, 2014) and following stress (Giannotti et al., 2014),
the transcript abundance of total brain-derived neurotrophic factor is closely related to
the transcript abundance of brain-derived neurotrophic factor exon IV mRNA. Notably,
we observed changes in brain-derived neurotrophic factor in female but not male
offspring from predator odour-exposed dams relative to same-sex controls, together with
enhanced corticosterone reactivity in female but not male offspring from predator odour-
exposed dams. Brain-derived neurotrophic factor is a downstream target of an altered
glucocorticoid-signalling pathway, and its expression is altered in concert with a
dysregulated hypothalamic-pituitary adrenal function (Dwivedi et al., 2007; Lee and
Sawa, 2014). There is evidence of decreased transcript abundance of brain-derived
neurotrophic factor in the hippocampus and amygdala of prenatally stressed animals
(Boersma et al., 2014; Lubin et al., 2008). A decrease in hippocampus brain-derived
neurotrophic factor transcript abundance is also observed following chronic restraint
(Bennett and Lagopoulos, 2014) and social defeat stress (Tsankova et al., 2006). Similar
to our results, Taliaz et al. (2011) showed that lentivirus-induced reduction in
hippocampal brain-derived neurotrophic factor transcript abundance leads to prolonged
elevation of circulating corticosterone. Early maternal separation, a potent method to
potentiate hypothalamic-pituitary adrenal responsiveness in later life, leads to long-term
inhibition of brain-derived neurotrophic factor transcript abundance in the hippocampus,
coupled with impaired hypothalamic-pituitary adrenal response to forced swim (Roceri et
al., 2004). Our results are thus consistent with the interpretation that decreased brain-
derived neurotrophic factor in adult prenatally predator odour exposed females may
result from altered stress-related signalling pathways linked to hypothalamic-pituitary

adrenal function.

In further support of this interpretation, we found that corticotropin-releasing factor
receptor [ transcript abundance in the amygdala was increased among prenatally predator
odour exposed females but unchanged among males. Corticotropin-releasing factor
receptor 1 transcript abundance was also correlated with the increase in the levels of

corticosterone during exposure to a predator odour. As corticotropin-releasing factor
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receptor I mediates the effects of corticotropin-releasing factor, an important activator of
the hypothalamic-pituitary adrenal axis (Anisman, 2009), these results implicate
corticotropin-releasing factor receptor 1 level in the increased corticosterone reactivity
among female offspring from predator odour-exposed dams that were exposed to predator
odour in adulthood. Corticotropin-releasing factor receptor 1 is highly expressed in
limbic areas such as the amygdala, including in the basolateral and central nuclei, where
it regulates the activation of stress-related responses (Joéls and Baram, 2009). Our data
support those of a recent study in a genetic model of anxiety-like behaviour showing an
association between higher levels of stress-induced corticosterone and increased
corticotropin-releasing factor receptor 1 transcript abundance in male mice exposed to

chronic mild stress (Zohar and Weinstock, 2011).

3.5.4 Brain-derived neurotrophic factor exon IV methylation and transcriptional
regulation of the brain-derived neurotrophic factor in adult female offspring

In adult prenatally predator odour exposed female, Cytosine-Guanine dinucleotide site 3
within brain-derived neurotrophic factor exon IV showed significantly lower DNA
methylation levels compared to control females. Previous evidence has implicated DNA
methylation of brain-derived neurotrophic factor exon IV in transcriptional regulation of
the brain-derived neurotrophic factor gene as a function of other forms of maternal
adversity. For example, Roth et al. (2009) showed that stressed caregivers displaying
increased maternal maltreatment showed lower brain-derived neurotrophic factor
transcript abundance in the medial prefrontal cortex and higher DNA methylation levels
of brain-derived neurotrophic factor exon IV in adult offspring. Several additional
studies have also demonstrated the association between the brain-derived neurotrophic
factor transcript abundance changes and alterations in DNA methylation, including in the
context of early-life stress, though lower transcript abundance is not always associated
with higher DNA methylation levels, and the specific Cytosine-Guanine dinucleotides
implicated in these effects vary in association with experimental parameters (reviewed in
Boulle et al., 2012). In the context of maternal predator odour exposure in this study,

brain-derived neurotrophic factor transcript abundance in adult female offspring was
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positively correlated with levels of DNA methylation of brain-derived neurotrophic
factor exon IV Cytosine-Guanine dinucleotide site 3, implicating this epigenetic
modification in transcriptional regulation of the brain-derived neurotrophic factor gene.
The fact that we detect differential methylation at a single site and that this difference is
small might be due to the dilution effect of the multiple cell types present in the tissue
analysed. However, this change is also strengthened, as it is detected and significant
despite the dilution effect. The association between decreased exonic DNA methylation
and decreased transcription are supported by a number of other studies, including the
relationship between altered DNA methylation within exons and transcriptional
regulation of the glucocorticoid receptor locus among adult offspring of mothers
providing high compared to low levels of maternal care (McGowan et al., 2011). For
example, exonic DNA methylation has been shown to associate with the transcriptional
repression of retrotransposons and microRNAs within exonic regions as well as the
regulation of cryptic alternative transcription start sites (Maor et al., 2015). It is possible
that hypermethylation of Cytosine-Guanine dinucleotide site 3 in predator-odour exposed
female offspring is associated with as-yet unrecognized regulatory control of brain-
derived neurotrophic factor exon [V. Future studies are required to examine this
possibility, for example by targeted site-specific DNA methylation followed by
chromatin immunoprecipitation of RNA Polymerase associated with the brain-derived
neurotrophic factor exon IV or in vitro reporter assays (e.g. McGowan et al., 2009).
Together, these results suggest an epigenetic mechanism underlying some long-term

impacts of the prenatal exposure to predator odour.

3.5.5 Conclusions

In this study, we found evidence for sex-specific effects of prenatal predator odour
exposure on behaviour, endocrine response and neural gene transcript abundance. Sex-
specific alterations in behaviour and neural gene transcript abundance appear to be a
common feature of the impacts of early life adversity (Coutellier and Wiirbel, 2009;
Mashoodh et al., 2009; Zohar and Weinstock, 2011). Responses to prenatal stressors may

play both an adaptive role in stressful environments and lead to sex-specific differences
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in the risk for psychopathology, including an increased risk for affective disorders among
females (Glover, 2011). Viewed from an evolutionary perspective, understanding the
impacts of ethologically-relevant stressors such as predator odours is important in

elucidating mechanisms of plasticity associated with stress-related phenotypes.

The data reported here indicate that prenatal predator odour exposure alone, a
psychological and ethologically-relevant stressor, is sufficient to alter offspring
phenotype in a manner that persists to adulthood. We found that prenatal exposure to
predator odour changes the animals’ phenotype by increasing the stress-related and
defensive response. We also observed sex-specific differences in the impacts of prenatal
predator odour exposure. To our knowledge, our study provides the first evidence of
maternal transmission of behavioural sensitivity to predator odour, an unconditioned
olfactory stimulus, and stress-related neural gene regulation through exposure to predator
odour alone during pregnancy. Recently, an aversive association between a neutral odour
(acetophenone) and mild foot shocks in the father was shown to lead to the retention of
the aversive conditioning to this odour over multiple generations of mice offspring (Dias
and Ressler, 2014). The potential influence of maternal predator odour exposure over
multiple generations remains to be determined, though in several species
multigenerational effects of predation exposure have been reported in the ecology

literature (Love et al., 2013; Sheriff et al., 2010).
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Chapter 4 Maternal programming of sex-specific

responses to predator odour stress in adult rats
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4.1 Publication

Chapter 4 is adapted from the following research article:
St-Cyr, Sophie, Abuaish, Sameera, Sivanathan, Shathveekan, McGowan, Patrick O.,
2017. Maternal programming of sex-specific responses to predator odor stress in adult

rats. Hormones and Behavior. 94(June 20): 1-12.

4.2 Approach and hypotheses

The present study was designed to (1) study the impact of maternal prenatal predator
odour exposure in offspring on anxiety-like behaviour and locomotor responses
associated with unconditioned novelty-induced anxiety in commonly used laboratory
tests, (2) examine whether prenatal predator odour exposure leads to increased defensive
responses and predator odour-induced endocrine stress responses in offspring, (3)
examine stress-related gene transcript abundance in limbic regions and associated
epigenetic modifications in adult prenatally predator odour exposed offspring and (4)
highlight sex differences in the PO offspring adult phenotype. We used Long-Evans rats,
an outbred rat strain in which the effects of chronic variable stress in the prenatal period
and maternal behaviour on offspring stress-related phenotypes have been extensively
investigated (Erickson et al., 2014; Harmon et al., 2009; McGowan et al., 2011; Weaver
et al., 2004).

We hypothesized that anxiety-like behaviour, locomotor activity, predator odour-related
defensive responses would be increased in prenatally predator odour exposed animals as
a result of enhanced hypothalamic-pituitary adrenal stress reactivity. Additionally, we
assessed the activity of stress-related genes in the hippocampus and amygdala, limbic
structures that have an inhibitory and activational effect, respectively, on the
hypothalamic-pituitary adrenal axis reactivity (Steckler, 2005). Finally, we sought to
determine the extent to which sex differences in the response to predator odour reflect a

general alteration in stress-related behavioural responses.
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This study focused on the activity of stress-related genes in the hippocampus and
amygdala, limbic structures that have an inhibitory and activational effect, respectively,
on the hypothalamic-pituitary adrenal axis reactivity (Steckler, 2005). FK506 binding
protein 5 is a co-chaperone of multiple steroid receptors, including the glucocorticoid
receptor and mineralocorticoid receptor, and is essential for mediating the effect of those
steroid hormones on gene transcript abundance via transactivation. In the nucleus, the
glucorticoid receptor acts as a transcription factor and binds to glucocorticoid receptor
elements to alter transcription, including on the FK506 binding protein 5 gene itself to
potentiate its transcription, forming an ultra-short regulatory loop. FK506 binding protein
5 transcript abundance is thus implicated in glucocorticoid sensitivity and stress recovery
(Jadskeldinen et al., 2011). FK506 binding protein 5 is ubiquitously expressed in tissues
ranging from brain to liver and heart (Baughman et al., 1997). In the mouse brain,
glucocorticoids lead to an up-regulation of FK506 binding protein 5 transcript abundance
in the paraventricular nucleus of the hypothalamus, central amygdala and hippocampus.
For example, restraint stress increases the transcript abundance of FK506 binding protein
5 (Jaaskeldinen et al., 2011). Furthermore, FK506 binding protein 5 polymorphisms have
been implicated in mood, affective and anxiety disorders as well as post-traumatic stress
disorder development (Binder, 2009; Binder et al., 2008). Interestingly, intronic elements
of the FK506 binding protein 5 gene exhibit demethylation after chronic glucocorticoid
exposure through a conserved main glucocorticoid response element enhancer and this
difference persists over time (Hubler and Scammell, 2004) making FK506 binding
protein 5 an interesting target for long-term programming effects of glucocorticoid

exposure during the hypothalamic-pituitary adrenal axis development.

4.3 Material and methods

4.3.1 Rat breeding

For breeding, two normally cycling females were housed with one male between 9AM

and 5PM. Female’s oestrous cycle was not checked prior to breeding. Females were then
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checked for sperm plugs indicating gestational day 0. Pregnant females were singly
housed and weighed every other day throughout the pregnancy. Twenty-one of the 23 rat
females that were bred gave birth, resulting in 11 prenatally predator odour exposed
litters and 9 control litters. Additional procedural details are available in section 2.1 on

page 42.

4.3.2 Predator odour exposure in pregnant dams

Preliminary analysis of serum corticosterone in non-pregnant rat females (sample size = 4
per group) showed a lack of habituation to predator odour exposure over 8 days as an
interaction between the time and repeated predator odour exposure effect [F{1, 6= 12.331,
P=0.01; p »” = 0.67] and an increased stress response to predator odour on the final day
of exposure compared to distilled water controls [#1, 6= -5.488, P = 0.002, d = -3.9]
(Figure 8). These results support the use of successive unpredictable exposures to
predator odour to induce an elevated stress response. Additional procedural details are

available in sections 2.2 and 2.3 on pages 42 and 43.

4.3.3 Offspring morphological measures

Among rat males, there was 1 prenatally predator odour exposed and 1 control male that
were individually housed due to uneven number of animals per group. However they
were not considered outliers according to the interquartile range in each statistical

measure used.

4.3.4 Adult offspring sample sizes

A subset of offspring (control male sample size = 15, control female sample size = 16
both from 8 litters, prenatally predator-odour exposed male sample size = 12, prenatally
predator-odour exposed female sample size = 12 both from 6 litters) was used to examine
unconditioned novelty-induced anxiety in commonly-used laboratory tests in the

following order: elevated-plus maze, open field and light-dark transition task. An
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Figure 8. Preliminary exposure to predator odours in adult female rats.

Females exposed for 8 days to unpredictable predator odour (PO) 1 hour daily display an
elevated circulating corticosterone level post-exposure compared to control (C) females
exposed for a week to distilled water. Data are average + standard error of the mean. **P

< 0.01, comparison within time point.
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independent set of animals (control male sample size = 14, control female sample size =
15, prenatally predator-odour exposed male sample size = 16, prenatally predator-odour
exposed female sample size = 12) was used for predator odour exposure and inescapable

predator odour exposure for endocrine measurements (control male sample size = 14,
control female sample size = 15, prenatally predator-odour exposed male sample size =
16, prenatally predator-odour exposed female sample size = 12). In the stress-tested
animals, corticosterone serum levels (control male sample size = 13, control female
sample size = 14, prenatally predator-odour exposed male sample size = 16, prenatally
predator-odour exposed female sample size = 11) were measured using
radioimmunoassay. For subjects with remaining serum, adrenocorticotropic hormone
levels were also measured (control male sample size =13, control female sample size =
13, prenatally predator-odour exposed male sample size = 16, prenatally predator-odour
exposed female sample size = 10) using radioimmunoassay. When two rats of the same
sex and litter adrenocorticotropic hormone level was measured, their serum samples were
pooled in equal amounts (pooled samples: control male sample size = 6, control female
sample size = 5, prenatally predator-odour exposed male sample size = 7, prenatally
predator-odour exposed female sample size = 3). Finally, a subset of postnatal day 0
animals (6 control males, 6 control females, 6 prenatally predator-odour exposed males, 6
prenatally predator-odour exposed females) and postnatal day 177 females (8 control, 6
prenatally predator odour exposed) that were behaviourally tested (1 rat/litter) were used
for transcript abundance analysis. Additional procedural details are available in sections

2.4 to 2.7 on pages 43 to 45.

4.3.5 Predator odour avoidance test and corticosterone response to predator
odour exposure in adult offspring

The location of the animal within the predator odour avoidance test apparatus, divided

into equal thirds (i.e. predator odour zone, neutral zone, shelter zone), was video-recorded

over 5 minutes and behaviours were manually coded using Observer XT 8.5.
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The amount of adrenocorticotropic hormone present in the serum was determined for the
same time points as described for corticosterone previously (see section 2.8, page 45)

1251 labeled  anti-

using the commercially available radioimmunoassay kit with
adrenocorticotropic  hormone antibody (MP Biomedicals Inc., CA., USA:
adrenocorticotropic hormone sensitivity 5.7 pg/mL, intra-assay coefficient of variation

10.7%).

4.3.6 Transcript abundance analysis by quantitative real time polymerase chain

reaction

The transcript abundance patterns of 3 genes glucocorticoid receptor, mineralocorticoid
receptor and FK506 binding protein 5 were measured in postnatal day 0 (day of birth)
offspring. Additionally, the transcript abundance patterns of glucocorticoid receptor,
mineralocorticoid receptor, FK506 binding protein 5 and brain-derived neurotrophic
factor were quantified and analysed in adult female offspring. Relative normalization was
performed against the average transcript abundance of 5 housekeeping genes
(Glyceraldehyde 3-phosphate dehydrogenase, Actin beta, 14-3-3 protein zeta/delta, 18S
ribosomal RNA and Ubiquitin C) (Vandesompele et al., 2002). Table 6 shows the primers
used in this study. Additional procedural details are available in sections 2.9 and 2.10 on

pages 46.

4.3.7 DNA methylation analysis by bisulfite pyrosequencing

DNA methylation of the FK506 binding protein 5 intron V gene was examined by
bisulfite pyrosequencing for six prenatally predator odour exposed female offspring and
six control female offspring. Biotinylated polymerase chain reaction products were
obtained using outside and nested polymerase chain reaction primers targeting 7
Cytosine-Guanine dinucleotide sites within FK506 binding protein 5 intron V upstream
from a conserved glucocorticoid response element (Kitraki et al. 2015) (Table 6) (Figure

13). Additional procedural details are available in section 2.11 on pages 47.
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Table 6. Rat primer sequences

Gene Forward primer (5°-3’) Reverse primer (5° - 3’)

ACTB 5’-TTTGAGACCTTCAACACCCC-3’ 5’-ATAGCTCTTCTCCAGGGAGG-3’

188 5’-ATGGTAGTCGCCGTGCCTA-3’ 5’-CTGCTGCCTTCCTTGGATG-3’

GAPDH 5’-ACATCAAATGGGGTGATGCT-3’ 5’-GTGGTTCACACCCATCACAA-3’

UBC 5’-CACCAAGAAGGTCAAACAGGAA-3’ 5’-AAGACACCTCCCCATCAAACC-3’

YWHAZ 5’-TTGAGCAGAAGACGGAAGGT-3’ 5’-GAAGCATTGGGGATCAAGAA-3’

NR3C1 PPR52805B, SAbiosciences, Qiagen, Valencia, CA, USA

NR3C2 5’-GGCAGCTGCAAAGTCTTCTT-3’ 5’-GACAGTTCTTTCGCCGAATC-3’

BDNF 5’-AAAACCATAAGGACGCGGACTT-3’ 5’-AAAGAGCAGAGGAGGCTCCAA-3’

FKBPS5 5’-GAACCCAATGCTGAGCTTATG-3’ 5’-ATGTACTTGCCTCCCTTGAAG-3’

FKBP5mO1 5’-TGGAAATTTTTGTTTAGTGTGATTGA-3’ 5’-ACCCCAAACTATACAACTTATATTTCA-3’
FKBP5mO2 5’-GAAATATAAGTTGTATAGTTTGGGGTTTTT-3’ 5’-AACACCCTATTCTAAATATAACTAACAC-3’
FKBP5mN1 5’-TGGAAATTTTTGTTTAGTGTGATTGA-3’ 5’Biotin-ACCCCAAACTATACAACTTATATTTCA-3’
FKBP5mN2 5’-TGGAAATTTTTGTTTAGTGTGATTGA-3’ 5’Biotin-AAAACAAAAACTATAAAACTTTTTAATACT-3’
FKBP5mN3 5’Biotin-ATAAGTTGTATAGTTTGGGGTTTTTTGTAT-3’ 5’-AACACCCTATTCTAAATATAACTAACAC-3’
FKBP5seql 5’-GTTATTGTTTGGGGATAG-3’

FKBP5seq2 5’-ATTAGAGAAGAGAAAGTAGATA-3’

FKBP5seq3 5’-CCTATTCTAAATATAACTAACACAT-3’

ACTB: Beta-actin, 18S: 18S ribosomal RNA, GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase, UBC: Ubiquitin C, YWHAZ: 14-3-3 protein zelta/delta, NR3CI:
Glucocorticoid receptor, NR3C2: Mineralocorticoid receptor, BDNF: Brain-derived
neurotrophic factor, FKBP5: FK506 binding protein 5, FKBP5mO1: FKBPS5 methylation
Outside pair 1 (Cytosine-Guanine dinucleotide 1 to 5), FKBP5mO2: FKBP5 methylation
Outside pair 2 (Cytosine-Guanine dinucleotide 6 and 7), FKBP5mNI1: FKBP5
methylation Nested pair 1 (Cytosine-Guanine dinucleotide 1 and 2), FKBP5mN2: FKBPS5
methylation Nested pair 2 (Cytosine-Guanine dinucleotide 3 to 5), FKBP5mN3: FKBPS5
methylation Nested pair 3 (Cytosine-Guanine dinucleotide 6 and 7), FKBP5seql: FKBPS5
sequencing 1 (Cytosine-Guanine dinucleotide 1 and 2); FKBP35seq2: FKBPS5 sequencing
2 (Cytosine-Guanine dinucleotide 3 to 5); FKBP5seq3: FKBP5 sequencing 3 (Cytosine-

Guanine dinucleotide 6 and 7).
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4.3.8 Statistical analysis

Statistical analyses procedural details are available in section 2.12 on pages 47.

4.4 Results

4.4.1 Maternal behaviour in dams and offspring morphological measures

There were no differences detected in maternal behaviour between control and predator
odour exposed dams. There was no effect of predator odour on total licking or on total
nursing [P > 0.05] (Figure 9A-B). There was an overall decrease in the dams’ total
nursing over the first postnatal week [F(s, 13y= 7.73, P = 0.001, pi° = 0.75]. There were
no significant effects of predator odour exposure on hovering, nest-building behaviour,
time spent off the nest, self-grooming, eating and drinking by the dam [P > 0.05]. There
were no significant differences in weight gain during pregnancy, length of pregnancy,
litter size, or sex ratio between prenatal predator odour exposure and control offspring [P

> 0.05].

Offspring weight from postnatal day 0 to 139 and standard length from postnatal day 0 to
56 did not differ between controls and prenatally predator odour exposed offspring [P’s >
0.05]. However, there was a general increase of weight with time [Male: Fo, 133 =
2786.835, P < 0.0001, d. = 5.2; Female: F(9, 133= 3191.564, P < 0.0001, d, = 5.0] and of
standard length with time [Male: F(3 12)= 4349.451, P < 0.0001, py’ = 1.0; Female: Fg,
12)=4198.548, P < 0.0001, p° = 1.0].

4.4.2 Stress-related behaviour in adult offspring
On the elevated plus maze, prenatally predator odour exposed adult males laid more boli
than adult control male offspring [Mann—Whitney U = 43.5, nc = 15, npo = 12, P = 0.005

two-tailed, d = 1.0] ( Figure 10 A) while female offspring did not differ in the number of
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Figure 9. Maternal behaviour is not altered by prenatal predator odour exposure
(PO).
Proportion of time spent licking (A.) and nursing (B.) pups. Data are average + standard

error of the mean. C: control.
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Figure 10. Prenatally predator odour exposed adults (PO) display increased stress-
related behaviours compared to control (C) adult rats.

In the elevated-plus maze (EPM), PO males laid more boli (A.) and were less active (B.)
compared to controls. There was no difference in the ratio of time spent on the open arm
compared to the closed arms (C.) PO males also spent less time performing risk
assessment behaviours (D.). In the open field (OF), PO male rats entered the center less
frequently (E.) compared to control rats. In the light-dark transition box (LD), PO female
rats spent less time in the light zone (F.). Data are average + standard error of the mean.
*P < 0.05, **P < 0.01, ***P < 0.001 male main effect of prenatal stress; *P = 0.05,

females main effect of prenatal stress.
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boli [P > 0.05]. Prenatally predator odour exposed male were less active than control rats
in the elevated-plus maze over 15 minutes [Distance travelled: Fi, 5y = 13.129, P =
0.001, d, = -1.8] ( Figure 10 B) while females showed no prenatal treatment effect [P >
0.05]. There were no differences in the ratio of time spent in the open arms relative to the
closed arms between prenatally predator odour exposed and control rats [P > 0.05] (
Figure 10 C) or the duration or frequency [P > 0.05] of open arm visits. Finally,
prenatally predator odour exposed males spent less time performing self care (grooming)
and risk assessment behaviours (head dipping, rearing, stretch attend posture) [#;.4 =
3.862, P = 0.001, d = 1.5] ( Figure 10 D), indicative of increased anxiety-like behaviour.
Prenatally predator odour exposed and control females did not show difference in risk

assessment behaviours [P > 0.05].

In the open field, prenatally predator odour exposed male rats showed a decreased center
entry frequency [Mann—Whitney U =47, nc = 15, npo = 12, P = 0.04 two-tailed, d = 0.9]
( Figure 10 E) compared to control offspring, with no differences in females [P > 0.05].
Prenatally predator odour exposed rats did not show an activity difference when

compared to control rats [P > 0.05].

In the light-dark transition task, prenatally predator odour exposed female rats spent less
time in the light portion of the apparatus compared to control female rats [F(;,25)= 3.986,
P =0.05, d. = -0.8] ( Figure 10 F) while males showed no differences according to their
prenatal treatment [P > 0.05].

4.4.3 Predator odour exposure in adult offspring

Upon exposure to predator odour in adulthood, the amount of time spent in each of the
zones relative to the odour in offspring from both prenatal treatments differed [Male: F,,
s0)=25.905, P < 0.0001, d, = 2.9; Female: F(,, 5s3y= 54.861, P < 0.0001, d. =2.6 ]. Males
showed a different use of the zones in each prenatal treatment [F(,, 50y= 6.256, P = 0.002,
d, =3.2]. More specifically, prenatally predator odour exposed males spent less time in

the area closest to the odour [F(i, 16 =37.538, P = 0.001, d, = -0.6] (Figure 11A) while
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Figure 11. Prenatally predator odour exposed (PO) males exhibited increased
avoidance of the predator odour.

PO males spend less time in the area close to the odour compared to control (C) males
(A.) while females show no difference (B.). Data are average + standard error of the
mean. Bar: **P < (.01, male interaction effect of prenatal stress and time spent in areas;

**%P = (0.001, male main effect of prenatal stress.
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female offspring showed no difference [P > 0.05] (Figure 11B). Prenatally predator
odour exposed and control rats of both sexes did not show a difference in the time spent

in the shelter or the latency to enter the zone closest to the odour [P > 0.05].

4.4.4 Endocrine response to predator odour exposure in adult offspring

Overall, serum corticosterone was significantly higher at 60 minutes after the
introduction of the predator odour in all animals [Main effect of time: Female: F(3, 34)=
6.152, P = 0.005, d, = 2.9; Male: F(2, 12)= 30.068, P < 0.0001, d, = 2.7] (Figure 12A)
with no prenatal treatment effect [P > 0.05]. There was no difference in the area under

the curve between males or females of both prenatal treatments [P > 0.05].

Circulating adrenocorticotropic hormone level changed across time with exposure to the
predator odour in both sexes [main effect of time: Female: F(», 11)= 5.996, P = 0.02, d, =
2.8; Male: F2, 36 = 4.179, P = 0.02, d, = 3.0] (Figure 12B). Serum adrenocorticotropic
hormone from adult female offspring was also modulated differently across time in
function of the prenatal treatment [Interaction time by prenatal effect: F» 11)= 0.14, P =
0.01, d, = 2.6] (Figure 12B) although there was no significant prenatal treatment effect [P
> (.05], Furthermore, prenatally predator odour exposed female showed no recovery
from stress 120 minutes after the start of predator odour exposure compared to control
females [#1,12)= -3.44, P = 0.005, d = -1.9]. The time spent in the light portion of the
light-dark transition apparatus was negatively correlated with the adrenocorticotropic
hormone recovery level in females [Spearman’s rho Correlation Coefficient = -0.661, n

=10, P = 0.04].

4.4.5 Gene transcript abundance analysis in adult offspring

At birth (postnatal day 0), prenatally predator odour exposed females showed an overall
increased level of glucocorticoid receptor messenger RNA in the amygdala [#17) = -

2.723, P = 0.03, d = -1.6] (Figure 13A) (Table 7) when compared to control females,

while there was no difference between prenatally predator odour exposed and control
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Figure 12. Prenatally predator-odour exposed (PO) adult females affects circulating
level of adrenocorticotropic hormone (ACTH), but not corticosterone (CORT), to
predator odour compared to control adult offspring.

The CORT level increase after exposure to a predator odour in all groups (A.). ACTH
levels during the same challenge show a lack of recovery in PO compared to control (C)
females (B.). M: male; F: female. Data are average + standard error of the mean. Bars:
**P = 0.01, female interaction effect of prenatal stress and time; **P < 0.01, time point

female main effect of prenatal stress.
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Figure 13. Transcript abundance in postnatal day 0 (PN0O) and adult female
offspring and FK506 binding protein 5 (FKBPS) intron V methylation in the
amygdala is altered by prenatal exposure to predator odour (PO).

In the amygdala at birth, NR3C1 transcript abundance in PO female offspring is higher
than in control (C) female offspring (A.) while there is no difference in FKBP5 transcript
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abundance PNO female offspring (C.). Males show no difference in transcript abundance
at birth in function of prenatal predator odour exposure (A., C.). In adulthood, there is no
difference in glucocorticoid receptor (Nr3cl) transcript abundance (B.) while FKBPS5
transcript abundance is increased in PO females compared to control females (D.) in the
amygdala. DNA methylation level (%) of the 7 sequenced Cytosine-Guanine
dinucleotides sites within the Fkbp5 intron V' show alterations by prenatal predator odour
exposure in adult females (E.). There is a negative correlation between the amygdala
FKBPS5 transcript abundance and the amygdala Fkbp5 exon V Cytosine-Guanine
dinucleotide site 7 methylation level as shown by the line of best fit (F.). The Fkbp5
intron V" Cytosine-Guanine dinucleotide (CpG) sites sequenced are in just upstream of a
conserved glucocorticoid-response element (GRE; underlined; G). Data are average =+
standard error od the mean. Bar: **P = (.01 interaction of prenatal predator odour
exposure per site effect; *P < 0.05, main prenatal predator stress effect; Correlation: **P

<0.01.
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Table 7. Transcript relative abundance in the amygdala in control and prenatally

predator odour exposed rats on postnatal day 0 (PNO) and in adult offspring.

Transcript Average relative transcript | Mean effect of PO
abundance (Mean £ SEM)
C ‘ PO F-value ‘ P-value
Male PNO
NR3C1 1.666 +0.751 1.334+0.324 0.983 0.345
NR3C2 1.065 + 0.354 1.074 £ 0.291 0.002 0.963
FKBP5 0.994 + 0.239 0.865 +0.140 1.257 0.291
Female PNO
NR3C1 0.845+0.115 1.186 +0.232 7.087 0.032
NR3C2 1.162 +0.594 1.132 +0.629 0.005 0.945
FKBP5 1.069 +0.271 0.953 £ 0.345 0.279 0.617
Female Adult
NR3C1 0.989 +0.128 1.208 + 0.043 2.011 0.182
NR3C2 0.925 £ 0.092 0.971 £ 0.054 0.159 0.697
FKBP5 0.921 £ 0.069 1.137 £ 0.060 5.131 0.040
BDNF 0.626 +£0.197 1.039 +0.492 0.740 0.407

Transcript abundance was corrected with the average 5 reference genes (Beta-actin, 18S

ribosomal RNA, Glyceraldehyde 3-phosphate dehydrogenase, Ubiquitin C and 14-3-3

protein zelta/delta) transcript abundance. Boldface P-values are significant. NR3CI:

Glucocorticoid receptor, NR3C2: Mineralocorticoid receptor, FKBP5: FK506 binding

protein 5, BDNF: Brain-derived neurotrophic factor. (PNO: sample size = 6 per group;

Adult: Control [C]: sample size = 8, Prenatally predator-odour exposed [PO]: sample size
= 6). Boldface: P < 0.05.
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male offspring in glucocorticoid receptor levels in the amygdala on the day of birth [P >
0.05] (Figure 13B). The transcript abundance of FK506 binding protein 5 and
mineralocorticoid receptor did not differ between prenatally predator odour exposed and
control offspring in the amygdala at birth (postnatal day 0) [P > 0.05] (Figure 13C)
(Table 7).

Since females, but not males, showed stress-related endocrine differences as a function of
the maternal predator odour during pregnancy exposure at birth, we examined evidence
for alterations in stress-related gene transcript abundance in prenatally predator odour
exposed adult females only. Therefore, gene transcript abundance in the amygdala of
prenatally predator odour exposed and control females in adulthood were examined.
Prenatally predator odour exposed females showed higher transcript abundance of FK506
binding protein 5 in the amygdala when compared to control females [#1,12) = -2.27, P =
0.04, d = -1.3] (Figure 13D). The transcript abundance of glucocorticoid receptor,
mineralocorticoid receptor and brain-derived neurotrophic factor did not differ between
prenatally predator odour exposed and control females in the amygdala [P’s > 0.05]
(Figure 13B) (Table 7). The transcript abundance of FK506 binding protein 5 in the
amygdala of females was positively correlated with their glucocorticoid receptor level
[Spearman’s rho Correlation Coefficient = 0.679, n = 14, P = 0.001] and
mineralocorticoid receptor level [Spearman’s rho Correlation Coefficient = 0.653, n =

14, P = 0.01] in the amygdala.

4.4.6 DNA methylation analysis of FK506 binding protein 5 intron V in adult

female offspring

Due to the observed difference in FK506 binding protein 5 transcript abundance in the
amygdala of prenatally predator odour exposed females compared to controls and
previous reports of altered epigenetic regulation of Fk506 binding protein 5 intron V as a
function of early life environmental factors (Kitraki et al., 2015), we examined DNA
methylation levels in Fk506 binding protein 5 intron V in the amygdala of adult female
offspring (Figure 13E). Overall, levels of DNA methylation in all female offspring
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differed significantly across the Cytosine-Guanine dinucleotide sites examined within the
Fk506 binding protein 5 intron V [Fs s1y= 53.992, P < 0.0001, d. = 5.1] and the effect of
prenatal exposure to predator odour on DNA methylation varied across the Cytosine-
Guanine dinucleotide sites [Interaction of prenatal stress and Cytosine-Guanine
dinucleotide sites: Fi, 51y = 3.009, P = 0.01, d. = 6.0] (Figure 13E). In particular,
Cytosine-Guanine dinucleotide site 7 showed significantly lower methylation in
prenatally predator odour exposed female rats when compared to controls [#1,10) = 2.58, P
=0.03, d = 1.4] (Figure 13E). Furthermore, amygdala FK506 binding protein 5 transcript
abundance was negatively correlated with amygdala FK506 binding protein 5 intron V
Cytosine-Guanine dinucleotide site 7 methylation levels in females [Pearson Correlation
Coefficient = -0.72, n = 12, P = 0.008] (Figure 13F). Methylation levels of other
Cytosine-Guanine dinucleotide sites examined within the intron did not differ
significantly as a function of the maternal predator odour exposure during pregnancy or

vary in relation to FK506 binding protein 5 transcript abundance [P’s > 0.05].

4.5 Discussion

Exposure to cues indicating the threat of predation plays an important role in shaping
animal behaviours in natural habitats (Apfelbach et al., 2005; Love et al., 2013). In this
study, we found that maternal predator odour exposure in rats programmed stress-related
behaviours, in both sexes and a sex-specific endocrine response to predator odour later in
life along with gene transcript abundance and DNA methylation. Prenatal predator odour

is therefore a potent programming stressor.

Our findings suggest that it is likely that these effects on offspring phenotype resulted
from maternal exposure to predator odour during gestation rather than as consequences of
changes in maternal physiology or behaviour during the lactational period. Compared to
control dams, dams exposed to predator odour during gestation showed similar levels of
nursing and licking behaviour, maternal behaviours classically associated with maternal

programming of stress-related genes in early postnatal life (Weaver et al., 2004). We
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observed an increase in glucocorticoid receptor mRNA in the amygdala of female
offspring on the day of birth. These results suggest a different effect of maternal predator
odour exposure during pregnancy compared to exposure to predator odour during the
lactational period, which is associated with increased licking and nursing in dams
(Coutellier and Wiirbel, 2009; Mashoodh et al., 2009; McLeod et al., 2007). Although
prenatal stress studies do not always report maternal care provided, the stress normally
alters the maternal behaviour (Darnaudéry and Maccari, 2008; Mueller and Bale, 2006;
Weinstock, 2008), with changes sometimes being modest (St-Cyr and McGowan, 2015).
Predator odour exposure during pregnancy might be particular in this sense but further
investigations such as a cross-fostering study could be used to control for effects of
alterations in maternal behaviour. However, the long-term morphology of the offspring
was not affected by the maternal predator odour exposure during pregnancy, although
live prenatal predator exposure and other prenatal stress paradigms such as physical
restraint lead to decreased weight at birth and up to weaning (Ahmadzadeh et al., 2011;
Korgan et al., 2014; Lesage et al., 2004; Mueller and Bale, 2006; Wilson and Terry,
2013).

Using a variety of standardized tests to assess ethologically relevant anxiety-like
behaviours involving approach-avoidance conflict, we found behavioural responses
consistent with increased anxiety-like behaviour in prenatally predator odour exposed rats
(Bailey and Crawley, 2009). The increase in defecation seen in the prenatally predator
odour exposed adult male offspring in the elevated-plus maze is a classic indicator of
increased anxiety (Gray and Lalljee, 1974) and is increased over a range of stressful
situations and sensitive to pharmacological blockade of corticosterone-releasing hormone
receptors (Fukudo, 2012). Our results parallel those observed with prenatal physical
restraint stress, typically associated with increased anxiety-like behaviour in these tasks
(reviewed in Darnaudéry and Maccari 2008). Further, risk assessment behaviours were
decreased in the prenatally predator odour exposed males compared to the control male
rats. Self-care (grooming) and exploration (rearing, head dipping and stretch attend
posture) are all increased in less anxious animals (Rodgers and Dalvi, 1997). Acute and

chronic exposure to a cat predator lead to the suppression of grooming and rearing
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behaviours (Blanchard et al., 1998). Cat or cat odour exposure has no effect on open arm
exploration in the elevated-plus maze while reducing risk-assessment behaviours such as
head dipping, rearing and overall risk assessment behaviour (Adamec et al., 2004b,
1998). Anxiogenic drugs also lead to a reduction in risk assessment behaviours (Adamec
et al., 2004a). However, the female’s increase in anxiety-like behaviour was weaker as
detected in only one of the three tests, suggesting sex-specific novelty-induced anxiety-

like behaviour in this study, as discussed below.

Male offspring from predator odour exposed dams showed increased avoidance
behaviour in response to acute predator odour exposure in adulthood. On the contrary,
prenatally predator odour exposed and control females were already showing strong
avoidance to the predator odour including general avoidance, rearing, hiding, defensive
burying as well as freezing (see Figure 11). This result is in accordance with other reports
of early postnatal and prenatal exposure to predator odour, including our earlier findings
in mice, where adult offspring increase their avoidance to predator odour (Mashoodh et
al., 2009; St-Cyr and McGowan, 2015). Importantly, in the present study the adult
offspring were naive to direct exposure to the predator odour; they had only been exposed
prenatally through their mother. This effect of maternal predator odour exposure during
pregnancy on offspring behaviour may have consequences for fitness, as increased
avoidance to a predator odour decreases the probability of detection by a predator and
therefore impacts survival (Langerhans, 2007), particularly in male rodents that show

more extensive dispersal than females in naturalistic conditions (Glover and Hill, 2012).

There is some additional evidence in the literature of sex-specific responses to predator
odour exposure. Female rats exhibit increased escape behaviour (wall climbing) during
fox urine exposure and a sustained corticosterone response one hour after the end of the
odour exposure compared to males (Campbell et al. 2003). In Long-Evans rats exposed to
cat odour early postnatally, females in adulthood show a greater decrease in contact and

visits near the odour compared to predator odour exposed males (Mashoodh et al., 2009).
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Both prenatally predator odour exposed and control rats showed a similar initial rise of
corticosterone level after exposure to an inescapable predator odour for the first time.
However, the adrenocorticotropic hormone response in prenatally predator odour exposed
female offspring was maintained at high levels at the recovery time point, indicating a
prolonged adrenocorticotropic hormone response beyond the termination of the stressor.
The stress recovery level of adrenocorticotropic hormone was inversely correlated with
increased anxiety-like behaviour in the light-dark transition test. Adrenocorticotropic
hormone activation has been observed following acute exposure to predator odour in
adult animals, and is generally accompanied by a similar corticosterone elevation (Masini
et al., 2005; Takahashi et al., 2008). However, Mufioz-Abellan et al. (2011) also reported
an increase in adrenocorticotropic hormone without a significant increase in the
circulating corticosterone level in response to cat odour exposure. Dissociation between
the adrenocorticotropic hormone and corticosterone responses to stress may result from a
ceiling effect of elevated corticosterone, adrenocorticotropic hormone variation in
bioactivity, or altered adrenal sensitivity to adrenocorticotropic hormone (Poland et al.,
1989). The ceiling effect does not apply in this case since we observed a decrease in
corticosterone at the recovery time-point (120 minutes). Regarding adrenocorticotropic
hormone bioactivity, the immunoreactive adrenocorticotropic hormone measured with the
radioimmunoassay is the total adrenocorticotropic hormone from which a subset is
bioactive. However, the immunoreactive adrenocorticotropic hormone and the bioactive
adrenocorticotropic hormone levels are known to be correlated (Goverde et al., 1989), so
adrenocorticotropic hormone variation in bioactivity is unlikely. It is possible that
predator odour exposure modifies adrenal sensitivity to adrenocorticotropic hormone, as
has been shown in response to chronic stress in adulthood (Bornstein et al., 2008).
Further studies are needed to examine adrenal sensitivity in the offspring of dams

exposed to gestational predator odour.

On the day of birth (postnatal day 0), we observed a female-specific increase in
glucocorticoid receptor transcript abundance in the amygdala. Negative feedback
inhibition of glucocorticoids mediated by neural transcript abundance of the

glucocorticoid receptor is functional in the foetus from gestational day 16.5 (Reichardt
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and Schiitz, 1996). This period coincides with sex-specific transcript abundance of
placental 11-beta-hydroxysteroid dehydrogenase 2, when females show reduced 11-beta-
hydroxysteroid dehydrogenase 2 and thus reduced maternal glucocorticoid buffering
(Pankevich et al., 2009). As effects of prenatal stress on placental 11-beta-hydroxysteroid
dehydrogenase 2 transcript abundance have been observed up to the gestational day 20
(Pefia et al., 2012), differential glucocorticoid exposure in utero may lead to a sex-

specific glucocorticoid receptor transcript abundance in offspring at birth.

In adulthood, prenatally predator odour exposed females no longer displayed significantly
elevated glucocorticoid receptor transcript abundance, however the transcript abundance
of the glucocorticoid receptor moderator FK506 binding protein 5 was elevated in the
amygdala. Fk506 binding protein 5 is a co-chaperone that modulates the sensitivity of
multiple steroid receptors, including the glucocorticoid and mineralocorticoid receptors,
and is essential for mediating the effect of those steroid hormones on gene transcript
abundance via transactivation. The binding of FK506 binding protein 5 leads to the
translocation of these activated receptors into the nucleus, where the glucocorticoid
receptors acts as a transcription factor and binds to a glucocorticoid-response element to
alter transcription, including on the FK506 binding protein 5 gene itself to potentiate its
transcription, forming an ultra-short regulatory loop. FK506 binding protein 5 transcript
abundance is thus implicated in glucocorticoid sensitivity and stress recovery
(Jadskeldinen et al., 2011). FK506 binding protein 5 is ubiquitously expressed in tissues
ranging from brain to liver, skeletal muscles and heart, including in the embryo on
gestational days 15 and 16 (Baughman et al., 1997; Freeman et al., 1998). In the mouse
brain, glucocorticoids lead to an up-regulation of FK506 binding protein 5 transcript
abundance in the paraventricular nucleus of the hypothalamus, central amygdala and
hippocampus. For example, restraint stress increases the transcript abundance of FK506
binding protein 5 (Jadskeldinen et al., 2011). Furthermore, FK506 binding protein 5
polymorphisms have been implicated in mood, affective and anxiety disorders as well as
post-traumatic stress disorder development (Binder, 2009; Binder et al., 2008). Allele-
specific FK506 binding protein 5 DNA methylation also mediates gene-childhood trauma
interactions (Klengel et al., 2013) with different genotype showing differential level of
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DNA methylation after early life trauma exposure associated to functional changes.
Interestingly, intronic elements of the FK506 binding protein 5 gene exhibit
demethylation after chronic glucocorticoid exposure through a conserved main
glucocorticoid-responsive element enhancer and this difference persists over time (Hubler
and Scammell, 2004) making FK506 binding protein 5 an interesting target for long-term
programming effects of glucocorticoid exposure during the hypothalamic-pituitary
adrenal axis development. As the amygdala has an excitatory effect on the hypothalamic-
pituitary adrenal axis response to stress (Steckler, 2005), increased FK506 binding
protein 5 in the amygdala lead to sustained activation of the hypothalamic-pituitary
adrenal axis (Gold, 2015). Interestingly, circulating adrenocorticotropic hormone levels
in prenatally predator odour exposed females had not recovered two hours after the
termination of the predator odour stress, indicating prolonged activation of the stress axis

compared to control females.

We further investigated potential mechanisms involved in regulating adult female FK506
binding protein 5 transcript abundance as a function of maternal predator odour exposure
during pregnancy by examining methylation levels at 7 Cytosine-Guanine dinucleotide
sites within the FK506 binding protein 5 intron V in the amygdala. The level of DNA
methylation of FK506 binding protein 5 intron V' is known to show a dose-dependent to
administration of the synthetic glucocorticoid dexamethasone in mouse hippocampal
neuronal cultures (Yang et al., 2012). Other studies have reported a long-term increase in
the FK506 binding protein 5 transcript abundance correlated with a decrease in the
methylation of FK506 binding protein 5 intron V both within the amygdala and
hippocampus following a chronic increase in corticosterone or recovery from chronically
elevated corticosterone levels (Lee et al., 2010; Sawamura et al., 2015). We found that
FK506 binding protein 5 amygdala transcript abundance correlated negatively with
Cytosine-Guanine dinucleotide site 7 methylation levels in the FK506 binding protein 5
intron V. Maternal predator odour exposure during pregnancy had an effect on DNA
methylation in FK506 binding protein 5 intron V that varied across Cytosine-Guanine
dinucleotide sites overall, and was associated decrease in DNA methylation in Cytosine-

Guanine dinucleotide site 7 of large statistical effect size (Cohen’s d = 1.4). We note that
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this difference in methylation emerged despite the use of tissue samples containing mixed
cell populations, not limited to a specific neural pathway, which may have diluted the
difference in absolute levels of DNA methylation between prenatally predator odour
exposed and control rats. We also found that the FK506 binding protein 5 intron V
amygdala transcript abundance correlated negatively with Cytosine-Guanine dinucleotide
site 7 methylation levels. Together, these data indicate that the observed differential
methylation is likely biologically meaningful, though further studies examining the
precise mechanism by which maternal predator odour exposure during pregnancy may
modify DNA methylation of FK506 binding protein 5 are needed. This finding suggests a
long-term programming role of FK506 binding protein 5 following developmental stress,
while some FK506 binding protein 5 gene variants increases the probability of
developing a mood and anxiety disorders when primed with a life stressors (Zannas and

Binder, 2014).

We found a prenatal predator odour exposure by Cytosine-Guanine dinucleotide site
interaction over the 7 Cytosine-Guanine dinucleotide sites examined and a specific
decrease in the methylation of Cytosine-Guanine dinucleotide site 7 in the prenatally
predator odour exposed rats proximal to a glucocorticoid-response element binding motif.
Our results suggest that elevated glucocorticoid receptor transcript abundance in
newborn females as a consequence of maternal predator odour exposure may lead to the
long-term programming of FK506 binding protein 5 through demethylation around the
glucocorticoid-response element. Future studies characterizing glucocorticoid receptor-
FK506 binding protein 5 binding and epigenetic modifiers at FK506 binding protein 5
intron V' during the developmental period in response to prenatal odour exposure are

needed to examine this possibility.

451 Conclusion

The data reported here indicate that maternal exposure during gestation to predator

odours alone, a psychogenic and ethologically-relevant stressor, is sufficient to alter the

offspring phenotype in a manner that persists into adulthood. We note that although our
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results are consistent with a response to a predator odour, the impacts of the odour’s
noxious characteristics per se on offspring stress-related phenotype cannot be ruled out.
Future studies employing an odour contrast with other noxious stimuli, such as butyric
acid (e.g. Ayers et al., 2016), will be useful in definitively probing responses specific to

predator odour.
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Chapter 5 Prenatal predator odour exposure programs

metabolism in adult offspring
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5.1 Publication

Chapter 5 is adapted from the following research article manuscript:
St-Cyr, Sophie, Abuaish, Sameera, Welch Jr., Kenneth C., McGowan, Patrick O. Prenatal

predator odour exposure programs metabolism in adult offspring. In preparation.

5.2 Approach and hypotheses

One of the most important responses to stress is to promote energy mobilization by
increasing energy requirements. This energy further mediates the ‘fight-or-flight’
response, allowing the behavioural response to stress. Key modulators that could be
implicated in the mediation of weight loss, reduction of food intake, increase in core body
temperature and energy expenditure are the thyrotropin-releasing hormone and thyroid
hormones (Lechan and Fekete, 2006). Furthermore, maternal behaviour variations and
neonatal administration of thyroxine during the first two postnatal weeks leads to elevated
glucocorticoid receptors, basal corticosterone and corticosterone-binding globulin levels
(Hellstrom et al., 2012; Meaney et al., 1987). Taken together, increased circulating
thyroid hormones levels could be a key mediator of energy requirements in prenatally

stressed or prenatally predator odour exposed mice.

The objectives of this study is to evaluate the impact of prenatal predator odour exposure
on the adult offspring of both sexes 1) energy consumption over 24 hours, 2) energy
consumption under acute stress and 3) thyroxine serum level as a proxy of the

hypothalamic-pituitary-thyroid axis activity modulating growth and energy consumption.

We hypothesize that prenatal predator odour exposure will produce adult offspring with
decreased body weight and food consumption, increased metabolic rate over 24 hours and
under stress as observed in mammals exposed to predators or predator cues prenatally or
during adulthood as reported in Table 2 and Table 3. We expect to detect increased

thyroxine serum level and incidentally corticosterone-binding globulin liver transcript
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abundance if the hypothalamic-pituitary-thyroid axis is in part responsible for an

increased overall metabolism in prenatally predator odour exposed animals.

5.3 Material and methods

5.3.1 Mice breeding

For breeding, two normally cycling females were housed with one male overnight.
Pregnant females were singly housed on gestational day 10 and weighed every day
throughout the pregnancy. Twenty-four of the 41 mated females (58,5%) gave birth to 12
control litters and 12 prenatally predator odour exposed litters. This breeding success rate
can be explained by the fact that the female’s oestrous phase was not checked prior to

breeding. Additional procedural details are available in section 2.1 on page 42.

5.3.2 Fecal corticosterone metabolite levels during pregnancy

Feces were collected from pregnant females for corticosterone metabolites
measurements. Females were housed in an empty cage for an hour from 9 to 10 PM for 7
days for habituation prior to mating. Feces were collected during one hour, 6 hours after
the stress exposure onset deduced from average mouse metabolism reported by Touma et
al. (2003). Stress exposure consistently took place from 4 to 5 PM. A baseline level was
collected from undisturbed pregnant females on the day prior to the first odour exposure
(gestational day 10) and was compared to the last day of the odour exposure paradigm
(gestational day 18). 11 pregnant control females and 13 pregnant predator-odour

exposed females were compared.

Fecal corticoid extraction was conducted by drying the frozen feces overnight using a
lyophilizer (Labconco), crushed to a dust-like material in liquid nitrogen and weighed (94
grams on average). Ethanol 10 mL (100%) was added to each sample, which was then

boiled in a water bath for 20 minutes. Upon removal from the bath, tubes were
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centrifuged for 15 minutes at 4,500 rotations per minute and the supernatant was poured
off into a glass tube. Ethanol 5 mL was added to the fecal sample tube, and the sample
was then vortex for 1 minute, re-centrifuged for 15 minutes at 4,500 rotation per minute,
and the supernatant added to the previous 10 mL of extract. Supernatants were
evaporated under air using a custom manifold and re-constituted with 1 mL methanol,
diluted to 1:40 and stored at -80°C until assay (modified from (Cavigelli et al., 2005;
Palme et al., 2013). The amount of corticosterone present in the fecal corticosterone

1251_labeled anti-

metabolite extracts was determined using a radioimmunoassay kit with
corticosterone antibody (MP Biomedicals Inc., CA., USA: sensitivity 7.7 ng/mL, intra-
assay coefficient of variation 10.3%; cross-reactivity: desoxycorticosterone 0.34%,

cortisol 0.05%, aldosterone 0.03%, cholesterol/11-desoxycortisol <0.01%).

5.3.3 Maternal behaviour in dams and offspring morphological measures

On top of the classic maternal behaviours measured, the maternal behaviour
fragmentation percentage was also evaluated as the number ‘on the nest” compared to ‘off
the nest’ behaviour exhibited by the dam (Baram et al., 2012; Rice et al., 2008). Nest
quality was also evaluated at the beginning of each observation period (6 times per day)
according to a qualitative 1 to 5 scale, with 1 being scattered nesting material and 5 being
a completely closed dome-shaped nest (Hess et al., 2008). Additionally, from postnatal
day 21 to 65, offspring food consumption was measured weekly. Additional procedural

details are available in sections 2.2 and 2.3 on page 42 and 43.

5.3.4 Adult offspring sample sizes

A subset of adult offspring was used to examine metabolic rates in the following order:
metabolic rate over 24 hours (control male sample size = 13, control female sample size
= 12, prenatally predator-odour exposed male sample size = 13, prenatally predator-
odour exposed female sample size = 12) and metabolic rate while exposed for the first
time directly to a predator odour (control male sample size = 12, control female sample

size = 11, prenatally predator-odour exposed male sample size = 12, prenatally predator-
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odour exposed female sample size = 9). The thyroxine level at baseline and after stress
was measured in unstressed mice (control male sample size =10, control female sample
size = 11, prenatally predator-odour exposed male sample size = 9, prenatally predator-
odour exposed female sample size = 10) and restrained mice (control male sample size
=10, control female sample size = 11, prenatally predator-odour exposed male sample
size = 9, prenatally predator-odour exposed female sample size = 10). Gene transcript
abundance was measured in a subset of the thyroxine level at baseline animals (sample

size = 6 per prenatal stress group, 1 mouse/sex/litter).

5.3.5 Metabolic rate over 24 hours in adult offspring

The oxygen consumption rate of control and prenatally predator odour exposure adult
mice was measured over a 24-hour period using open-flow respirometry. During
experiments, mice were individually housed in Sable Systems mouse-sized respirometry
cages (Model: CAGE-3721; Las Vegas, NV, USA). Cages consisted of standard mouse-
sized polysulfone tubes fitted with filter cover tops and a respirometer manifold (Model:
MAN-3721) permitting air intake. Eight respirometer cages were sequentially serially
sampled with one of these cages left empty to provide a reference ambient air recording.
Cages containing mice were provisioned with food pellets and water. Air was drawn
through the cages at 800 mL/minute and flow rate was regulated by a Flowbar-§8 flow
controller system (Sable Systems). An RM-8 Flow Multiplexer, controlled by Expedata
data collection software (V. 1.7.2; Sable Systems) orchestrated the sequential sampling of
the reference chamber for 5 minutes, followed by animal chambers 1 to 4 for 5 minutes
each, another 5 minutes recording from the reference chamber, and animal chambers 5-7
for 5 minutes each. This sampling regime was repeated continuously over the full 24-

hour measurement period over 8 separate days in PN71-127 mice (median PN85).

Ex-current air from the focal respirometry chamber was first drawn through the main
pump (and flow meter/controller) of a Turbofox 5 respirometry system (Sable Systems).
The airstream was then sub-sampled at a flow rate of approximately 200 mL/minute and

this gas passed through the Turbofox’s water vapour meter, followed by the CO,
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analyzer, and finally O, analyzer. Analog signals from flow meters and gas analyzers
were converted to digital signals via the internal A/D converter of the Turbofox. Data
were recorded every 5 seconds to computer via Expedata software. The flow-rate from
the focal chamber, and O, and CO; partial pressures were corrected for water vapour
dilution using equation 8.6 from Lighton (2008). Drift in the O, trace was corrected
within the Expedata software suite by fitting a spline function through baseline
(reference) chamber recordings. Oxygen consumption rate (in mL/minute) was calculated
using equation 11.7 in Lighton (2008). Mice were filmed throughout testing. Afterwards,
their activity level was blindly coded continuously throughout the 5-minutes metabolic
rate recordings using Observer XT 8.5. The first measurement in the metabolic chamber
is elevated due to the initial stress of the novel environment of the metabolic chamber,

this measure is considered as a metabolic rate under stress.

5.3.6 Metabolic rate during predator odour exposure in adult offspring

The oxygen consumption rate of adult control and prenatally predator odour exposed
mice was measured during a two-hour exposure to an inescapable predator odour (100 puL
2,3,5-trimethyl-3-thiazoline 1:5000). The respirometric setup and analyses were
conducted identically to that described above for the 24-hour recording period except for
the following details: only 2 cages were used; one cage with a focal animal and one cage
left empty (the reference chamber). Cages were placed inside a fume hood in order to
contain the predator odour. As a result, the flow-rate through the cages was maintained at
~2000 mL/minute. The baseline (reference chamber) was recorded for 2 minutes
followed by the animal metabolic chamber for 8 minutes, and this 10-minute schedule
was repeated continuously over the 2 hours recording window. Mice activity level was

tracked continuously using EthoVision XT 10. Mice were aged PN98-153 (median 119).

A user error resulted in a needle valve moderating air-flow through the Turbofox being
left wide open during a subset of recordings. Because of this error, the flow controller of
the Turbofox was unable to maintain a steady flow rate and flow through the chambers

fluctuated wildly. The error was not discovered until after data collection. As a result of
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uncontrolled flow, calculation of accurate oxygen consumption rate could not be
accomplished on this subset of data (11 mice) and these data are excluded from further
analyses. The first measurement in the metabolic chamber is elevated due to the initial
stress of the metabolic chamber, this measure is perceived as metabolic rate under the

stress of the novel environment as well as the initial exposure to the predator odour.

5.3.7 Thyroxine circulating at baseline and in response to restraint stress in

adult offspring

The thyroxine level at baseline and after stress was measured in unstressed mice and mice
recovering from a restraint stress. On the day of testing, mice were habituated to the
procedure room for two hours. Mice were then restrained in a transparent disposable
bakery-decorating bag (Wilton) for 20 minutes and returned to their home cage.
Restrained mice were sacrificed two hours after the stress onset and trunk blood was
collected. Blood was kept on ice at least 30 min before being centrifuged at 4,000 rotation
per minute at 4°C for 20 minutes. Serum was then extracted and stored at -80°C. The
amount of thyroxine present in duplicate serum samples was determined using a
commercially available radioimmunoassay kit with '*I-labeled thyroxine antibody (MP
Biomedicals Inc., CA., USA: thyroxine sensitivity 0.76 pg/dL, intra-assay coefficient of

variation 11.4%).

5.3.8 Transcript abundance analysis by quantitative real time-polymerase chain

reaction

In the mouse liver, the corticosterone-binding globulin transcript abundance (Forward
primer: (5~ GTCGTCGCTGCACTTAATCG -3’; Reverse primer: 5’-
TGGGGATGTACAGGTTCATCTG -3’°) was normalized against the Glyceraldehyde 3-
phosphate dehydrogenase (Forward primer: (5’- CCTGCACCACCAACTGCTTA -3’
Reverse primer: 5’- CGTTCAGCTCTGGGATGACC -3°) housekeeping gene transcript
abundance. Additional statistical analyses procedural details are available in sections 2.9

and 2.10 on page 46.
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5.3.9 Statistical analysis

Pregnant fecal corticosterone levels comparisons were analyzed using a linear mixed
model with prenatal predator odour exposure and gestational day as main factors and
feces weight as a random factor. Within gestational day comparisons were performed

using Bonferroni corrected Mann-Whitney Tests.

A linear mixed model with time, light phase or pre- and post- 3AM time as repeated
measures and prenatal predator odour exposure and sex as main effects was used to
compare the average oxygen consumption rate over 24 hours and activity level while
correcting for random factors such as body weight, distance travelled and litter. A linear
mixed model with time as a repeated measure and prenatal predator odour exposure and
sex as a main effects was used to compare the average oxygen consumption rate during
predator odour while correcting random factors (such as body weight, distance travelled,
distance to the predator odour and litter). Hour-by-hour comparison were performed
using Bonferroni corrected Mann-Whitney Tests.

Thyroxine level comparisons were analyzed using a linear mixed model with prenatal
predator odour exposure, sex and presence of restraint stress as main factors and litter as

a random factor.

Additional statistical analyses procedural details are available in section 2.12 on page 47.

5.4 Results

5.4.1 Fecal corticosterone metabolite levels during pregnancy

Fecal corticosterone metabolites did not show an overall predator odour exposure effect
across the gestational days [P > 0.05]. However, the odour exposure treatment influenced
the amount of fecal corticosterone metabolites compared to the baseline level [F; 15 =

7.425, P = 0.02, d, = 2.46] (Figure 14). There was no difference between the pregnant
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females at baseline [gestational day 10; P > 0.05] but predator odour exposed females
exhibited higher fecal metabolite corticosterone on the last day of exposure [Mann—

Whitney U = 7.40, nc = 10, npo = 12, P = 0.05 two-tailed, d = 0.9] (Figure 14).

5.4.2 Maternal behaviours in dams and offspring morphological measures

Predator odour exposed dams built lower quality nest compared to control dams [F; »;) =
8.9, P = 0.007, pi° = 0.30] over postnatal days 1 to 6 (Figure 15A). Predator odour
exposed dams also licked their offspring more frequently than control dams when
controlling for the effect of nest quality [F; ;32 = 5.481, P = 0.02, d, = 1.0] (Figure
15B), decreasing in all dams over time [Fs 152 = 4.736, P = 0.001, d, = 5.6]. There were
no differences in the nursing behaviour [P > 0.05] (Figure 15C), the maternal
behavioural transition, length of pregnancy, pregnancy weight gain, litter size, offspring
deaths up to weaning age or offspring sex ratios [Ps > 0.05]. Therefore, standard
measures (licking) of maternal care and others that are not typically reported (nest
quality) were affected by exposure to unpredictable predator odour during the second half

of pregnancy.

From birth to postnatal day 21, there was no effect of prenatal predator odour exposure
on offspring body weight [P > 0.05] while the body weight of the pups increased with
time [F3 69 = 602.887, P < 0.0001, d. = 7.5] when correcting for litter size. From birth
to adulthood (postnatal day 114), males were heavier than females [F(; 795) = 626.669, P
< 0.0001, d, = -1.8] and, as expected, body weight increased with time [Fis 705) =
999.012, P < 0.0001, d. = 5.1]. There was a significant interaction between prenatal
predator odour exposure and sex [F(;, 705 = 9.515, P = 0.002, d, = 6.5] when correcting
for the number of pups in the litter. Males weight increased over time [Fs 342 =
660.113, P < 0.0001, d, = 5.0] and prenatally predator odour exposed males weighed less
than control males [Prenatal predator odour exposure: F; 343 = 23.03, P < 0.0001, d, = -
0.8] (Figure 16A). Females showed no prenatal predator odour exposure effect [P > 0.05]
while body weight increased with time [F 33, = 1016.791, P < 0.0001, d, = 5.1]
(Figure 16C).
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Figure 14. Predator-odour exposed (PO) dams show increased fecal corticosterone
(CORT) metabolites after 8 days of predator odour exposure while levels are similar
to control (C) pregnant females at baseline.

Data are average + standard error of the mean. Bars: Predator odour exposure during

pregnancy effect *P < 0.05.
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Figure 15. Dams exposed to predator odour during pregnancy (PO) show maternal
behaviour alterations.

PO dams show decreased nest quality (A.) and increased licking-grooming when
correcting for the nest quality (B.) compared to control (C) dams. PO dams do not show
alterations in nursing behaviour (C.). Data are average + standard error of the mean. Bars:

Predator odour exposure during pregnancy effect *P <0.05, **P <0.01.
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Figure 16. Prenatal predator-odour exposure affects male weight and food
consumption.

Prenatally predator-odour exposed (PO) male (M) offspring show decreased body weight
(A) compared to control (C) male offspring. There was no difference between PO and C
female (F) offspring weight (B). Food consumption was decreased overall in PO males
when compared to control males (C) while PO females did not differ from controls (D).
Data are average + standard error of the mean. Bars: Predator odour exposure during

pregnancy effect *P<0.05, ****P <0.0001.
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Prenatal predator odour exposure did not affect the age of female sexual maturation [P >

0.05].

Offspring presented no prenatal predator odour exposure effect on food
consumption [P > 0.05] with females generally consuming a greater percentage of their
body weight per day than males [F; 35 = 11.87, P = 0.001, d, = 0.5; Figure 16C]. Food
consumption as a proportion of body weight decreased up to postnatal day 56 with a
subsequent increase on postnatal day 65, forming an inverted U-shape curve. Male PO
offspring showed a reduction in their food consumption as juveniles up to early adulthood
compared to control males [Prenatal predator odor exposure: Fi;, 112 = 5.472, P = 0.02, d,
= -0.5] (Figure 16B) with males generally showing the described inverted U-shape curve
of food consumption over time [Fs, 172 = 7.429, P < 0.0001, d. = 7.7]. Similarly, females
offspring showed a similar inverted U-shape curve of food consumption over time [F/s,

116) = 24.604, P < 0.0001, d. = 4.7] (Figure 16D), but no PO exposure effect [P > 0.05].

5.4.3 Metabolic rate over 24 hours in adult offspring

Average oxygen consumption rate over 24 hours showed no prenatal treatment influence
[P > 0.05], while varying with time of day when correcting for body weight and activity
level [Time effect: F 23 1009 = 25.916, P < 0.0001, d, = 5.8]. Prenatal treatment however
influenced the oxygen consumption rate throughout the circadian cycle [Prenatal
treatment x time interaction: Fp3, 1009 = 2.132, P = 0.001, d, = 4.5] ( Figure 17 A).
Prenatally predator odour exposed mice showed a different average oxygen consumption
rate at 1PM, 3PM, 10PM, 3AM and 10AM [P < 0.002]. Right at the start of the trial
(1PM) and from 3AM to 1PM on the following day, prenatally predator odour exposed

mice showed a higher average oxygen consumption rate while between 3PM and 1AM,

108



*kkk

* i I —
< < 0.251 Oc
S £ I FO
8 3 -+ PO 8 3 0.20- ——
= o éo 15
g g g 20.10-
< =1 < =]
® @ 0.054
[ o
© 0.0 ©0.00 T T
N RN 2PM-2AM 3AM-12PM
TR ES T ¥ AT P R
Time of day Postnatal day
C. D. el
—~ 200+ _ 200
L L
S 1501 & 150-
E g
3 100- 3 1001
2 2
2 501 2 50-
< 2 '
0- 0- ) Y o
APPSR IR SR RN IS
EREF Ty S \Qéuqé'\qioq\i@u&'\v\tov\&
Time of day Time of day

Figure 17. Prenatally predator-odour exposed (PO) adult offspring show altered
average oxygen consumption rate (Voz) over 24 hours.

PO adult offspring show differential average V02 during 24 hours compared to control (C)
mice (A.). There is also a general decrease in average VOz after 3 AM in all animals (B.).
Males (M) show activity level variation over 24 hours (C.) while PO females (F) display
increased overall activity (D.) when compared to control females. Data are average =+
standard error of the mean. Shade: dark (active) phase of the light-dark cycle. Connected
bar: time effect ****P < 0.0001; Straight bar: prenatal predator odour exposure main
effect ***P < 0.001; prenatal predator odour exposure effect **P < 0.01, ***P < 0.001,
kP <0.0001.
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prenatally predator odour exposed mice show a decreased average oxygen consumption

rate.

The lowest energetic needs in rats and mice, as indicated by the minimal levels of
corticosterone, activity and metabolic markers, is observed daily approximately between
3AM and 1PM of the dark cycle (Kohsaka et al., 2007; Malisch et al., 2008; Spiga et al.,
2014). Accordingly, there was an effect of the time, when comparing the oxygen
consumption rate between 2PM and 2AM to the oxygen consumption rate between 3AM
to 12AM [Half day effect: Fj» 1051 = 204.494, P < 0.0001, dr = -0.8] along with a
prenatal predator odour exposure on the oxygen consumption rate before or after 3AM
[Half day x prenatal predator odour exposure effect: F, ;95;) = 14.87, P < 0.0001, d, =
6.8] ( Figure 17 B). This result indicated that prenatal predator odour exposure affected
the daily oxygen consumption rate. The oxygen consumption rate of prenatally predator
odour exposed mice was exaggerated during the circadian period when the energetic
necessity was the lowest (3AM-1PM) while being punctually reduced during the
normally most energetically costly period of the day (2PM-2AM) when compared to
control mice. This effect could be summarized as a flattening of the oxygen consumption

rate circadian rhythm in the prenatally predator odour exposed animals.

The activity level, when corrected for body weight, varied across the circadian cycle
[Time effect: F23008 = 8.902, P < 0.0001, d. = 5.7], and was higher overall in males
when compared to females [Sex effect: F; 42 = 30.838, P < 0.0001, d, = -0.6]. Activity
was also influenced differently by prenatal predator odour exposure and sex [Prenatal
predator odour exposure x sex effect: F; 4 = 13.988, P = 0.001, d, = 2.8]. Activity in
mice of both sexes varied with the time of day [Day effect: Male F»3 519 = 5.127, P <
0.0001, dr = 1.7; Female F 23 444y = 6.402, P > 0.0001, dr = 5.9] ( Figure 17 C-D).

Additionally, prenatally predator odour exposed females showed increased activity
compared to control females [Prenatal predator odour exposure effect: F; 9 = 15.759, P

= 0.001, dr = 0.7] and prenatal predator odour exposure influenced time of day
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differences [Prenatal predator odour exposure effect x time effect: Fo3 44 = 2.147, P =

0.002, d, = 13.7] ( Figure 17 D).

The quality of the nest built was negatively correlated with the average activity level over
the same period [Pearson Correlation Coefficient = -0.36, n = 36, P = 0.03]. Similarly,
and in females only, the overall activity was significantly negatively correlated with the
average nest quality over the first six postnatal days [Pearson Correlation Coefficient = -
0.741, n = 16, P = 0.001]. However, there was no difference in the quality of the nest

built over the 24 hours of the oxygen consumption rate measurements [P > 0.05].

5.4.4 Metabolic rate during predator odour exposure in adult offspring

Average oxygen consumption rate measured over a two-hour predator odour exposure
varied with time [Fi4 363 = 16.633, P < 0.0001, d, = 6.6] and according to the prenatal
treatment [Prenatal predator odour exposure effect: F; 355 = 7.308, P = 0.007, d, = 2.0]
while correcting for body weight, activity and distance to predator odour (Figure 18A-B).
When we excluded the first average oxygen consumption rate measure, elevated due to
the initial stress of being in the metabolic chamber (Careau et al., 2011), the prenatal
predator odour exposure influence was still present [F;, 339 = 6.959, P = 0.009, d, = 2.0]
while varying over time [F{;5 347 = 8.54, P < 0.0001, d, = 5.7].

The distance travelled in the apparatus varied over time [F(;6 627) = 9.501, P < 0.0001, d,
= 5.8] when correcting for the body weight of the mice (Figure 18C). The distance to
predator odour varied with time [F;6 621) = 15.426, P < 0.0001, d, = 6.0] and between
sexes [F( 37 = 5,541, P = 0.02, d. = 0.5] (Figure 18D-E) with females staying further

away from the predator odour.

There was a significant negative correlation between the average oxygen consumption
rate during predator odour exposure and the nest quality over the first postnatal week

[Pearson Correlation Coefficient = -0.42, n =25, P = 0.04].
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Figure 18. Prenatal predator odour exposure (PO) increases the average oxygen
consumption rate (Voz) during exposure to predator odour.

PO mice display a greater average VOZ consumption compared to control (C) mice and
decreases with time in both groups (A.-B.). Distance travelled varied over time in control
and PO offspring (C.). The distance of animal to the predator odour varied with time in
male (M; D.) and female (F; E.) offspring. Data are average + standard error of the mean.

Straight line: Prenatal predator odour effect **P < 0.01
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5.4.5 Circulating levels of thyroxine in adult offspring at baseline and in

response to restraint stress

Prenatally predator odour exposed mice exhibit an increased thyroxine level compared to
control animals [F;, ;;) = 6.313, P = 0.02, d, = 0.5] ( Figure 19 A), with an impact of the
restraint stress versus the baseline level [Restraint effect: F; »5) = 16.088, P < 0.0001, d,
= 0.5]. Females also had higher level than males [F; ;5 = 8.740, P = 0.004, d,= 1.1] (
Figure 19 B). At baseline, the thyroxine circulating level was not influenced by prenatal
predator odour exposure [Ps > 0.05] ( Figure 19 A), while females had higher level than
males [F; 37 = 7.882, P = 0.008, pi12 = 0.19] ( Figure 19 B). After a restraint stress,
however, prenatally predator odour exposed mice exhibited a higher thyroxine circulating
level [F; 35 = 6.182, P = 0.02, pn’° = 0.16] ( Figure 19 A). The basal serum thyroxine
level was positively correlated with the amount of licking-grooming provided during the
first postnatal week [Pearson Correlation Coefficient = -0.49, n = 32, P = 0.004]. The
basal serum thyroxine level was also negatively correlated with the 24 hour activity level

[Pearson Correlation Coefficient = -0.39,n=31, P = 0.03].

5.4.6 Liver corticosterone-binding globulin transcript abundance in adult

offspring

There was no difference in the corticosterone-binding globulin transcript abundance
between the prenatal treatments [P > 0.05]. However, females showed a higher transcript

abundance of liver corticosterone-binding globulin compared to males [F; ;9 = 6.049, P

= 0.02, d, = 1.1] (Figure 20A).

There was also a positive correlation between the corticosterone-binding globulin liver
transcript abundance level and the thyroxine level under restraint [Pearson Correlation

Coefficient = 0.54,n=19, P = 0.01] (Figure 20B).
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Figure 19. Prenatal predator odour exposure (PO) animals exhibit elevated
thyroxine (T4) levels, especially following a restraint stress.

PO mice exhibited higher T, level overall and after restraint compared to control (C)
mice (A.). Females (F) had higher circulating T4 level overall and at baseline compared to
males (M) (B.). Data are average + standard error of the mean. Main prenatal predator
odour exposure effect *P < 0.05; within restraint prenatal predator odour exposure effect

*P <0.05. Sex effect **P <0.01.
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Figure 20. Baseline corticosterone-binding globulin (CBG) transcript abundance is
not affected by prenatal predator odour exposure (PO).

Females showed higher levels of CBG than males (A.). CBG liver transcript abundance
was positively correlated with thyroxine (T4) levels after a restraint stress (B.). C:
Control. Data are average + standard error of the mean. Connected bar: Sex effect, *P <

0.05; Pearson’s correlation coefficient: *P < 0.05.
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5.5 Discussion

5.5.1 Maternal behaviour and offspring body weight

Predator odour exposure did not impact the amount of dam’s maternal nursing, total time
spent on the nest or the amount of behavioural transition, a measure of behavioural
fragmentation during the first postnatal week. However, the classical maternal licking and
grooming behaviour was increased in predator odour exposed dams during the first
postnatal week, similarly to dams exposed to predator or predator odour during the first
postnatal week (Coutellier and Wiirbel, 2009; Mashoodh et al., 2009; McLeod et al.,
2007). Interestingly, pup licking and grooming as well as handling produce a modest but
significant decrease in pup body temperature throughout the pre-weaning period
(Sullivan et al., 1988). Further, pregnant dams exposed to predator odour built less
intricate nests than control dams over the first postnatal week. A higher quality nest
increases insulation and decreases radiated heat and the litter oxygen consumption by as
much as 25%, as nesting is a thermoregulatory behaviour (Bryant and Hails, 1975;
Gaskill et al., 2013). Pups are poikilothermic until the third postnatal week, and are
therefore susceptible to temperature variations during that time (Harshaw and Alberts,
2012) and males are more susceptible to die from low temperatures during that interval
(Berry and Bronson, 1992). Mice provided with nesting material under cold stress for
four weeks show a reduction in food consumption and higher end weight compared to
cold stressed mice in the absence of nesting material. These results indicate a reduction in
energy used for thermogenesis in mice provided with nesting material (Gaskill et al.,
2013). Furthermore, mothers building higher quality nests produce bigger litters with
offspring surviving better and weighing more at 40 days of age (Bult and Lynch, 1997).
Finally, in adulthood, a mouse line which was selected for high nest building abilities
under low temperature showed greater basal metabolic rates, lowered food consumption
and higher body temperature, indicating higher energetic efficiency when compared to
control lines not selected for their nest building abilities (Berry and Bronson, 1992; Lacy

etal., 1978).
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Overall, these results suggest that pups exposed to predator odour prenatally are raised in
a cooler environment with greater temperature variations during the first postnatal week,
via the lower quality nest and increased licking and grooming received. These maternal
behaviour changes could be sufficient to modify growth and increase thermoregulatory
demands and their long-term metabolism, as seen in mice raised at lower temperatures
(Bult and Lynch, 1997; Hart and Heroux, 1953; Héroux, 1970; Lacy et al., 1978). This
difference could also explain the changes in growth as well as the increase in the
hypothalamic-pituitary thyroid axis activity (through the thyroxine level), a regulator of
the metabolic rate as observed in adults in response to a four week cold stress challenge
(Gaskill et al., 2013). A positive correlation between licking-grooming behaviour and
basal thyroxine level also suggests a potential role for maternal behaviour in the

programming of the thyroxine level, though this remains to be examined.

Prenatally predator odour exposed males show a modest but significant decrease in
weight from weaning to adulthood accompanied by a decrease in food consumption at
least from weaning to early adulthood. Decreased body weight has been commonly
observed following prenatal stress such as chronic variable stress (Mueller and Bale,

2006).

5.5.2 Offspring metabolic rate in adult offspring

Prenatal stress can affect the circadian rhythm of locomotor activity, the sleep-wake cycle
and sleep fragmentation of pups (Maccari et al., 2003). The circadian rhythm can be
permanently programmed through differential circadian corticosterone secretion in
stressed pregnant females acting on foetal glucocorticoid receptor present in the
suprachiasmatic nucleus during early development (Koehl et al., 1999, 1997; Reppert,
1983). Circadian changes following prenatal restraint and bright light consisted of an
increase in corticosterone released throughout the day in females with an additional
corticosterone secretion peek two hours before the dark period in rat offspring of both
sexes (Koehl et al., 1999). On the contrary, chronic stress in adulthood leads to short-term

modifications in sleep patterns only (Maccari et al., 2003).
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Prenatally predator-odour exposed adult offspring showed a difference in their circadian
oxygen consumption rate independently of their body weight. This difference was
dependent on the time of the day, with prenatally predator odour exposed mice showing a
differential metabolic rate, decreased between 1PM and 3AM and increased between
3AM and 12PM relative to controls. Interestingly, serum corticosterone, activity and
metabolic markers exhibit their lower circadian level between 3AM and 1PM in mice and
rats, following predictable lower energetic needs during that time (Kohsaka et al., 2007;
Malisch et al., 2008; Spiga et al., 2014). Furthermore, thyrotropin-releasing hormone and
thyroxine serum levels show a circadian cycle that is similar to the corticosterone cycle

(Campos-Barros et al., 1997).

Regarding activity, while males showed no activity difference throughout the day,
females from predator-exposed dams showed hyperactivity overall compared to control
females. Furthermore, overall female activity during 24 hours was correlated with the
dam’s nest quality over the first postnatal week so that this activity level might be
programmed. Increased activity is a common behavioural feature observed in response to

prenatal stress (Burton et al., 2006; Koenig et al., 2005).

These differences show that the prenatal predator odour exposure treatment lead to
alterations in the long-term metabolic rate of the offspring with an increase in energy
being spent during the normally low energetic need period. As this difference was still
apparent after controlling for locomotor activity, this difference in oxygen consumption
rate was due to changes in heat production through the metabolic activity (Refinetti,
2003). These results are in line with deer mice and wild rats acclimated for several weeks
to cold temperature (4 to 6 °C), enhancing their heat production capabilities (Hart and
Heroux, 1953; Héroux, 1970). High energy consumption is also related to a negative
trade-off with growth, as observed in prenatally predator odour exposed males.
Furthermore, the standard metabolic rate is an indicator of the daily energy expenditure
(Biro and Stamps, 2010) and environmental factors in the juvenile period such as
temperature and diet can determine metabolic rate in adulthood. Finally, the resting

metabolic rate has been correlated with behavioural traits (boldness), activity,
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productivity (growth, foraging activity) and ultimately fitness in a wide range of animal

species (Biro and Stamps, 2010; Kasumovic, 2013).

The difference in the metabolic rate observed here might be part of the programming to
predator presence in the environment, allowing the animal to be in a constant ready state.
In accordance with this observation, stickleback fish gravid females exposed to simulated
predator attacks produced eggs that contained higher concentrations of corticosterone and
oxygen consumption rate compared to control group (Giesing et al., 2011). Song
sparrows exposed to corticosterone supplementation mimicking an acute stressor (such as
frequent encounters with predators) during development and growth exhibit an increase
in standard metabolic rate and diurnal metabolism, especially in females (Schmidt et al.,
2012). In turn, increased metabolic rate leads to increased energy expenditure in the
overnight low activity period (Spencer and Verhulst, 2008). Finally, increased foetal
glucocorticoid exposure also leads to changes in liver metabolism (McMillen and
Robinson, 2005), the organ responsible for energy mobilization for example through an
increase in glucocorticoid receptor expression and in enzymes responsible for glucose
metabolism. Interestingly, modifications in thyroid function is generally positively
correlated with the rhythmicity of behavioural and biological circadian rhythms such as

temperature, corticosterone and activity level (Campos-Barros et al., 1997).

However, contrary to their mother, there is no evidence for a difference on the nest
quality that the mice built over the 24 hours of the metabolic rate measurement.
Therefore, the nest does not appear to be responsible for the change in metabolic rate
although it is correlated with the activity level of the mice. A future study could evaluate
the nest quality built by mice from predator-exposed dams over a longer period, which

was avoided here to prevent isolation of mice for a prolonged period.

We detected an overall increase in oxygen consumption rate when mice are exposed to
predator odour. This result was expected as females from predator-odour exposed dams
displayed a higher circulating corticosterone to predator odour while mice from predator-

odour exposed dams of both sexes showed increased avoidance to predator odour when a
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shelter was provided (St-Cyr and McGowan, 2015). This difference is not explained by
the activity level or distance to the predator odour. Stress increases energy consumption
and the mobilization of energy through the ‘fight or flight’ response. These results are
also in accordance with the stress-induced hyperthermia detected in reaction to a wide
range of stressors in parallel to energy mobilization and heart rate increase (Bouwknecht
et al., 2007; Campeau et al., 2008; Chabot et al., 1996; Rorick-Kehn et al., 2005). Finally,
females also show a correlation between their average circadian oxygen consumption rate

and the average oxygen consumption rate under stress.

5.5.3 Circulating levels of thyroxine in adult offspring

The hypothalamic-pituitary thyroid axis consists of the hypothalamus releasing
thyrotropin-releasing hormone that reaches the pituitary through portal circulation. The
pituitary in turn releases thyroid-stimulating hormone into general circulation that
eventually reaches the thyroid gland and induces the release of thyroid hormones
(thyroxine and triiodothyronine). The hypothalamic-pituitary adrenal axis is under
negative feedback at several levels including through the thyroid-stimulating hormone
and, to a lesser extent, thyroid hormones (Zoeller et al., 2007). Circulating thyroxine is
carried in the blood bound at 75% to the thyroxine-binding globulin synthesized in the
liver and to transthyretin and albumin (15%) (Zoeller et al., 2007).

As rodent pups are poikilotherms until the third postnatal week, thermoregulation is
under maternal influence and plays a role in the development of the thyroid gland
(Harshaw and Alberts, 2012; Samel, 1968). Overall, nest quality differences over the first
postnatal week are an important factor responsible for the phenotypic difference observed

in prenatally predator odour exposed offspring.

Thyrotropin-releasing hormone and thyroid hormones are master regulators of feeding
behaviour, thermogenesis and locomotor activation (Lechan and Fekete, 2006) through
weight loss and increase in core body temperature, activity and energy expenditure

(Lechan and Fekete, 2006). A thyroid hormone-mediated energy expenditure increase
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occurs through an increase in oxygen consumption (up to 35% when compared to
baseline), as early as during the first postnatal week (Haidmayer and Hagmiiller, 1981;
Tirri et al., 1968). In accordance with this, adult prenatally predator odour exposed males
were lighter, and both sexes altered their oxygen consumption rate throughout the day as

well as during predator odour exposure.

There is also a cross-talk between the hypothalamic-pituitary thyroid and the
hypothalamic-pituitary adrenal axis. Increases in the thyroxine level induce an increase in
corticosterone-releasing factor, corticosterone and corticosterone-binding globulin levels
in early postnatal life as well as in adulthood (D’Agostino and Henning, 1981; Dakine et
al., 2000; Helmreich et al., 2005; Sanchez-Franco et al., 1989). Basal level of circulating
thyroid hormone is correlated with the spontaneous exploratory behaviour in the open
field (Helmreich and Tylee, 2011). On the contrary, stress decrease the hypothalamic-
pituitary thyroid activity and the thyrotropin-releasing hormone, thyroid-stimulating
hormone, transthyretin and thyroid hormone levels, as observed for example during the
recovery from immobilization stress (Helmreich and Tylee, 2011). In accordance with
those results, mice from predator odour-exposed dams showed an overall increase in total

thyroxine level, especially following stress, compared to control mice.

Thyroid hormones are necessary for normal development during the late embryogenic
period (embryonic day 17-18; Williams, 2008) while the thyroid-stimulating hormone
increases immediately after birth (Yun et al., 1982). Thyroid hormones levels are
negatively correlated with the intracellular glucocorticoid receptor concentration in the
hippocampus during development (Meaney et al., 1987). Maternal behaviour such as
increase licking-grooming behaviour and neonatal administration of thyroxine during the
first two postnatal weeks leads to elevated glucocorticoid receptor, basal corticosterone
and corticosterone-binding globulin levels (Hellstrom et al., 2012; Meaney et al., 1987).
Thyroxine supplementation leads to an increase in the corticosterone-binding globulin
transcript abundance and binding capacity in the general circulation (D’Agostino and
Henning, 1981; Dakine et al., 2000; Helmreich et al., 2005; Koehl et al., 1999; Sanchez-
Franco et al., 1989). This likely happens through the action of thyroid hormones on the
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liver during the first two postnatal weeks (D’ Agostino and Henning, 1981). Although we
do not find differences in baseline thyroxine serum levels, there is a positive correlation
between the thyroxine level under restraint and the corticosterone-binding globulin
transcript abundance at baseline. As corticosterone-binding globulin is the delivery
molecule of corticosterone and maintains a reservoir of readily releasable glucocorticoids
(Perogamvros et al., 2012), it would be interesting in a follow-up study to measure the
corticosterone-binding globulin transcript abundance and serum level under restraint
stress to evaluate its possible implication in the stress reactivity of mice from predator-

odour exposed dams.

Transcription levels of key players of the hypothalamic-pituitary thyroid axis should be
assessed to evaluate the effect of prenatal predator odour exposure on the hypothalamic-
pituitary thyroid axis. As the thyrotropin-releasing hormone, thyroxine-binding globulin
and transthyretin determine the plasmatic amount of thyroxine and its availability, future
steps will include measuring the thyrotropin-releasing hormone transcript abundance
level within the paraventricular nucleus of the hypothalamus and the liver thyroxine-
binding globulin and transthyretin transcript abundance. Measuring these transcript
abundance levels will help to model the hypothalamic-pituitary thyroid axis functioning
following prenatal predator odour. Transthyretin is a good target for early life
programming since its transcript abundance is modulated with stress (Kohda et al., 2005;
Wakasugi et al., 1986) and has been linked to differences in predation stress (Lavergne et

al., 2014).

5.5.4 Conclusion

In conclusion, both prenatal predator odour exposure and likely the associated
modifications triggered in maternal behaviour affect the offspring. Consequently, the
adult offspring show fundamental differences in energy consumption throughout the
circadian cycle. Males showed stronger physiological modifications through a decrease in
body weight. Finally, thyroid hormone levels are increased in prenatally predator odour

exposed mice of both sexes. Thyroid hormones might therefore be part of the
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programming of prenatal predator odour exposure leading to the increase in the female
predator odour stress response and both sexes stress-related behaviours. Therefore, a
solely psychogenic stressor that is ecologically relevant is sufficient to modify the

integrative adult offspring phenotype.
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Chapter 6 Stress-related behaviour to anxiogenic
naturalistic, laboratory commonly-used and social

situations in prenatally predator odour exposed mice
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6.1 Publication

Chapter 6 is adapted from the following research article manuscript:
St-Cyr, Sophie, Abuaish, Sameera, McGowan, Patrick O. Prenatal predator odour
exposure programs an increase in stress-related behaviour to naturalistic, laboratory

commonly-used and social tests in adult offspring. In preparation.

6.2 Approach and hypotheses

Animals exposed to predator or predator cues decreased exploratory behaviour, activity
and social interactions in the animals. Boldness (opposite to cautiousness or shyness),
exploration and activity are inter-correlated behaviours that are reproducible over time
over a range of situations, consistent with the notion of temperament or behavioural type.
Temperament consists of fixed inter-correlated traits over time (or behavioural type if not
tested over time) and determined by the life history of the individual (Réale et al., 2007).

One of those life history traits is predation pressure.

The objective of this study is to evaluate whether prenatal predator odour exposure stress
could program the offspring behavioural type encompassing less exploratory, active and
social behaviour. Therefore, the first aim is to evaluate the impact of prenatal predator
odour exposure on the adult offspring stress-related behaviour in 1) stressful exploratory-
based commonly-used laboratory tests, 2) stressful naturalistic situations as well as 3)

social investigation, recognition and interaction.

We hypothesize that prenatal predator odour exposure will lead to adult offspring
showing a behavioural type with decreased boldness, exploration and activity in a wide
range of stressful commonly-used laboratory, naturalistic and social situations. More

specifically, we hypothesize that prenatal predator odour exposure will lead to an increase
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in stress-related behaviour in a range of exploration-based laboratory commonly-used and

naturalistic stressors while decreasing social investigation, recognition and interaction.

6.3 Material and methods

6.3.1 Mice breeding

For breeding, two normally cycling females were housed with one male overnight.
Pregnant females were singly housed on gestational day 10 and weighed every day
throughout the pregnancy. Twenty-four of the 41 mated females (58,5%) gave birth to 12
control litters and 12 prenatally predator odour exposed litters. This breeding success rate
can be explained by the fact that the female’s oestrous phase was not checked prior to

breeding. Additional procedural details are available in sections 2.1 and 2.2 on page 42.

6.3.2 Adult offspring sample sizes

An subset of male and female adult offspring (1-2/sex/litter) was used to examine social
and stress-related behaviour in the following order: social recognition test (control male
sample size = 7, control female sample size = 7, prenatally predator-odour exposed male
sample size = 13, prenatally predator-odour exposed female sample size = 14), restraint
stress followed by the elevated-plus maze (control male sample size = 14, control female
sample size = 11, prenatally predator-odour exposed male sample size = 13, prenatally
predator-odour exposed female sample size = 10), mouse defense test battery (control
male sample size = 13, control female sample size = 11, prenatally predator-odour
exposed male sample size = 11, prenatally predator-odour exposed female sample size =
10) and foraging task (control male sample size = 13, control female sample size = 11,
prenatally predator-odour exposed male sample size = 12, prenatally predator-odour
exposed female sample size = 10). An independent cohort of mice was submitted to a set
of social and anxiety-like behaviours tests in the following order: elevated-plus maze

(control male sample size = 16, control female sample size = 14, prenatally predator-
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odour exposed male sample size = 20, prenatally predator-odour exposed female sample
size = 20), social choice test (control male sample size = 7, control female sample size =
7, prenatally predator-odour exposed male sample size = 13, prenatally predator-odour
exposed female sample size = 14) and social interaction test (pairs for control male
sample size = 7, control female sample size = 5, prenatally predator-odour exposed male
sample size = 8, prenatally predator-odour exposed female sample size = 10). Additional

procedural details are available in section 2.4 to 2.7 on page 43 to 45.

6.3.3 Elevated-plus maze and elevated-plus maze plus restraint

The elevated-plus maze apparatus and general procedure is described in section 2.5 on
page 43. Mice were then restrained in a transparent disposable bakery decorating bag
(Wilton) for 15 minutes and left to recover and groom for 5 minutes in a clean cage

before being submitted to the elevated-plus maze test.

6.3.4 Mouse defense test battery

The mouse defense test battery is based on Griebel and Beeské (2011). Briefly, the tested
mouse was exposed to a rat puppet (Folkmanis, 30 cm long x 13 cm wide x 10 cm high)
that was kept in a soiled male rat cage to smell like a rat. Mice were exposed to the rat
puppet in an oval runway (40 cm wide x 30 cm high x 2 times 200 cm straight segments
joined by two 40 cm curved segments separated by a median wall) (Figure 21). Activity
was first recorded over a 3-minute pre-test familiarization period followed by a predator
avoidance test where the rat was introduced at an end of the runway and brought up to the
mouse at a 50 cm/seconds speed until the subject runs away or is brought into contact
with the rat. The chase/flight test consisted of a 200 cm/seconds chase by the rat over 15
m in which the rat stayed at a distance of 20 cm. For the straight alley test, the subject
was constrained between partitions placed in the runway 60 cm apart. The rat was
introduced at one end of the alley for 30 seconds. The forced contact test consisted of

three, one-second approach of the rat within the straight alley. Finally, a three-minute
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Figure 21. Mouse defense test battery apparatus.
Modified from Griebel and Beeské (2011).
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post-test activity recording was made of the entire runway. Mouse position and activity

level were measured continuously using EthoVision XT 10.

6.3.5 Mouse foraging test

Measuring the giving-up density in a depletable food patch is a measure of the quitting
harvest rate, which is a way to titrate food to safety (Brown and Kotler, 2004). In natural
animal populations, predator presence, cues of predator presence and foraging patch
cover density determine the giving-up density. Here, we are testing the effect of rat
odour, a predator of the mouse (Galef, 1970; Karli, 1956) which odour is aversive and
increases the latency to consume a treat (Merali et al., 2003), on the giving-up density in
a laboratory setting. This protocol is a modification from Troxell-Smith et al. (2016) and
represents a high-throughput way to evaluate foraging behaviour in a laboratory setting.
The rationale is that prenatally predator odour exposed mice especially should leave a

higher giving-up density in risky open patches compared to concealed patches.

The foraging task consisted of a 45 cm long x 24 cm wide x 20.5 cm high transparent
cages. The cages contained bedding, 4 foraging patches, a dish with water and two 10 cm
high platforms with an accessing angled ramp. Two patches were exposed on the top of
the platforms (patch 1 and 2) and two were covered by the platforms (patch 3 and 4)
(Figure 22). The foraging patches (ramequins) contained a mix of 8 grams of sand and
3.5 grams of hulled sunflower seeds. Prior to testing, mice were exposed to hulled
sunflower seeds for 4 consecutive days (habituation day 1-4). On the fifth day of
habituation, mice were exposed to a small novel cage (15 cm x 33 cm) with a shallow
foraging patch (1.5 cm deep) containing a high concentration of sunflower seeds and
seeds on top from 9AM to 12PM. On the sixth day of habituation, the same protocol as
day 5 was applied with the petri dish replaced by a ramequin. The habituation phases
were used to ensure that the mice would consume the bait and learn to dig to access the
food in the foraging patches. Mice were then housed overnight in the testing room for
habituation and food-deprived for 17 hours prior to the test. Eight mice, blind to each

other with white partitions, were tested at a time in 4 rows of 2 cages in between which
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Figure 22. Mouse foraging test apparatus.

Modified from the protocol from Troxell-Smith et al. (2016). The ratio of giving-up
densities (GUD; food left in a patch) from the top exposed patches to the bottom
concealed patches is calculated as: (GUD patch 1 + GUD patch 2 / total initial food) /
(GUD patch 3 + GUD patch 4 / total initial food).
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soiled rat cages were placed. The test lasted 6 hours, from 9AM to 3PM. The giving-up
density was measured for each patch following the test. The ratio of the giving-up density
from the top exposed patches to the bottom concealed patches was calculated: (giving-up
density patch 1 + giving-up density patch 2 / total initial food)/(giving-up density patch 3
+ giving-up density patch 4 / total initial food).

6.3.6 Mouse social choice and social recognition test

The social choice test consisted of an arena divided into a center neutral zone between
two choice zones (15 x 24 cm each), placed in a dimly lit room (33.7 lux). The choice
zones contained a wire cup (diam. 8.5 cm) enclosing a familiar mouse (from the same
home cage as the focal mouse) and an unfamiliar mouse (from a different litter and home
cage than the focal mouse). The focal mouse was placed in the center of the arena and the

frequency of entering and time spent in each choice zone were measured over 10 minutes.

The social recognition test consisted of four consecutive five-minute exposures to an
unknown juvenile #1 followed by a five-minute exposure to an unknown juvenile #2,
with inter-trial times of 10 minute on the first day. On day 2, juvenile #1 was presented
once and, after a 10 minutes inter-trial interval, juvenile #3 was exposed for the first time.
Each trial lasted five minutes. Three juvenile CD-1 mice with a maximum of 20% weight
difference and aged between postnatal day 25 and 40 were presented as unknown
conspecific models. An initial six-minutes baseline activity trial was performed on day 1
prior any unknown animal presentation. Measurements included time spent in the
juvenile zone, difference in time spent in the juvenile zone across encounters and distance
travelled during the activity trial and the sociality trials. In both tests, mice position and

activity level were measured continuously using EthoVision XT 10.

6.3.7 Mouse social interaction test

The social interaction test took place in a Plexiglas square arena (38.5 cm x 38.5 cm).

Two unfamiliar mice (different litter and home cage) from the same prenatal stress group,
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sex and presenting minimal weight difference (< 5%) were put simultaneously in the
arena for 15 minutes. The focal interactions were coded continuously using Observer XT

8.5 for 5 minutes based on Grant and Mackintosh (1963).

6.3.8 Statistical analysis

The elevated-plus maze plus restraint and mouse defense test battery tests were analyzed
using a linear mixed model with prenatal treatment and sex as main effects and litter as a
random factor. For the foraging test, the giving-up density ratios were compared using a
Mann-Whitney Test using prenatal treatment as the main factor while the giving-up
densities were compared using a linear mixed model with prenatal treatment, sex and
patch as main effects and litter and body weight as random factors while the percentage
of food eaten and replicate exposed and concealed patches giving-up densities were

compared using Mann-Whitney Test using prenatal treatment as the main factor.

The social choice test ratio of time spent in the unknown compared to the known
conspecific zone and distance travelled were compared using a linear mixed model with
prenatal treatment and sex as main effects and random effects (e.g. litter and distance
travelled). In the social recognition test, the time spent in the juvenile zone was corrected
for the latency to enter the juvenile zone. The duration of time spent in the juvenile zone
during the encounters was analyzed using a linear mixed model encounter as a repeated
measure, prenatal treatment and sex as main effects and litter and distance travelled as
random effects. The ratio of time spent in the juvenile zone on the first compared to the
fifth encounter was analyzed using a Mann-Whitney Test with prenatal treatment as the
main effect. In the social interaction test, behaviours were compared using Mann-
Whitney Tests with prenatal treatment as the main factor except for the duration of total
interactions, which was analyzed using a linear mixed model with prenatal treatment and

sex as main effects and litter as a random effect.

Additional statistical analyses procedural details are available in section 2.12 on page 47.
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6.4 Results

6.4.1 Elevated-plus maze and elevated-plus maze following 15 minutes of

restraint

In the elevated-plus maze, prenatally predator odour exposed mice spent less time in the
open arm of the elevated-plus maze than the control mice [F(; 549 = 5.094, P = 0.03, d, =
-0.6] (Figure 23A) and males spent more time in the open arm than females [F; 63 =
5.055, P = 0.03, d, = -1.0] while controlling for the distance travelled. Prenatally
predator odour exposed mice also spent less time in the open arm relative to the closed
arm compared to control mice [F{; 52 = 6.458, P = 0.01, d, = -0.7] (Figure 23B) while
this ratio was greater in males than females [F; 52 = 18.241, P < 0.0001, d, = -1.1]. The
distance travelled was greater in prenatally predator odour exposed mice than in control
mice [F(; 69 = 5.094, P = 0.03, d. = 0.7] (Figure 23C), with females travelling greater
distance than males [F; 63 = 5.055, P = 0.03, d, = 0.5] over the 15 minutes of the test.

In the elevated-plus maze plus restraint test, prenatally predator odour exposed mice
showed decreased the number of visits to the open arm compared to control mice [F;, 4
= 5.531, P = 0.01, d = -2,3] (Figure 23D) when controlling for the distance travelled.
Prenatally predator odour exposed mice also exhibit decreased distance travelled over the
15 minutes of the test [F(; 42 = 7.262, P = 0.01, d, = -0.6]. Additionally, the prenatal
treatment influenced the distance travelled in a sex-specific manner [Prenatal stress x sex
interaction: Fi; 42 = 6.009, P = 0.02, d, = 3.7] (Figure 23E). Within females, prenatally
predator odour exposed mice suppressed their activity as measured by the distance
travelled compared to control mice [F; ;9 = 13.119, P = 0.002, d, = -1.5] (Figure 23E)

while males showed no difference [P > 0.05].

6.4.2 Open field test and light-dark transition test

In the open field, prenatally predator odour exposed mice spent more time in the center of

the arena than control offspring [F(i, s4)= 9.084, P = 0.004] (Figure 24A) when controlled
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Figure 23. Prenatal predator odour exposure (PO) increases stress-related
behaviour in the elevated-plus maze (EPM) and the EPM plus restraint tests in
adulthood.

In the EPM, prenatally stressed offspring showed decreased time spent in the open arm
(A.) and decreased their ratio of time spent in the open arm on the closed arm (B.) and
increased their activity level (C.) compared to control (C) offspring. In the EPM plus
restraint test, PO mice showed decreased visits in the open arms (D.) as well as general
hypoactivity, especially PO females (E.). Data are average + standard error of the mean.
Connected bars: main sex effect *P < 0.05, ****P < 0.0001; main prenatal predator

odour effect and within sex prenatal predator odour effect *P <0.05, **P <0.01.
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Figure 24. Prenatal predator odour exposure (PO) affects the stress-related
behaviour and activity in the open field (OF) and light-dark transition task (LD) in
adulthood.

In the OF, prenatally stressed offspring showed an increase in time spent in the center
(A.) compared to control (C) offspring. In the LD, PO animals spent the same amount of
time in the light aversive box as control offspring (B.) while males were hyperactive
compared to control males (C.). Data are average + standard error of the mean.
Connected bars: main sex effect ****P < (0.0001; main prenatal predator odour effect and

within male prenatal predator odour effect **P <0.01.
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for the distance travelled. Distance travelled did not differ between sex or prenatal

treatment [P > 0.05].

In the light-dark transition test, prenatally predator odour exposed offspring spent the
same amount of time in the aversive light portion of the arena than control offspring [P >
0.05] (Figure 24B). However, females generally travelled a greater distance then males
[sex effect: F(1, 69)= 15.378, P < 0.0001] (Figure 24C) while the prenatal treatment
influencing the distance travelled in a sex-specific manner [Prenatal predator odour
exposure X sex interaction: Fi ¢9)= 7.701, P = 0.007]. Further, prenatal predator odour
exposed males were hyperactive compared to control males [F(i 35 = 7.515, P = 0.01]

(Figure 24C). Females showed no difference in distance travelled [P > 0.05].

6.4.3 Mouse defense test battery

In the mouse defense test battery, the overall flight time from the rat puppet (time taken
to run 15 meters) was shorter in prenatally predator odour exposed compared to control
mice [F29 = 4.552, P = 0.04, d. = -0.9] (Figure 25A). The associated frequency of
stops to orient towards the rat showed a prenatally predator odour exposed impact at the
sex level [Prenatal stress x sex interaction: F; 33 = 4.48, P = 0.04, d, = 3.6]. Prenatally
predator odour exposed males showed a decrease in the number of orientation stops
[F19 = 18.754, P = 0.02, d, = -1.6] (Figure 25B) when compared to control males
while females showed no such difference [P > 0.05]. There were no other differences in

the predator avoidance test, straight alley test or forced contact test [Ps > 0.05].

Between the initial habituation and final activity trial, mice exhibited an overall increase
in the frequency of rearing [F; 43 = 218.709, P < 0.0001, d, = 2.9] (Figure 25C), a risk
assessment behaviour, and wall climbing [F(;43 = 9.008, P = 0.004, d. = 0.7], an
escaping behaviour. These increases took place in both prenatal treatment offspring
groups. The distance travelled did not vary before and after the predator exposure trial [P
> 0.05], but distance was influenced by the prenatal exposure differently in each sex

[Prenatal exposure x sex interaction: F; 4;) = 3.801, P = 0.05, d, = 3.6] with prenatally
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Figure 25. Adult offspring of prenatally exposed to predator-odour (PO) show
increased anti-predatory behaviour in the Mouse Defense Test Battery when
compared to control (C) offspring.

In the chase/flight test, PO offspring showed a decrease in flight time (time taken to run
15 meters; A.) with a decrease in the number of stops with orientation towards the rat in
PO compared to control male mice (B.). All tested groups showed an increase in post-test
rearing (C.) and PO females (F) showed a decrease in overall activity compared to
control females (D.). Data are average + standard error of the mean. Large connected
bars: main time (pre- and post-test) effect ****P <0.0001. Connected bars: main female
prenatal predator odour exposure effect *P < 0.05. Main and within-male maternal

predator odour exposure effect and *P < 0.05.
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predator-odour exposed females showing an overall decrease in distance travelled

compared to control female mice [F; ;9 = 4.407, P = 0.05, d, = 0.7] (Figure 25D).

6.4.4 Foraging test

The ratio of the top on bottom giving-up densities showed a significant prenatal predator
odour exposure effect [Mann—Whitney U = -1.935, nc = 24, npo = 22, P = 0.05 two-
tailed, d = 3.4] (Figure 26A). This result indicated that prenatally predator odour exposed
offspring had a higher giving-up density on the top exposed patches versus the bottom-
concealed patches. In other words, prenatally predator odour exposed mice decreased
feeding on the exposed patches versus to the concealed patches, when compared to
control offspring. When looking at the overall top and bottom giving-up densities, the
concealed patches were consumed more thoroughly than exposed patches in all groups
[F49 = 14.564, P < 0.0001, d. = -0.7]. Further, prenatal predator odour exposure
impacted the consumption in differentially covered patches [Prenatal treatment x patch
interaction: F; 449 = 4.27, P = 0.05, d, = 3.6] while correcting for body weight (Figure
26B). Overall, the adult prenatally predator odour exposed mice consumed the same
amount of food as control mice when correcting for their body weight [P > 0.05]. Finally,
there was no difference within duplicate concealed patches and duplicate exposed patches

giving-up densities [P > 0.05].

6.4.5 Social choice and social recognition test

In the social choice test, prenatally predator odour exposed mice spent relatively more
time in the unknown conspecific zone than in the known conspecific zone [F;, 37 =
7.302, P = 0.01, d, = 0.9] (Figure 27A) when compared to control mice. There was no

difference in the distance travelled due to the prenatal treatment [P > 0.05].
In the social recognition test, there was no difference in the initial activity level (distance
travelled during the activity trial) between prenatal predator odour exposure and control

offspring [P > 0.05] (Figure 27B).
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Figure 26. Adult offspring of predator-odour exposed dams during pregnancy (PO)
forage more in concealed than in exposed patches when compared to control (C)
adult offspring.

PO offspring showed an increase in the ratio of giving up density (GUD) between
exposed and concealed patches (A.). Percentage of GUD in the top and bottom foraging
patches (B.). Data are average + standard error of the mean. M: Male, F: Female. Main

maternal predator odour exposure effect, *P <0.05.
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Figure 27. Prenatally predator odour exposed (PO) offspring increase social
investigation during an initial encounter with an unkoen conspecific with no
difference in social recognition when compared to control (C) offspring.
In the social choice test (SCT), PO mice of both sexes showed increased investigation of

an unknown compared to a known conspecific (A.). In the social recognition test (SRT),
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The duration of time spent in the juvenile zone for encounters 1 through 5 with the same
juvenile showed no difference between the prenatal exposure treatments [P > 0.05], after
correction for the latency to enter the juvenile zone and distance moved. Time spent in
proximity to the juvenile decreased with time in all prenatal groups [Encounter effect:
F4 2307 = 40.229, P < 0.0001, d, = 3.0] (Figure 27C), indicating a normal social memory
in prenatally predator-odour exposed mice. However, prenatal predator odour exposure
distance travelled in the baseline activity trial showed no difference with prenatal
treatment exposure (B.). The time spent near the juvenile varied over successive
encounters (C.). All mice showed a decrease in the time spent in the juvenile zone
between the first and fifth encounter with an unknown juvenile. This ratio difference was
most pronounced in PO mice of both sexes, indicating an increase in social investigation
during a first encounter with an unknown animal (D.). PO males (M) showed an overall
decrease in their activity (distance travelled) compared to control males (E.) in the SRT.

Distance travelled changed across the encounters in both males (E.) and females (F; F.).
Data are average + standard error of the mean. Bar: main prenatal predator odour
exposure effect **P < 0.01. Angled bar: Encounter effect ****P < (0.0001. Within sex

prenatal predator odour exposure effect ****P <(0.0001.
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influenced the duration spent in the juvenile zone over successive encounters [Prenatal

treatment x encounter interaction: Fy 2297 = 3.553, P = 0.007, d, = 5.7].

When comparing the ratio of time spent in the juvenile zone on a first versus a fifth
encounter, prenatally predator odour exposed mice showed a greater decrease in the time
spent in the juvenile zone over time compared to control mice [Mann—Whitney U = 340,
nc =22, npo = 21, P =0.003 two-tailed, d = 0.9] (Figure 27D). When comparing the first
encounter with an unknown juvenile individual on a first, second and third occasion
(Juvenile 1 first encounter, juvenile 2 first encounter and juvenile 3 first encounter), all
mice spent decreasing time with the juvenile conspecific on successive encounters
[F22143 = 84.069, P < 0.0001, d, = 3.0]. Mice from predator odour exposed dams
therefore investigated a conspecific longer specifically during the first encounter with an

unknown conspecific.

Therefore, prenatally predator odour exposed mice had a similar social recognition and
memory over 24 hours when compared to controls when controlling for the distance
travelled by individuals. However, the first time prenatally predator odour exposed
offspring encountered an unknown conspecific, there was an increase in the time spent
investigating that conspecific as shown in both the social choice test and social

recognition test.

Contrary to the initial basal activity test that showed no difference between the prenatal
treatment groups (Figure 27B), the distance moved during the social encounter varied
according to the encounter [Distance x encounter interaction: Fys 254 = 2.484, P <
0.0001, d, = 4.4] while the prenatal treatment influenced the sexes differently [Prenatal
predator odour exposure x sex interaction: F; 4 = 8.289, P = 0.006, d, = 3.6]. More
specifically, prenatally predator odour exposed males showed a generalized hypoactivity
during social encounters when compared to control males [F; 2, = 10.375, P = 0.004, d,
= 0.9] (Figure 27E) along with an encounter effect [Fs 135 = 16.681, P < 0.0001, d, =
4.3]. Additionally, prenatally predator odour exposed males specifically showed a

decrease in the distance they travelled on the 2" encounter with an unknown juvenile
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conspecific when compared to control males [P < 0.0001]. Females activity varied
according to the encounters only [Fs 1149 = 7.144, P < 0.0001, d, = 4.4] (Figure 27F).
Therefore, although the exploration of the novel apparatus did not alter the distance
travelled, the presence of a juvenile individual lead to a modification of the activity level
in prenatally predator odour exposed mice, particularly a reduction in the activity of

prenatally predator odour exposed males.

6.4.6 Social interaction test

Prenatal predator odour exposure leads to an overall decrease in the number of social
interactions performed (pooled displacement, offensive, defensive, sniffing, following,
jumping on, crawling, escaping and approaching behaviours) when freely interacting with
an unknown conspecific [Mann—Whitney U = 330.5, nc = 27, npo = 36, P = 0.03 two-
tailed, d = 0.6] (Figure 28A). This difference was particularly pronounced among
negative (aversive or aggressive) interactions (including displacement, offensive,
defensive and escaping behaviour) [Frequency: Mann—Whitney U = 280, nc = 27, npo =
36, P = 0.004 two-tailed, d = 0.8; Duration: Mann—Whitney U = 258, nc = 27, npo = 36,
P = 0.002 two-tailed, d = 0.9] (Figure 28B). Prenatally predator odour exposed mice
approached the unknown conspecific less frequently than control mice [Mann—Whitney
U = 351, nc = 27, npo = 36, P = 0.05 two-tailed, d = 0.5] (Figure 28C). Finally,
prenatally predator odour exposed mice displaced the unknown conspecific less
frequently than control mice [Duration: Mann—Whitney U = 273.5, nc =27, npo = 36, P =
0.003 two-tailed, d = 0.8; Frequency: Mann—Whitney U = 293, nc = 27, npo = 36, P =
0.007 two-tailed, d = 0.7] (Figure 28D).

6.5 Discussion

In this study, I investigated whether prenatal predator odour exposure stress could
program the long-term offspring shy behavioural type encompassing less exploratory,

active and social behaviour. These behaviours should be consistent in a variety of situa-
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Figure 28. Prenatally predator odour exposed adult mice (PO) decrease their social
interactions with an unknown individual when compared to control (C) adult
offspring.

The total number of interaction was decreased between unknown PO mice compared to
unknown control conspecifics meeting for the first time (A.). PO mice also interacted
negatively for shorter amount of time (B.) than control mice. PO mice also approached
the unknown mouse less frequently than the control mice (C.). PO mice spent less time
displacing an unknown individual than control mice (D.). Data are average + standard
error of the mean. Bars: Prenatal predator odour exposure main effect, *P < 0.05, **P <

0.01.
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tions including behaviours relevant for the fitness of the individual such as foraging and
anti-predatory behaviours. Overall, we discovered that prenatal predator odour exposed
offspring of both sexes showed a behavioural type consistent in a variety of stressful
situations including: robust commonly-used exploration-based stressful situations, anti-
predatory behaviour, foraging or social encounters. Generally, boldness, exploration and
activity in stressful situation were decreased in mice from predator-odour exposed dams

of both sexes.

6.5.1 Stress-related behaviour in exploratory-based commonly-used stressful

situations and naturalistic tests

Offspring of both sexes exposed prenatally to predator odour showed increased anxiety-
like behaviour to a variety of exploratory-based stressors both commonly-used in the
laboratory and naturalistic. Commonly-used laboratory stressors included the elevated-
plus-maze (Carobrez and Bertoglio, 2005), open field, light-dark transition test (Gould et
al., 2009) and elevated-plus maze following a 15 minutes restraint stress (modified from
Albonetti and Farabollini, 1992; Zimprich et al., 2014) while naturalistic stressors
included the standardized mouse defense test battery (Griebel and Beeské, 2011) and a
foraging test (modified from Troxell-Smith et al., 2016).

The elevated-plus maze test is the hallmark commonly used test to evaluate anxiety-like
behaviour. Prenatally predator odour exposed offspring of both sexes show increased
anxiety-like behaviour through decreased time spent in open arms, the aversive portion of
the maze (Carobrez and Bertoglio, 2005). Increased activity was also observed in the
prenatally predator odour exposed offspring. This increase in spontaneous locomotor
activity could be due to the sudden darkness as the test took place under red light
(Nasello et al., 1998), a stressor to which the prenatally predator odour exposed animals
would be programmed to respond to. Elevated-plus maze measurements of anxiety-like
behaviour were further used to assess the effect of a standardized restraint stress applied
before the test. Prenatally predator odour exposed mice showed higher anxiety-like

behaviour in the elevated-plus maze after being acutely pre-stressed using restraint stress.
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Further, we observed a global reduction in activity following restraint, a hallmark effect
of restraint stress (Buynitsky and Mostofsky, 2009; Padovan and Guimaraes, 2000) and a
drastic difference compared to the hyperactivity observed in the initial elevated-plus
maze test. This hypoactivity was more important in prenatally predator odour exposed
females compared to control females, suggesting higher sensitivity to the restraint stress

in prenatally predator odour exposed females or differential perception by both sexes.

The open field and light-dark transition tests were less consistent and informative of the
prenatally predator odour exposed stress-related phenotype. We find increased
exploration in prenatally predator odour exposed animals in the open field with no
difference in activity. Further, we detect no exploration difference in the light-dark
transition test in prenatally predator odour exposed animals but hypoactivity in prenatally
predator odour exposed males compared to control males. Those results are contradictory
to the elevated-plus maze and elevated-plus maze plus restraint tests were unexpected and
should be interpreted with caution. Ramos (2008) found that behaviours in the elevated-
plus maze and open field are not clearly overlapping and even correlate negatively with
the light-dark transition test light exploration, which suggests that these tests measure
inconsistent and different aspects of anxiety. Further, C57BL/6 mice showed a decrease
in their stress-related phenotype in these tests compared to other mouse strains
(Kulesskaya and Voikar, 2014), possibly decreasing this test discrimination potential
between the control and prenatally predator odour exposed animals. In addition, several
studies observe opposite effects in the elevated-plus maze and open field (Ennaceur,
2014; Ramos, 2008). Further, it has been shown that the open field and light-dark
transition test do not consistently elicit a corticosterone increase (Ader et al., 1967; Walsh
and Cummins, 1976) and corticosterone injections does not increase the stress-related
behaviours in those tests (Cai et al., 2006; Ennaceur, 2014; Gregus et al., 2005;
Kalynchuk et al., 2004; Murray et al., 2008). In future studies, further assessment of the
risk assessment behaviours (rearing, head dipping and stretch-attend posture, grooming)
could be helpful to interpret the open field and light-dark transition results as they are
strongly correlated with the circulating corticosterone level of the animal (Rodgers et al.,

1999).
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The mouse defense test battery is a standardized test to evaluate defensive behaviour in
response to threatening stimuli including predators. For mice, laboratory rats elicit such a
reaction, especially flight and risk assessment, as risk assessment behaviours are meant to
gather information about the threat source (Griebel and Beeské, 2011). Rats are predators
of mice, as up to 77% of wild and domestic laboratory rats predate on mice (Galef, 1970;
Karli, 1956) and mice show aversion to brightly lit compartments following rat odour
exposure (Hebb et al., 2003). In the mouse defense test battery, all mice display an
increase in rearing and wall climbing, risk assessment and escape behaviours
respectively, at the end of the rat exposure, confirming the aversive nature of rats to mice
of both prenatal treatments. Prenatally predator odour exposed females are additionally
hypoactive compared to control females in the empty apparatus, a well documented anti-
predatory behaviour (Apfelbach et al., 2005; Blanchard and Blanchard, 1989). When the
predator chased the mice, prenatally predator odour exposed mice took less time to flee
over 15 meters than control mice. In addition, prenatally predator odour exposed males
also stopped less frequently to orient themselves toward the rat, a risk-assessment
behaviour decreasing the efficiency of the flight response in this case. These observations
indicate that the prenatally predator odour exposed mice are more efficient in their anti-

predator flight response than control mice.

The foraging test was developed to assess foraging, a natural behaviour exhibited by mice
in the wild to find and gather food. The foraging rate of prey species is determined by the
interaction of several costs of foraging including the predation risk (Brown and Kotler,
2004). The giving-up density is measured as the amount of food left in a depletable food
patch after a given foraging time, and indicates a trade-off of food for safety, a well-
documented effect of predation (Brabrand and Faafeng, 1993; Christensen and Persson,
1993; Dickman, 1992). The amount of food left in a patch is determined by several
factors including the perceived ‘riskiness’ of the patch, that can be altered by its degree of
coverage. It is riskier or perceived riskier to forage in exposed patches when compared to
concealed ones (Troxell-Smith et al., 2016), especially in a risky environment that exhibit
cues of predator presence (Shrader et al., 2008; Thorson et al., 1992). In this study, I used

uniform rat odour to create a risky environment (see Hebb et al., 2003) over exposed and
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concealed foraging patches. The results indicated that, although consuming the same total
amount of food, the control and prenatally predator odour exposed adult offspring
distributed their foraging effort across the patches differently. Prenatally predator odour
exposed mice left more food in the exposed patches compared to the concealed ones
while correcting for their body weight when compared to control offspring. Prenatally
predator odour exposed offspring therefore favoured food consumption in patches
perceived safer under uniform predator odour. This foraging task is a high-throughput
way to test the foraging behaviour in a laboratory setting and should be included in

behavioural test batteries aiming at uncovering stress-associated phenotypes.

Overall, these laboratory exploratory-based commonly-used and naturalistic stressors
indicated that prenatally predator odour exposed mice are more sensitive to stress, as
shown through their increased stress-related behaviours across a variety of situations,
with some minor sex differences. Prenatally predator odour exposed mice therefore seem
to be programmed up to adulthood for increased reactivity to a variety of stressful
situations. Finally, these results bridge naturalistic and the most robust laboratory
commonly-used stressors by indicating a general decrease in exploration across a variety
of situations including an elevated novel environment, forced restraint, flight anti-
predatory behaviour and foraging in a risky environment (except in the open field). These
results indicate that the elevated-plus maze, the most commonly-used exploration-based
laboratory test is informative of naturalistic behaviour while having an incidence on
fitness. These results are also in accordance with the increase in stress reactivity observed
at the endocrine, metabolic and transcript abundance level in limbic regions accompanied
by stable DNA methylation marks observed previously in prenatally predator odour

exposed animals (St-cyr et al., 2017; St-Cyr and McGowan, 2015; see Chapter 3 to 5).

6.5.2 Social behaviour

As predicted, prenatally predator odour exposed adults showed a decrease in reciprocal

social interactions when exposed with an unknown conspecific in the social interaction

test. We also observed an unexpected normal social recognition memory in the prenatally

148



predator odour exposed mice. However, and most surprisingly, prenatally predator odour
exposed mice showed an increase in the initial social investigation of an unknown
conspecific, a robust observation made twice in different cohorts of animals. This
difference is not present in subsequent encounters or first encounters with other unknown
conspecifics. This lack of social recognition memory deficit and specific increase in
social investigation during the first encounter with an unknown conspecific are in
contradiction with other prenatal stressors that lead to a decrease in social recognition
memory and no change or a decrease in social investigation (Grundwald et al., 2016;
Jones et al., 2010; Lee et al., 2007; reviewed in Kundakovic and Jaric, 2017). Further,
social motivation can be disrupted through neonatal exposure to stressors as well as
general stress and shifted towards aggressive or defensive behaviour (Sandi and Haller,

2015).

However, in line with observations in prenatally predator odour exposed mice, male mice
overexpressing corticosterone-releasing factor starting in the early postnatal period
(postnatal day 4-8) show enhanced social investigation during the first encounter with an
unknown mouse along with normal short-term social recognition memory in adulthood
(Kasahara et al., 2011). This sustained corticosterone-releasing factor overexpression is
present in the paraventricular nucleus of the hypothalamus, in the central nucleus of the
amygdala, in the hippocampus and in the cerebral cortex. Although prenatally predator
odour exposed mice show no difference in corticosterone-releasing factor transcript
abundance in the hippocampus and amygdala, females showed a specific increase in
corticosterone-releasing hormone receptor [ transcript abundance in the amygdala,
potentiating corticosterone-releasing hormone detection and response in this brain
structure (St-Cyr and McGowan, 2015). Overexpression of corticosterone-releasing
hormone in the paraventricular nucleus of the hypothalamus could explain the prenatally

predator odour exposed mice differences in both sexes and should be assessed.
Another possibility to explain these results is that the increase in initial social

investigation would be triggered by stressed unknown conspecifics. This is likely since

the unknown conspecifics presented are loosely restrained in a small wire cup (Buynitsky
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and Mostofsky, 2009). Since prenatally predator odour exposed mice exhibit increased
stress-related behaviour and behavioural modifications in stressful situations, it is likely
that prenatally predator odour exposed mice would be more sensitive to bystander stress.
We know that a prenatal stress can carry this effect as rat pups prenatally exposed to a
bystander stress, where pregnant mothers were housed with a pregnant female stressed by
an elevated platform exposure, showed decreased exploration in a novel environment
(Mychasiuk et al., 2011). In the future, the amount of circulating corticosterone in the

loosely restrained mouse and the observer mouse should be measured.

6.5.3 Behavioural type

We demonstrate here that an ethologically mild and ecologically-relevant prenatal stress
is sufficient to elicit modifications in a range of significant stress-induced and social
behaviours. We observed only minor sex differences within the prenatally predator odour
exposed mice behavioural responses. Both sexes displayed an increase in stress-related
behaviour as detected through the exploration and foraging in novel risky environments,
anti-predatory behaviour and social behaviour alterations. This result is particularly
interesting as we previously observed differential endocrine responses, transcript
abundance in limbic regions and stable DNA methylation modifications in prenatally
predator odour exposed females compared to prenatally predator odour exposed male
mice. These results suggest that sex distinct mechanisms are leading both sexes to a

convergent behavioural phenotype of prenatal predator odour exposed mice.

Overall, prenatally predator odour exposed adult mice of both sexes are consistently more
timid and less exploratory, active and sociable than control mice. However, the detected
decrease in sociability was specific to freely interacting conspecifics while their social
memory was not affected. We found that these traits were reproducible over a range of
situations, consistent with the notion of a behavioural type (Réale et al., 2007) in which
fixed inter-correlated traits are determined by the life history of the individual. Taken
together, we suggest that the behavioural phenotype of prenatally predator odour exposed

mice is consistent with the concept of temperament as predator presence cues trigger the
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programming of a coherent offspring phenotype to react to frequent environmental

stressors.
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Chapter 7 Discussion
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7.1 Potential underlying causes of sex differences in prenatal

stress phenotype

One of the recurrent findings of the studies of prenatal predator odour exposure described
herein is the sex-specific phenotype found. More precisely, the phenotype was similar at
the behavioural and somewhat at the physiological level but differed at the endocrine,
transcript abundance and methylation modifications level. The anti-predatory behaviour
can be elicited acutely (within seconds to minutes), suggesting it may be advantageous

for both sexes to express behaviours responsible for immediate survival.

Prenatal stress affects both sexes, but for decades the bulk of the research has been done
on males only (Ahmadzadeh et al., 2011; Campos-Barros et al., 1997; Kraszpulski et al.,
2006; Lemaire et al., 2000; Mueller and Bale, 2008; Saboory et al., 2011; Salm et al.,
2004; reviewed in Charil et al. 2010). Furthermore, some research suggest that male
offspring are more susceptible to prenatal stress (Mueller and Bale, 2008) while others

suggest the opposite (Glover et al., 2010; Weinstock, 1997).

When investigated, sex differences are widely reported in response to perinatal stressors
including predator or predator cues presence. For example, Mashoodh et al. (2009) found
differential impacts of early postnatal exposure to predator odour in male and female
offspring. Adult female offspring showed a less-anxious phenotype while males showed a
more anxious phenotype in the open field. Coutellier and Wiirbel (2009) also found that
the female offspring of predator odour exposed mice dams showed a reduced object
recognition memory. The opposite was observed in male offspring, indicating that the
observed increased maternal care might be able to rescue the adverse effects of early
predator odour exposure in this model. Chronic variable stress in the third week of
pregnancy in rats leads to increased anxiety-like behaviour in the elevated-plus-maze in
young adult offspring and is associated with increased corticotropin-releasing factor and
corticotropin-releasing factor receptor 1 transcript abundance in the amygdala of female

offspring and increased corticotropin-releasing factor receptor 2 transcript abundance in
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offspring of both sexes (Zohar and Weinstock, 2011). Another study found that pregnant
laboratory rats exposed to social defeat over 5 days in their last week of pregnancy
produced adult offspring displaying a greater hypothalamic-pituitary adrenal axis
response to a restraint stress compared to control offspring (Brunton and Russell, 2010).
Associated with this response, they found differential transcript abundance of the
hippocampal mineralocorticoid receptor and in the amygdala levels of glucocorticoid
receptor and corticotropin-releasing factor in both sexes but decreased in hippocampal
glucocorticoid receptor transcript abundance in females only. Thus, in these studies,
prenatal stress in female offspring leads to broader impacts on neural gene transcript
abundance in limbic structures than in male offspring. Responses to prenatal stressors
may play both an adaptive role in stressful environments and lead to sex-specific
differences in the incident risk for psychopathology, including an increased risk for
affective disorders among females (Glover, 2011). Viewed from an evolutionary
perspective, understanding the impacts of ethologically-relevant stressors such as
predator odours may be important in elucidating mechanisms of sex plasticity associated

with stress-related phenotypes.

As described in section 1.3.4 on page 12, sex differences in the hypothalamic-pituitary
adrenal axis are widespread and start perinatally through sex-specific exposure to
glucocorticoids in utero and access to maternal care. Prenatally, placental 11p-
hydroxysteroid dehydrogenase is less active from gestational day 16 onward in males
than females, suggesting that male foetuses are exposed to higher glucocorticoid levels
(Burton and Waddell, 1994). Moreover, from gestational day 16.5 onward, female
foetuses receive lower maternal glucocorticoid buffering through decreased placental
11B-hydroxysteroid dehydrogenase level in response to stress (Glover and Hill, 2012;
Pankevich et al., 2009). These sex-specific mechanisms both lead to an increase in foetal
glucocorticoids exposure in late pregnancy. Postnatally in rodents, males also receive
increased maternal behaviour in the form of ano-genital licking and handling (Moore and
Morelli, 1979). Ano-genital licking is an essential maternal care stimulating urine
production and release in the pup while regulating the development of endocrine,

emotional and cognitive response to stress (Champagne et al., 2003). Therefore, maternal
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behaviour may have a greater potential to modulate the offspring phenotype or rescue

prenatal stress in male than female offspring.

Within the brain, prenatal stress leads to sex-specific smaller hypothalamic nuclei in
females (Anderson et al., 1985) and feminization of the cerebral cortex structure and size
in males (Fleming et al., 1986). These sex-specific changes are not surprising per se as
the brain transcriptome diverges between sexes by 14% and by 70% in the liver (Vigé et
al., 2008). It is likely that these differences are associated to sex- and tissue-specific
epigenetic modifications present near regulatory elements, though this is mostly

unexplored.

Further, sex steroids interact with the hypothalamic-pituitary adrenal axis and modulate
the stress response and vice-versa. In rodents, gonadectomised males typically exhibit
increased adrenocorticotropic hormone and corticosterone response to stress (Gaskin and
Kitay, 1971; Seale et al., 2004). On the contrary, androgens supplementation to
gonadectomised animals lead to an increase in exploration in the elevated-plus maze and
the open field and decreased the glucocorticoid response to restraint stress (Edinger and
Frye, 2005; Gaskin and Kitay, 1971). Circulating testosterone is also typically reduced in
prenatally stressed animals (e.g. Richardson et al., 2006) which express increased stress-
related behaviours. Furthermore, testosterone supplementation in prenatally stressed
males can reduce their increased stress response (Kapoor and Matthews, 2011). Similarly,
oestrogen, luteinizing hormones and follicle-stimulating hormones are inhibited by
glucocorticoid secretion. On the contrary, oestrogens potentiate the corticosterone-
releasing hormone and arginine-vasopressin secretion and lead to hyper-responsiveness
of the hypothalamic-pituitary adrenal axis by decreasing the glucocorticoid receptor
binding in multiple brain regions including the hypothalamus and hippocampus
(Chrousos, 1998). Further, ovariectomy of prenatal restraint stress female rescues their
increased stress-related phenotype while also being more responsive to the effect of 17p-
estradiol supplementation (Ordyan et al., 2014). Therefore, androgens and oestrogens are

both repressed by the hypothalamic-pituitary adrenal axis. However, androgens decrease
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the hypothalamic-pituitary adrenal axis activation while oestrogen activates the

hypothalamic-pituitary adrenal axis and prolongs its action.

Taken together, these sex-specific differences in prenatal glucocorticoid exposure,
maternal care received and circulating sex steroids can underlie the general increased
susceptibility of female offspring to psychopathology linked to increased anxiety,
depression and stress responses of the hypothalamic-pituitary adrenal axis while males

are more likely to develop learning and memory deficits (Glover and Hill, 2012).

7.2 Caveats and limitations

One of the confounds present in animal manipulation done in this thesis studies is the sex
of the experimenter or handler. Sorge et al. (2014) demonstrated that male odours and
male experimenters specifically induce pain inhibition in mice and rats while female
experimenters do not and a male experimenter was used in this thesis. The male
experimenter conducted some of the behavioural testing in the rat cohort (see Chapter 4,
pages 69-95). However, he tested all the rats in the commonly-used exploratory-based
tests, and not a subset of them, so that all the animals were submitted to the same
experimenter within a behavioural test. All the mice (Chapters 3, 5 and 6, pages 49-68
and 96-150) were handled and tested by myself or Sameera Abuaish. However, I was
pregnant during the entire animal handling and testing period, a factor that has not been

studied so far.

The behavioural tests were conducted during least indicated period for testing, the light
phase of the light-dark cycle. The light phase is the period of low activity in rodents. The
circadian period of testing has been assumed to lead to changes in the behaviours
recorded. However, behavioural testing of rodents during the light phase has been
associated with contradictory results such as behavioural inhibition in stress-eliciting
commonly-used tests and cognition impairments (Roedel et al., 2006) or no modifications

in those same tests (Beeler et al., 2006; Bertoglio and Carobrez, 2002; Chaudhury and
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Colwell, 2002) although the general activity level can be affected. However, social
behaviour testing is not affected by the time of day (Yang et al., 2008). Further, reversal
of the daily activity periods is a normal adaptation to the presence of predation stress as
reported in a natural rat population (Fenn and MacDonald, 1995). Therefore, night
behavioural testing is preferable although there is no absolute consensus in the literature

on that subject.

Another limitation of the thesis is the interpretation of the stress-related and social
behaviour as a consistent shy behavioural type. This interpretation is debatable as the
associated literature is somewhat diverse and contradictory (MacKay and Haskell, 2015).
An alternative to this interpretation of the behavioural phenotype of mice from predator
odour-exposed dams is the relationship with the life history of Mus musculus. M.
musculus a social species that is territorial and dispersing, two key factors that can vary
with environmental factors and influence the adult phenotype (Berry, 1970; Berry and
Bronson, 1992; Brust et al., 2015).

Finally, one could question the validity of the phenotype described in this thesis as semi-
domesticated strains of animals could present artifacts rather than a relevant adaptive
phenotype. The strains we used were semi-domesticated in order to minimize the inter-
individual variability in order to detect as much as possible the effect of the prenatal
stress. Some differences between laboratory strains and natural populations of rodents
can be found (Calisi and Bentley, 2009) although natural populations and laboratory
studies complement results from each other (Clinchy et al., 2011a). It is also very difficult
to evaluate how the predator odour exposure paradigm relates to the natural predatory
stress imposed on natural populations of Mus musculus. The methodologies to evaluate or
manipulate predation pressure are very diverse and should be unified in the future
(Apfelbach et al., 2005; Moll et al., 2017). However, to my knowledge, Mus musculus in
a natural environment avoid traps when predator odours are present (Dickman, 1992) and
reduce foraging in open habitats under predation stress (Nolte et al., 1994). However,
other types of manipulated predator cues such as fox scats placed in a semi-natural

enclosure did not affect the survival, offspring body weight, fecundity or population size
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of Mus domesticus (Powell and Banks, 2004) indicating that the type of predator cues can
elicit different effects on preys. To evaluate the relative intensity of the predator stress
imposed in the prenatal predator odour exposure paradigm, further investigation of the

intensity of predation pressure in untouched rodent populations is required.

7.3 Prenatal predator odour exposure programs an integrative

phenotype in mice and rat offspring

This section offers an overview and comparison of the male and female from predator-
exposed dams phenotypes as well as the mice and rat offspring from predator-exposed
dams phenotypes. Additionally, comparisons of the phenotype induced by predator or
predator cue exposure, prenatal restraint stress or prenatal chronic variable stress are
provided. These comparisons are summarized in Error! Reference source not found.-

11.

7.3.1 Pregnancy and maternal behaviour

7.3.1.1 Pregnancy and maternal behaviours phenotype of predator odour-
exposed dams

Overall, and in both species and cohorts of animals, the pregnancy and litter size of the
mice was not altered by the prenatal predator-odour exposure paradigm. However, in the
first mouse cohort, several abortions happened following the exposure to a relatively high

concentration of 2,3,5-trimethyl-3-thiazoline.

We detected a decrease in the classic maternal programming behaviour licking-grooming
in predator odour exposed dams, but only after accounting for the decrease in the nest
quality built by the dam, a non-traditionally-examined maternal behaviour. The decrease
in nest quality is associated with a decrease in the nest temperature and increase in the

energetic needs of pups (Bryant and Hails, 1975; Gaskill et al., 2013). This modification
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had not been detected initially as nest quality was not assessed in the first mice and rat
cohorts of offspring from predator odour-exposed dams. The decreased nest quality
change could be unique feature of this type of prenatal stress. However, this particular
trait has not been classically assessed in other prenatal stress paradigms, making a direct

comparison difficult.

7.3.1.2 Pregnancy and maternal behaviours phenotype in response to typical

predation stress

Studies involving direct observations of maternal behaviour under predator or predator
cue exposure during the perinatal period are scarce. Smaller broods and litters with
decreased survival at birth were observed in song sparrows and mice exposed to predators
or predation cues (de Catanzaro, 1988; Zanette et al., 2011). Additionally, some passerine
species increase their maternal investment by increasing the nestling feeding rate in a
wild population under high nest predation pressure (Fontaine and Martin, 2006). The only
occurrence where prenatal predator or predator cue exposure was associated with a
modification of parental nest quality was found in black goby fish males that decreased
their nest-building behaviour in presence of predatory cods (Magnhagen, 1990). These
findings remain sparse and more effort should be directed to detect the general effects of

predator stress on prey’s parental behaviour.

7.3.1.3 Pregnancy and maternal behaviours phenotype in response to a
traditional prenatal restraint stress and prenatal chronic variable stress

Maternal behaviour associated to chronic variable stress during pregnancy has not been
extensively studied, but no obvious differences have been reported (Mueller and Bale,
2006). Although restraint stress during pregnancy is not associated with specific
alterations in maternal behaviour, some adoption studies indirectly demonstrated that the
offspring phenotype is influenced by the mother both prenatally and postnatally (Barlow

et al., 1978; Barros et al., 2006). A systematic assessment of maternal behaviours in
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chronically variably stressed and chronically restrained pregnant dams would be

important to facilitate comparisons between prenatal stressor types in the future.

7.3.1.4 Comparison highlights between the prenatal stress paradigms effects on
dams pregnancy and maternal behaviour

The prenatal predator odour exposure paradigm reported in this thesis consisted of acute
predator odour exposure that did not last over the full circadian period unlike most of the
previous predator or predator cues experiments reported here. This heterogeneity
complicated the direct comparison to predator or predator cues exposure-associated
maternal behaviours, although maternal behaviours are modified to some extent in both
cases. Further, the lack of systematic maternal behaviour investigation in previous
prenatal restraint stress and prenatal chronic variable stress paradigms made direct
comparisons difficult to achieve. However, although not specifically described, we know
that postnatal maternal effects influence the prenatal restraint stress rodent phenotype.
Overall, it is likely the postnatal maternal effects have an impact on the prenatally
predator odour exposed adult animal phenotype although direct comparisons with other
prenatal stressors were difficult. This finding highlights the value of systematically
assessing the maternal behaviours to assess perinatal stress impacts on the offspring

phenotype.

7.3.2 Behaviour

7.3.2.1 Behavioural phenotype of rodent offspring from predator odour-exposed

dams

Overall, stress-related behaviours in offspring of both sexes from predator odour exposed
dams were consistently potentiated by prenatal predator odour exposure in a variety of
circumstances. This increase in stress-related behaviours was detected in circumstances
ranging from commonly used exploration-based laboratory tests to naturalistic foraging

and predator or predator odour exposure as well as direct social interactions.
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Within traditional exploration-based laboratory tests paradigms, we observed a variety of
altered stress-related behaviours. Defecation, risk assessment and time spent in the open
arm indicated increased stress-related behaviours in the elevated-plus maze, with mice
showing hyperactivity overall and male rats showing hypoactivity. In the open field, the
species showed opposite responses, with mice increasing and male rat decreasing time
spent in the center of the apparatus, suggesting a decrease and an increase in stress-
related behaviour in this test, respectively. Rat females were not different from control
females in this test. Finally, within the light-dark transition apparatus, rat females were
the only ones to decrease the time spent in the light zone, a stress-related behaviour,
while rat males and mice of both sexes were similar to control animals. These tests were
not consistent within and between the species. Several variables around the execution of
these tests, especially the size of the apparatus, can influence the behaviour of animals.
Interestingly, the elevated-plus maze was adapted to each species and has been the most
consistent test to find potentiation of the stress-related behaviours. The open field was of
a different size in both species, with rats having a white box with textured surface while
mice were placed in a transparent smooth arena. The light-dark transition apparatus was
the same in both species. However, this particular light-dark transition apparatus did not
respect the traditional one third light two thirds dark proportions common in the literature
(e.g. Gould et al., 2009). These considerations could be adding to the variability observed
here. Interestingly, these same apparatus similarly yielded some variability and sex
differences when discriminating between control rats and rats presenting increased
baseline corticosterone and hypothalamic-pituitary adrenal axis reactivity (Sasaki et al.,
2014, 2013). Therefore, the results we obtained were generally expected and tend toward
an increase in stress-related behaviours in offspring from predator odour-exposed dams.
However, measuring other aspects of stress-induced behaviours is needed to put these
results in perspective. Alternatively, it is worth considering that these traditional tests
present situations that are not directly related to the specific prenatal stress applied in this
thesis.

Live predator models and predator odour exposure are known to lead to increase stress-

related and anti-predatory behaviours in both prenatally predator-odour exposed species
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and sexes. In the above studies, mice from predator-exposed dams presented for the first
time directly to a predator odour showed an expected hypoactivity and increased
avoidance by staying further away from the odour. Similarly, male rats visited the area
closest to predator odour less frequently. Female rats did not show a behavioural impact
in relation to predator odour presentation. Although the overall effect of avoidance
converged among the species, the fact that we did not find strong behavioural impacts in
rats might be due to the smaller presentation apparatus in proportion to the animal size
(the apparatus was the same for mice and rats). In rats, this particular apparatus might
have been too small to express a full array of anti-predatory behaviour. Specifically,
Campeau et al. (2008) reviewed the literature about predator odour-elicited behaviours
and detected a shift in the behavioural response to an escapable in comparison to an

inescapable predator odour.

Control and mice from predator odour-exposed dams exposed to a ‘live’ predator model
(mouse defense test battery) expressed anti-predatory behaviours: hypoactivity and
increased escape behaviours. This result indicated that all animals reacted to the predator
stress. Nonetheless, the mice from predator odour-exposed dams exhibited a faster,
sustained and more efficient fleeing response to a ‘live’ predator. Additionally, mice from
predator-exposed dams displayed a stronger tendency to forage in a protected habitat

under a uniform predation threat compared to control animals.

Finally, social behaviour was assessed in mice and indicated an expected reduction in
free social interactions. However, there was no impairment of the prenatal predator odour
exposure on social recognition and memory. Furthermore, there was an increase in social
investigation during the first in a lifetime encounter with an unknown mouse that was
loosely constrained under a wire cup (diameter 8.5 cm). This stranger mouse could not
freely interact with the focal mouse. Although there is no confirmed explanation for this
particular behaviour, it might be due to greater corticosterone-releasing hormone
transcript abundance in the paraventricular nucleus of the hypothalamus or susceptibility

to bystander stress. These hypotheses should be investigated in follow-up studies.
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7.3.2.2 Behavioural phenotype elicited by typical predation stress

Rats exposed to 2,3,5-trimethyl-3-thiazoline prenatally exhibit decreased freezing (an
anti-predatory behaviour) during the juvenile period (Ayers et al., 2016). On the contrary,
gravid crickets and lizards exposed to predatory stress produced juveniles and adults
expressing stronger anti-predatory behaviours and consequently survival to predatory
attacks (Bestion et al., 2014; Shine and Downes, 1999; Storm and Lima, 2010; Uller and
Olsson, 2006). In adulthood, prey species exposed to predator or predator cue generally
decreased their foraging in open habitats and general activity (Belzung et al., 2001;
Dickman, 1992). Simultaneously, an increase in the avoidance and refuging behaviours
and a decrease in the amount of social interactions performed is detected (Blanchard and
Blanchard, 1989; Blundell et al., 2005; Zangrossi and File, 1992). Additionally, predator
exposure before the elevated-plus maze testing lead to an increase in risk assessment
behaviours and time spent in the open arm in female mice and male rats (Adamec et al.,

2006; Zangrossi and File, 1992).

7.3.2.3 Behavioural phenotype elicited by the traditional prenatal restraint stress
and prenatal chronic variable stress

Prenatal restraint stress and prenatal chronic variable stress elicit behavioural phenotypes
generally potentiating stress-related behaviours in commonly-used exploratory-based
laboratory tests while simultaneously increasing the activity (distance travelled) in these
tests (De Souza et al., 2013; Dong et al., 2015; Mueller and Bale, 2008; Wilson and
Terry, 2013). Immobility was increased in other inescapable stress circumstances (forced
swim, tail suspension test; Morley-Fletcher et al., 2003; Mueller and Bale, 2008).
Prenatal restraint stress and prenatal chronic variable stress also lead to a general decrease
in social interactions performed (De Souza et al., 2013; Lee et al., 2007). However, in
these experiments no foraging or anti-predatory assessment has been conducted on
prenatally restrained or prenatally chronically variably stressed rodents. However, these
prenatal stressors would be expected to decrease the foraging in open habitats and modify

anti-predatory tactics.
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7.3.2.4 Comparison highlights between the behavioural phenotype elicited by the

various prenatal stress paradigms

The behavioural phenotype of animals from predator odour-exposed dams agrees with the
behavioural modifications observed in animals exposed to predator stress. The results
from 5 tests (predator odour exposure, elevated-plus maze, elevated-plus maze following
restraint, mouse defense test battery and foraging test) showed a converging increase in
stress-related behaviours. The open field and light-dark transition tests yielded
contradictory results, especially in mice, and no direct comparison were possible for these

tests with animals exposed to predator stress.

The behavioural phenotype of rats from predator-exposed dams generally agrees with the
results found in prenatally restrained stressed and prenatally chronically variably stressed
animals although there were some variations with the mice phenotype regarding the
general activity level of the rodents. The comparisons are limited by the lack of
information in the literature about the impact of prenatal restraint stress and prenatal
chronic variable stress on the foraging and predator or predator cue exposure associated

anti-predatory behaviours (Error! Reference source not found.).

7.3.3 Physiology

7.3.3.1 Physiological phenotype elicited by rodents from predator odour-exposed

dams

Prenatal predator odour exposure leads to a modest decrease in male mice weight,
appearing after birth, especially in the post-weaning period. This difference was not
detected in female mice and rats of both sexes. Mice from predator odour-exposed dams
also exhibited an increase in their average oxygen consumption rate when presented for
the first time with an inescapable predator odour. Further, over a normal circadian cycle,

the average oxygen consumption rate in mice from predator odour-exposed dams was
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increased in normally low energetic demand periods in both sexes when compared to

control mice.

7.3.3.2 Physiological phenotype elicited by typical predation stress

Predation stress generally leads to lower weight or weight loss. For example, prenatal
exposure to acute predator presence lead to a general decrease in weight in mice and rat
at birth and during the first postnatal week (Ahmadzadeh et al., 2011; Korgan et al.,
2014). Postnatally, weight loss is detected in adult female mice after a week of acute
predator exposure (e.g. Wang et al., 2011). Predation stress also acutely increases the

metabolic rate of prey species (Campeau et al., 2008; Schmidt et al., 2012).

7.3.3.3 Physiological phenotype elicited by the traditional prenatal restraint
stress and prenatal chronic variable stress

Prenatal restraint stress lead to a male-specific decrease in weight at birth which can
normalize in adulthood (Lesage et al., 2004; Vallee et al., 1996). On the contrary,
prenatal chronic variable stress leads to an increase in the mice weight at birth which can

last up to adulthood (Mueller and Bale, 2006).

7.3.3.4 Comparison highlights between the physiological phenotype elicited by
the various prenatal stress paradigms

The detected weight difference in males from predator odour-exposed dams was not
specifically converging with any of the other models, as we did not detect changes in
birth weight. This change might be explained by the fact that the prenatal predator odour
exposure paradigm was milder than the prenatal live predator exposure responsible for
decrease weight at birth. Animals from predator-exposed dams showed an increase in
acute oxygen consumption rate to predator odour similar to the predator-induced increase

in metabolic rate. To my knowledge, metabolic modifications to stress have not been
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investigated in the prenatal restraint stress and prenatal chronic variable stress models

(Table 9).

7.3.4 Endocrinology

7.3.4.1 Endocrine phenotype elicited by the prenatal predator odour exposure

When exposed to a potent predator odour (2,3,5-trimethyl-3-thiazoline), rats and mice
females showed increased stress sensitivity in a species-specific manner while presenting
unaltered baseline levels of stress hormones. Female mice showed an increased
corticosterone release right after the cessation of the stress accompanied by a normal
stress recovery while female rats showed a prolonged adrenocorticotropic hormone
release following predator odour exposure. Mice from predator odour-exposed dams also
presented an elevated thyroid hormone (thyroxine) circulating level at baseline and

following a restraint stress.

7.3.4.2 Endocrine phenotype elicited by typical predation stress

Predator and predator odour presence lead to increased or prolonged circulating
glucocorticoid levels and adrenocorticotropic hormone response (Campbell et al., 2003;
Campeau et al., 2008; File et al., 1993; Masini et al., 2005, 2009; Thomas et al., 2006).
An increase in baseline glucocorticoid level is also observed in response to prenatal live
predator exposure in rat pups (Saboory et al., 2011). In adulthood however, baseline
circulating corticosterone was globally unaltered (Sotnikov et al., 2011; Wang et al,,

2011). Thyroxine circulating level in response to predation stress was not investigated.

7.3.4.3 Endocrine phenotype elicited by the traditional prenatal restraint stress

and prenatal chronic variable stress

Similarly, prenatal restraint stress and prenatal chronic variable stress lead to an increase

in the glucocorticoid response (Koenig et al., 2005; Morley-Fletcher et al., 2003)
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Table 9. Comparative effects of stressors on physiology

Trait

Treatment
Growth / Weight

Predation consensual effect

PO male mice

PO female mice

PO male rat

PO female rat

Laboratory PRS/CVS animals

PO: Prenatal predator Odor exposure
PRS: Prenatal Restraint Stress

CVS: Chronic Variable Stress

Ados.: Adolescent

M: Male

N.A.: Not Available

EN
EN (TN
E (TN

Metabolic
rate
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accompanied with a lower baseline corticosterone in response to restraint stress (Lesage
et al., 2004; Tamashiro et al., 2009), a stressor they experience for the first time directly.
Adrenocorticotropic hormone and thyroxine levels were not investigated in these prenatal

stress paradigms.

7.3.4.4 Comparison highlights between endocrine phenotypes elicited by the

various prenatal stress paradigms

The rodents from predator odour-exposed dams show an endocrine response to predator
odour that is similar to the impact of prenatal and postnatal exposure to predator or
predator cues (Table 10). The baseline alteration in corticosterone level in prenatal
restraint stress and prenatal chronic variable stress exposed animals and their increase
corticosterone response to restraint stress however differ from the adult phenotype of

rodents from predator-exposed dams (Sameera Abuaish, personal communication).

7.3.5 Gene transcript abundance and epigenetic modifications

7.3.5.1 Gene transcript abundance and epigenetic phenotype elicited by the
prenatal exposure to predator odours

Female rodents from predator odour-exposed dams showed an increase in stress-related
genes transcript abundance in the hippocampus (mouse) and amygdala (mouse and rat).
The corticotropin-releasing hormone receptor 1 transcript abundance was increased in the
female mouse amygdala. Further, the brain-derived neurotrophic factor transcript
abundance was decreased in female mice hippocampus, a gene responsive to stress and
associated to neuronal survival. Female rat presented an increase in the transcript
abundance of glucocorticoid receptor (at birth) and FK506 binding protein 5 (in
adulthood) in the amygdala. No differences were detected in the limbic brain regions
(hippocampus and amygdala) investigated in mouse and rat males. Further, the changes
in brain-derived neurotrophic factor and FK506 binding protein 5 transcript abundance

were accompanied by correlated changes in DNA methylation level within their exon and
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Table 10. Comparative effects of stressors on hormone levels

Trait
Treatment
Baseline GC | Stress response |ACTH | Thyroxine
Predation consensual effect 1t 1 1 N.A.
PO male mice = = N.A. 1
PO female mice = 1t N.A. 1t
PO male rat = = = N.A.
PO female rat = = Recov.f N.A.
Laboratory PRS/CVS animals | Birth 3 1 N.A. N.A.

PO: Prenatal predator Odor exposure
PRS: Prenatal Restraint Stress
CVS: Chronic Variable Stress

GC: Glucocorticoids

ACTH: Adrenocorticotropic hormone

N.A.: Not Available
Recov.: Recovery level
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promoter, respectively.

7.3.5.2 Gene ftranscript abundance and epigenetic modifications phenotype
elicited by typical predation stress

Predator or predator odour exposure lead to an increase in the transcript abundance of
stress-related genes, especially the corticosterone-releasing factor which is the most
consistently reported (Figueiredo et al., 2003; Roseboom et al., 2007; Thomson et al.,
2012). Transthyretin, a thyroid hormone transporter down-regulated during stress,
presented a strong decrease in hippocampal transcript abundance in snowshoe hares
under high predation stress (Lavergne et al., 2014). This reduction is most likely a
downstream effect of the elevated stress experienced by these animals. Further, a general
brain region activation through the transcription of immediate-early genes was also
detected in brain regions such as the hippocampus and amygdala (Asok et al., 2013;
Masini et al., 2005). Epigenetic modifications have not been investigated in the context of

predator stress exposure.

7.3.5.3 Gene transcript abundance and epigenetic phenotype elicited by the

traditional prenatal restraint stress and prenatal chronic variable stress

The prenatal restraint stress and prenatal chronic variable stress lead rodents to exhibit a
decreased glucocorticoid receptor transcript abundance (Koehl et al., 1999; Mueller and
Bale, 2008) accompanied by modified DNA methylation in males prenatally exposed to
chronic variable stress (Mueller and Bale, 2008). Further, the brain-derived neurotrophic
factor was expressed at a lower level in both prenatal exposure paradigms along with a
general increase in brain-derived neurotrophic factor methylation (Boersma et al., 2014;
Dong et al., 2015; Monteleone et al., 2014). Finally, rodents prenatally exposed to
chronic variable stress presented an increased corticosterone-releasing hormone transcript

abundance (Mueller and Bale, 2008).
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7.3.5.4 Comparison highlights between the gene transcript abundance and
epigenetic modifications phenotype elicited by the various prenatal stress

paradigms

The phenotype of rodents from predator odour-exposed dams reported here regarding
gene transcript abundance and epigenetic modifications was detected in female limbic
structures only. It is not excluded, and most probable, that males from predator odour-
exposed dams present differences in transcript abundance or epigenetic modifications in
other brain regions or in unexplored to date stress-related genes. The paraventricular
nucleus of the hypothalamus is an especially promising brain region in this regard as it is
the master regulator of the hypothalamic-pituitary adrenal and hypothalamic-pituitary
thyroid axis (Tsigos and Chrousos, 2002; Zoeller et al., 2007). In the future, a
transcriptome analysis using RNA sequencing (RNA-Seq) of the paraventricular nucleus
of the hypothalamus would be especially useful to elucidate the male underlying

modifications in transcript abundance.

Although the impact of predator stress on gene transcript abundance has only been
explored for candidate genes associated with the hypothalamic-pituitary adrenal axis, the
reported effects are in accordance with the modifications found in females from predator
odour-exposed dams. The prenatal restraint stress and prenatal chronic variable stress
phenotype generally produces effects (decreased brain-derived neurotrophic factor and
increased corticosterone-releasing factor transcript abundance) in accordance with those
observed in the females from predator odour-exposed dams (decreased brain-derived
neurotrophic factor and increased corticosterone-releasing factor receptor 1 transcript
abundance). However, not only is the sustained decrease in glucocorticoid receptor
transcript abundance found in both traditional prenatally stressed phenotypes not found in
females from predator odour-exposed dams, but we see the opposite in rat females at

birth (Table 11).
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7.3.6 Comparison of the integrative phenotype elicited by the predator stress,
the traditional prenatal stress paradigms and the prenatal predator odour

exposure

The phenotype of rodents from predator odour-exposed dams is generally consistent and
convergent through all trait types with increased stress-reactivity at the behavioural,
physiological, endocrine, gene transcript abundance and epigenetic level. In both sexes
mice and rats show increased stress-related behaviour although some sex and species
specificities were detected that could in part be explained through the test protocols and
apparatus differences. Interestingly, in both mice and rats, we found a strong and
consistent sex difference with females from predator odour-exposed dams showing
alterations at the endocrine, gene transcript abundance and epigenetic modifications
indicating increased stress reactivity. Therefore, although the endocrine, gene transcript
abundance and regulation mechanisms are sex-specific, the general behavioural and
physiological (oxygen consumption) phenotype converges between the sexes. The male
endocrine, gene transcript abundance and epigenetic modifications are yet to be detected
and could be present within the paraventricular nucleus of the hypothalamus. On the
other hand, species differences could be due in part to the strain used here as Long-Evans

outbred rats and C57BL/6 inbred mouse exhibit very different genetic variability.

It is relevant to note that the phenotype of mouse and rat from predator odour-exposed
dams converge toward a common increase in stress-related behaviours and female stress-
related genes transcript abundance and epigenetic pathways. This convergence highlights
the efficiency and redundancy inherent to the hypothalamic-pituitary adrenal axis,
making it especially efficient to detect stressful environmental information. The
hypothalamic-pituitary adrenal axis input can be detected and then potentiated at the
olfactory receptor level (receptor abundance, wiring intensity), initial production of the
signal at the hypothalamus and pituitary level (corticosterone-releasing factor, arginine-
vasopressin and adrenocorticotropic hormone transcription and release), downstream at

the adrenal level (corticosterone and corticosterone-binding globulin transcription and
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release) and finally at the feedback level within several limbic brain regions (e.g.
amygdala and hippocampal glucocorticoid receptor and co-chaperone transcription).
Programming at any of these levels of regulation may be sufficient to mediate this
increased stress reactivity phenotype and influence the other regulatory levels of the
hypothalamic-pituitary adrenal axis regulation. This complexity and redundancy explains
how the hypothalamic-pituitary adrenal axis is especially well suited for programming
during the perinatal life. Ultimately, all of these levels should be investigated in the
rodents from predator odour-exposed dams to provide a more complete mechanistic

understanding of the underlying prenatal predator odour exposure programming.

The prenatal predator odour exposure phenotype is overall in agreement with the general
phenotypic adaptations elicited by predator or predator cue presence in mammalian preys
(Table 3) regarding the increase in stress-related behaviours in several contexts, increase
metabolism, endocrine response and available information about the gene transcript
abundance modifications detected in juvenile and adult animals. However, the prenatal
predator or predator cue exposure has been less studied and mostly confined to early life
(newborns and juveniles) (Table 4), which makes direct comparison difficult and
underscores the value of the approach and analysis of the integrative prenatal predator
odour exposure phenotype presented in this thesis. Therefore, the prenatal predator odour
exposure phenotype can be interpreted as the programming of adaptations useful in a
situation where predators are present. Notably, these adaptations (increase live predator
and predator odour avoidance) are present in adult animals before any direct exposure to

predator or predator cues.

One way to represent the difference in the integrative stress response detected in rodents
from predator odour-exposed dams is represented in Error! Reference source not found..
The baseline or control animal stress response is graded as an inverted U-shape (based on
the balancing of pressure and performance also known as the Yerkes-Dodson law from
Broadhurst (1956) in response to intermediate levels of stress. In rodents from predator
odour-exposed dams, the stress response appears to be elicited by a broadening of the

window of stress
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Stress response

Stressor intensity

Figure 29. Stress response window in control and prenatally predator odour
exposed rodents.

Control rodents (black curve) show a stress response to an intermediate window of
stressor intensity (grey rectangle). However, prenatally predator odour exposed rodents,
especially females, seem to respond to a wider window (red rectangle extension) of
stressors through a response to lower intensity stressors (dark red curve). According to
the prenatal predator odour exposure phenotype, this detection of lower intensity stressors

might be especially oriented toward predator and predator cue-oriented stressors.
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intensity spanning to milder stressor intensities, most probably especially when these

stressors are associated to predator presence or predator cues.

The prenatal chronic variable stress and prenatal restraint stress phenotypes are generally
converging behaviourally, although anti-predatory behaviour and foraging behaviour
have not been assessed. However, there is divergence from the prenatal predator odour
exposure phenotype in several aspects including the increased weight at birth observed in
rodents prenatally exposed to chronic variable stress and the decreased baseline
glucocorticoids and glucocorticoid receptor transcript abundance in both prenatal restraint
stress and prenatal chronic variable stress exposed rodents. There was also no possible
comparison of the metabolic rate with the rodents from predator odour-exposed dams as
these measures have not been investigated in relation to prenatal restraint stress or
prenatal chronic variable stress. The decreased birth weight and increased baseline
corticosterone detected in rodents prenatally restrained or exposed to chronic variable
stress is also of interest as a translational phenotype as it can trigger the ‘metabolic
syndrome’ described earlier (see section 1.2.1 on page 2) along with chronic stress
impacts described in Table 1. Therefore, one of the main differences between the prenatal
predator odour exposed and prenatal restraint stress/prenatal chronic variable stress

phenotypes is the way their impacts can be interpreted.

7.4 Prenatal predator odour exposure phenotype and the

prenatal stress hypotheses

The prenatal predator odour exposure integrative phenotype does not match the
classically described low-birth weight and incidental ‘thrifty phenotype’ or metabolic
syndrome (Gluckman and Hanson, 2006; McMillen and Robinson, 2005). For example,
rodents from predator odour-exposed dams are not developing hyperphagia or obesity
typical to the metabolic syndrome (McMillen and Robinson, 2005). However, in the
future, an insulin-resistance test should be conducted on the rodents from predator odour-

exposed dams to rule out the classical increase risk of developing diabetes. The prenatal
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predator odour exposure phenotype is therefore distinct from traditionally studied

prenatal restraint stress and prenatal chronic variable stress paradigms.

The prenatal predator odour exposure phenotype better agrees with the mismatch and
predicted adaptive response hypotheses (Bateson and Gluckman 2011) stating that
developmental forecasting determines the individual developmental trajectory. The
increase in rodents from predator odour-exposed dams responsiveness to predator and
predator cue presence can be interpreted as a phenotype appropriate to the prenatal
predicted environment. The prenatal predator odour exposure phenotype can be
interpreted as an adaptive response to a naturally occurring range of cues and signals as
predicted by the predicted adaptive response hypothesis (Bateson et al., 2014). The
prenatal predator odour exposure phenotype detected may maximize the offspring fitness
through increasing survival as a result of an increase in the expression of several
increased anti-predatory behaviours. However, direct fitness consequences should be

evaluated in the future.

Finally, prenatal predator odour exposure elicits long-term phenotypic modifications in
rodents that appear to be mediated at least in part, though long-term epigenetic
modifications, especially in females. As this paradigm leads to adaptive outcomes, it
should be used to study the persistence of the impacts of early life stress over several
downstream generations in absence of the original stressor to observe its persistence in

time.
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