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ABSTRACT 
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Dr. Elena Choleris 

Dr. Neil James MacLusky 

Elevated prenatal testosterone affects social and anxiety-like behaviour in a similar 

manner to early-life stress in mice.  We hypothesize that prenatal testosterone may alter 

stress sensitivity in a similar manner to prenatal glucocorticoids.  We treated mice with a 

low dose of testosterone, dexamethasone (a synthetic glucocorticoid) or sesame oil 

vehicle during mid to late pregnancy.  We assessed the expression of stress sensitive 

genes and microRNAs on the day of birth and at one week of age and hippocampal 

dendritic morphology in adulthood. We found that heightened prenatal testosterone 

decreased miRNA-124 expression on the day of birth.  Prenatal dexamethasone 

increased both mineralocorticoid and glucocorticoid receptor mRNA at one week.  In 

adulthood, hippocampal branching was affected by each treatment in a region and sex 

dependent manner.  Our study may have implications for understanding potential 

neurobiological mechanisms of stress-related disorders resulting from heightened 

testosterone of glucocorticoids during early development.             
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1 Literature Review 

1.1 Introduction 

 Gonadal hormones, such as testosterone, are instrumental in producing sex 

differences in the brain during development.  These differences in the brain are largely 

responsible for regulating sexually dimorphic behaviours such as displaying the 

appropriate sex-typic mating behaviour.  They are also responsible for sex differences 

in non-reproductive behaviour, such as the tendency for males to score higher on tasks 

involving spatial ability.  Understanding the mechanisms through which gonadal 

hormones act during development is critical for our understanding of how sexually 

differentiated behaviours are established.  This understanding can provide insight into 

the underlying causes and symptomatology of neurological disorders that show sex 

differences in their prevalence and symptomatology, such as Autism Spectrum Disorder 

(ASD).  Altering the hormonal milieu has long lasting behavioural consequences and 

increasing testosterone exposure during development has been shown to impair social 

behaviours and is a risk factor of ASD.  The present study aims to determine the 

biological mechanisms through which prenatal testosterone exerts its molecular and 

morphological effects on the brain. 

1.2 Sexual Differentiation and Gonadal Hormones in Development 

 In mammals, biological sex is generally determined by the XY sex-determination 

system.  Females typically have two X chromosomes while males have one X 

chromosome and one Y chromosome.  The Sry gene, which is located on the Y 

chromosome is largely responsible for masculinization during development.  Sry 

expression leads to differentiation of the genital ridge into testes rather than ovaries 
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(Koopman et al., 1991).  The testes then begin to produce testosterone which acts both 

directly, and through its metabolites, including dihydrotestosterone and estradiol, to 

masculinize and de-feminize target tissues during critical periods of development 

(MacLusky & Naftolin, 1981; Maekawa et al., 2014).  During the prenatal period, the 

developing fetus is exposed to maternal gonadal hormones and androgens released 

from the testes in males.  In addition, gonadal hormones including testosterone, 

progesterone and estradiol are thought to be synthesized locally in brain during the 

prenatal period since levels of gonadal hormones in brain tissue do not always correlate 

with those in serum (Konkle & McCarthy, 2011; McCarthy, 2008).  Local 

steroidogenesis in brain tissue is also observed in adulthood (Bidlingmaier et al., 1986; 

Lephart, 1996).  In the brain, testosterone influences differential cell survival/death, 

determines the neurochemical phenotype and guides patterns of neural connectivity 

(Hines, 2006).  This organization of the brain during prenatal and early postnatal 

development determines how the brain will respond to circulating hormones and 

ensures the appropriate sex-typic response later in life (Schwarz & McCarthy, 2008).  

 In rodents, many of the masculinizing and de-feminizing effects are mediated by 

estradiol which is locally aromatized from testosterone in the brain (MacLusky & 

Naftolin, 1981; Roselli et al., 1984; Schwarz & McCarthy, 2008).  In support of this, 

estrogen antagonism has been shown to attenuate the effects of testosterone on sexual 

differentiation of the brain (Doughty et al., 1975).  Additionally, interfering with 

aromatase, the enzyme responsible for local conversion of testosterone to estradiol, has 

been shown to block the actions of testosterone on the developing brain (McEwen et al., 

1977).  Furthermore, most sexually dimorphic brain regions contain high levels of 
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aromatase and high densities of estrogen receptors early in life (Schwarz & McCarthy, 

2008), suggesting that the actions of estrogens are important in the organization of 

these regions.  

  Estradiol from the placenta and from the maternal circulation has the potential to 

masculinize and de-feminize the brain of the developing fetus however, in many rodents 

(including mice and rats) the presence of alpha-fetoprotein (AFP) protects the 

developing fetus from these effects (Bakker et al., 2006).  AFP sequesters estradiol and 

prevents it from crossing the blood brain barrier (Bakker et al., 2006).  AFP is a major 

serum protein that is synthesized by the embryonic liver and is highly expressed during 

embryonic development (Jones et al., 2001).  AFP expression is first detectable on 

embryonic day 9.5 (early to mid-gestation) in mice, then its synthesis decreases after 

birth, leaving only trace amounts expressed in adulthood (Jones et al., 2001).  Female 

AFP knockout mice show no sex specific behaviour as adults, however blocking 

estrogenic action during embryonic development reverses this effect (Bakker et al., 

2006).  This demonstrates that estradiol is required to de-feminize the brain during 

prenatal development and that AFP is necessary to protect the brain from these effects.  

The actions of AFP appear to be specific to estrogens and no equivalent mechanism is 

known to prevent the transfer of maternal testosterone to the fetus (Carlsen et al., 

2006).  This makes it possible for prenatal testosterone to masculinize and de-feminize 

the brain following local aromatization to estradiol. 

 It is well accepted that estrogens play an important role in organizing target 

tissues during development (Bromer et al., 2010).  Testosterone and estrogens may 

have different critical periods in male and female animals since they are elevated at 
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different times during development.  In mice, the testis becomes morphologically 

recognizable at embryonic day 13.5 (Jeanes et al., 2005) and typically exhibits two 

peaks in testosterone secretion during early development: one around embryonic day 

16 and 17, and one about 1-2 hours after birth (Motelica-Heino et al., 1988; vom Saal & 

Bronson, 1980)  (Figure 1).  In the absence of Sry expression, female typic gonad 

development is observed (Wu et al., 2012) and for this reason, feminization was often 

through of as a passive process.  Recent research has challenged this theory, although 

the mechanisms still remain unclear (Wright et al., 2010).  In mice, feminization may be 

driven in part by a surge in circulating estradiol during early development, following the 

critical period for masculinization in the developing male (M. M. McCarthy, 2010; M. M. 

McCarthy & Arnold, 2011; Wright et al., 2010). 

 

 The organizational effects of testosterone during development determine how the  

brain will respond to circulating hormones during adolescence and adulthood (Schwarz 

& McCarthy, 2008).  Gonadal hormones continue to drive sexual differentiation during 

adolescence and adulthood and continue to produce structural changes (Arthur P. 

Figure 1. Developmental testosterone profile. Highlights critical periods of development in 
mice (E = embryonic day, PD = postnatal day). 
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Arnold, 2009).  In addition to these organizational effects, gonadal hormones also 

produce more transient effects during adolescence and adulthood, which are known as 

activational effects (Arnold, 2009; Vermeersch et al., 2008).  In support of this, 

manipulating the hormonal milieu during adulthood to approximate that of the opposite 

sex results in sexually dimorphic sexual behaviour consistent with those characteristic 

of the opposite sex, but changes to behaviour as a result of hormonal manipulation are 

typically not permeant unless the manipulation took place prior to postnatal day 10 

(Arnold & Gorski, 1984).  This supports the concept that in the adult brain the circulating 

hormones are acting upon previously differentiate tissue to produce a sexually 

dimorphic response.      

 To date, the literature has highlighted the importance of gonadal hormones for 

normal brain development.  The brain is extremely sensitive to gonadal hormones 

during the early development and even slight alternations in the hormonal milieu during 

this time can produce changes in brain structure and function, resulting in life-long 

changes in behaviour.  

1.3 Effects of Elevated Prenatal Testosterone on Social and Anxiety-

Like Behaviour 

 Both social behaviours and anxiety-like behaviours show sex differences and are 

influenced by gonadal hormones.  Disorders that are associated with impaired social 

behaviours and increased anxiety often show striking sex differences in their prevalence 

and symptomatology, which may be explained by exposure to gonadal hormones during 

development.   
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1.3.1 Human Disorders  

Studies in humans reveal correlations between prenatal androgen exposure and 

masculinized behaviour.  Congenital adrenal hyperplasia is a condition that results in 

increased androgen secretion.  It is usually diagnosed at birth and treated postnatally to 

regulate hormone production (Hines, 2006).  Even though hormone levels are corrected 

early, increased testosterone exposure during prenatal development still influences 

behavioural development and increases levels of male-typical behaviour, such as male 

play behaviour (Hines, 2006).  Female children with congenital adrenal hyperplasia 

show a stronger preference for male playmates compared to unaffected females (Hines 

& Kaufman, 1994).  In addition, normal differences in prenatal hormone levels 

measured in amniotic fluid have been found to correlate with later life sex-typed 

behaviour where increased testosterone causes more masculinized play behaviour 

(Auyeung et al., 2010; Simon Baron-Cohen et al., 2005; Lutchmaya et al., 2002) 

 Heightened levels of testosterone during development are also associated with 

ASD.  ASD is more prevalent in the male population, and individuals with ASD have 

various physiological abnormalities.  These include changes in brain structures that 

appear to be exaggerations of testosterone driven alterations during development in the 

male fetus (S. Baron-Cohen et al., 2015).  The “extreme male brain theory of autism,” 

attempts to explain these findings and suggests that prenatal exposure to elevated 

testosterone may hyper-masculinize the brain and be responsible for the social deficits 

observed in individuals with ASD (Kanazawa & Vandermassen, 2005).  While males are 

typically better at systemizing and women are typically better at empathizing, the 

extreme male brain is described as being especially good at systemizing but poor at 
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empathizing (Baron-Cohen et al., 2005; Kanazawa & Vandermassen, 2005).  In further 

support of this theory, a study conducted by Kosidou and colleagues (2016), found that 

maternal polycystic ovary syndrome (PCOS), a condition that increases circulating 

androgens, increase the odds of ASD in offspring by 59%.   

While there is convincing evidence that prenatal testosterone may contribute to 

development of ASD, estrogens also play a role in the development of the fetal brain 

(M. M. McCarthy, 2008) and may also play a role in the development of ASD (Baron-

Cohen et al., 2020).  Developmental estrogens regulate synapse formation, neuronal 

differentiation and GABA activity which are all atypical in individuals with ASD (Durand 

et al., 2012; Li et al., 2016; Puts et al., 2017).  Elevated prenatal estrogens and 

progesterone measured in amniotic fluids are associated with ASD likelihood, which 

likely also affect sexual differentiation of the brain (Baron-Cohen et al., 2020). 

 ASD also shows an 11-84% comorbidity with anxiety disorders (Bailey, 2012; 

White et al., 2009).  Diagnosing anxiety disorders usually relies on self-reports but this 

can be difficult for individuals with ASD who have difficulty labeling emotions (Losh & 

Capps, 2006).  Physiological measures of stress may therefore provide a better 

understanding of anxiety disorders in individuals with ASD.  The levels of plasma 

cortisol (the primary glucocorticoid in humans) at baseline and after a stressor and often 

high in individuals with ASD (Sharpley et al., 2016; Taylor & Corbett, 2014), suggesting 

their stress systems are dysfunctional.   

Although baseline cortisol levels are high in individuals with ASD, cortisol 

response following a psychosocial stressor is blunted in individuals with ASD compared 

to controls (Hollocks et al., 2014; Levine et al., 2012).  This reduction in cortisol 
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response following a psychosocial stressor has been significantly related to symptoms 

of anxiety in individuals with ASD and comorbid anxiety disorders (Hollocks et al., 

2014).  Cortisol is involved in both activating the stress response and providing negative 

feedback to the brain to inhibit the stress response.   This makes it unlikely that 

increased plasma cortisol is solely responsible for increased anxiety.  Corticotropin-

releasing factor (CRF) is the hormone that ultimately triggers cortisol production and 

release.  CRF levels are significantly higher in children with ASD than neurotypical 

children (Tsilioni et al., 2014) which may explain the mechanism responsible for 

increased cortisol and heightened anxiety.    

1.3.2 Animal Models  

When using animal models, it is important to understand the developmental 

equivalent to humans since a significant amount of brain development occurs following 

birth in rodents while it occurs during the prenatal period in humans.  The total 

gestational period of mice is about 19-20 days.  The development of the human fetus is 

measured using three trimesters.  The first trimester equivalent in mice is ranges from 

around embryonic day 1-10, the second trimester equivalent ranges from around 

embryonic day 10-20 and the third trimester equivalent occurs postnatally from around 

postnatal day 1-10 (West, 1987).   

Some of the first evidence that gonadal hormones organize neural tissue and 

affect the way an animal interacts with a conspecific came in the 1950s in a study 

investigating the effects of elevated prenatal testosterone on sexual behaviour in 

adulthood.  Female guinea pigs that were prenatally exposed to heightened 

testosterone showed reduced female sexual behaviour in adulthood (Phoenix et al., 
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1959).  This was likely due to masculinization of brain regions that regulate the sexual 

response (Phoenix et al., 1959). 

 A recent study in our laboratory has further explored how heightened 

testosterone exposure during prenatal development interacts with activational hormones 

later in life to affect social and social-cognitive behaviours (Howes, 2016; Wasson, 

2017).  In this study, pregnant CD1 dams were treated with a physiologically relevant, 

low dose (10 µg) of testosterone propionate (TP) during mid to late pregnancy.  This 

dose targeted the upper end of physiological range to represent slightly elevated 

testosterone levels in maternal circulation.  In adolescence and adulthood, behaviours 

that are important for the successes of social animals and have been previously shown 

to have a dependence on gonadal hormones (Choleris et al., 2009, 2012; Ervin et al., 

2015) were assessed.  Before testing in adulthood, mice were gonadectomized or 

received sham surgery, then half of the gonadectomized mice received hormone 

replacements (estradiol for females and testosterone for males) (Howes, 2016; Wasson, 

2017).  The hormone replacement capsules were designed to induce physiologic levels 

of circulating hormones (Meng et al., 2011; Ribeiro et al., 2009).  The prenatal TP 

treatment and the adulthood hormone manipulations made it possible to assess 

interactions between organizational and activational effects of the gonadal hormones.  

The prenatal treatment impaired social recognition in adulthood, sensitizing the animals 

to deficits in social learning, increased aggression and increased anxiety-like behaviour 

(Howes, 2016; Wasson, 2017).  Notably, males had greater sensitivity to the effects of 

the prenatal testosterone treatment than females (Howes, 2016; Wasson, 2017).  The 

current study expands upon findings from this study and aims to uncover the 
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mechanisms through which testosterone acts during development to produce the 

observed behavioural effects.   

1.4 Prenatal Testosterone and the HPA Axis 

 The effects of gonadal hormones on regulating the hypothalamic-pituitary-

adrenal (HPA) axis during adulthood have been well established.  Less is known about 

their role in development, but they appear to also interact with the HPA axis at this time 

and exert organizational effects on the development of stress systems.  Testosterone 

influences stress reactivity in adulthood and its effects on stress systems during 

development may help to explain the associated changes in social and anxiety-like 

behaviours.  

1.4.1 The HPG Axis 

 The hypothalamic-pituitary-gonadal (HPG) axis is responsible for regulating 

secretion and feedback of gonadal hormones (refer to Figure 2 for HPG axis overview).  

The preoptic area of the hypothalamus secretes gonadotropin releasing hormone 

(GnRH) (Millar et al., 2004) which travels to the anterior pituitary.  In response to GnRH 

stimulation, the anterior pituitary then releases luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) which enters systemic circulation (Meethal & Atwood, 2005).  

LH and FSH are responsible for communicating with the gonads.  These hormones 

stimulate the ovaries to produce estrogens and progesterone in females.  In males, LH 

stimulates the testes to produce testosterone and FSH regulates spermatogenesis.  

Gonadal hormones form a feedback loop with the hypothalamus and anterior pituitary to 

inhibit or maintain the production of GnRH (Meethal & Atwood, 2005).  GnRH neurons 

do not express the androgen receptor (AR) or estrogen receptor , suggesting the 
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feedback provided from gonadal hormones is delivered to GnRH neurons indirectly via 

an upstream circuit.  There is evidence to suggest that this upstream circuit involves 

kisspeptin neurons which express gonadal steroid receptors (Losh & Capps, 2006).  

Kisspeptin neurons in different regions of the hypothalamus appear to have different 

roles in directing GnRH and LH secretion.  Kisspeptin neurons in the arcuate nucleus 

signal negative gonadal hormone feedback and promote pulsatile secretion of GnRH 

and LH (Kauffman, 2010) while kisspeptin neurons in the anteroventral periventricular 

nucleus and periventricular nucleus mediate estradiol positive feedback in females to 

trigger the LH surge prior to ovulation (Herbison, 2008; Khan & Kauffman, 2012). 

 

Figure 2. Schematic representation of the HPG axis (a) females (b) males. (Adapted 
from Kong et al., 2014) 

 Altering components of the HPG axis during development can influence the 

development of the reproductive system and result in altered HPG axis activity in 

adulthood.  Female rats that are exposed to high levels of exogenous androgens during 
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development show elevated levels of testosterone and estradiol in adulthood along with 

an irregular estrous cycle (Mannerås et al., 2007; Wu & Shah, 2011), suggesting the 

development of the reproductive system has been altered.  Conversely, male rats that 

are exposed to high levels of exogenous androgens during development show reduced 

levels of testosterone in adulthood (Ramezani Tehrani et al., 2013).  

1.4.2 The HPA Axis  

 Stressors activate the HPA axis by inducing CRF release from the 

paraventricular nucleus (PVN) of the hypothalamus (Rivier & Vale, 1983).  CRF travels 

to the anterior pituitary where it induces adrenocorticotropic hormone (ACTH) release 

into systemic circulation (Smith & Vale, 2006).  ACTH binds to receptors in the adrenal 

context and triggers the synthesis and release of glucocorticoids (Smith & Vale, 2006).  

Glucocorticoids are responsible for maintaining homeostasis by producing physiological 

changes in response to a stressor (Munck et al., 1984).  The primary goal of these 

physiological changes is to increase blood glucose levels by producing new glucose 

molecules through gluconeogenesis (Stephens & Wand, 2012).  They also alter fat and 

protein metabolism in order to meet the increased nutrient requirements of the central 

nervous system (Stephens & Wand, 2012).  Glucocorticoids also influence other 

systems such as cardiovascular function, learning and memory and arousal (Stephens 

& Wand, 2012).  

 Glucocorticoids exert their effects by binding to the glucocorticoid receptor (GR) 

and the mineralocorticoid receptor (MR).  Glucocorticoids have a ten-fold affinity for MR 

compared to GR so under basal conditions, when the levels of glucocorticoids are 

relatively low, they primarily bind MRs, whereas under conditions of stress as levels of 
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glucocorticoids rise, the GR becomes occupied (De Kloet & Reul, 1987).  

Glucocorticoids also modulate HPA axis activity through negative feedback ((Keller-

Wood & Dallman, 1984).  The hippocampus and PVN both contain high concentrations 

of GRs and are important sites for glucocorticoid mediated negative feedback on the 

HPA axis (Jacobson & Sapolsky, 1991; Kovacs & Makara, 1988) (Refer to Figure 3 for 

HPA axis overview).  Glucocorticoids bind to GR which bind glucocorticoid response 

elements on DNA or stimulate other transcription factors to control the transcriptional 

activity of genes involved in the HPA axis, along with multiple other genes (Keller-Wood 

& Dallman, 1984).   

 

Figure 3. Schematic representation of the HPA axis. 

The HPA axis is involved in regulating social and anxiety-like behaviours.  In 

male rats, injections of CRF into the brain decrease active social interactions (Dunn & 

File, 1987).  CRF and corticosterone, the primary glucocorticoid in mice, also have 
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anxiogenic effects on anxiety-like behaviour.  Male mice that over-express CRF have 

increased anxiety-like behaviour (Stenzel-Poore et al., 1994).  In the presence of a CRF 

antagonist, male mice show reduced anxiety-like behaviour, further confirming the role 

of the HPA axis in anxiety-related behaviours (Li et al., 2016).  Injecting male rats with 

corticosterone increases anxiety-like behaviour (R. Mitra & Sapolsky, 2008). 

 Changes in glucocorticoid exposure prenatally affect the development of the HPA 

axis and cause life-long changes in stress system sensitivity and reactivity.  Prenatal 

stress causes an elevation in maternal glucocorticoids which are able to cross the 

placenta and affect the development of the fetus (Barbazanges et al., 1996; Takahashi, 

1998).  This causes changes in behaviour in the offspring which appears to be a 

consequence of altered glucocorticoid sensitivity in the brain (Takahashi, 1998).  The 

mechanisms underlying altered glucocorticoid sensitivity are poorly understood but may 

involve changes in GR transcription (Hellstrom et al., 2012) and in epigenetic regulation 

of GR co-regulators (Charmandari et al., 2013; McEwen & Gianaros, 2010; Quax et al., 

2013).   

 In rats, heightened maternal glucocorticoids during pregnancy results in reduced 

hippocampal GR expression (Levitt et al., 1996), which may lead to an overactive HPA 

axis since the hippocampus is an important site for negative feedback.  The early life 

environment has been shown to have effects on stress sensitivity that persist into 

adulthood.  For example, a study conducted by Weaver and colleagues (2004), 

assessed the effects of maternal care, measured by pup licking/grooming, on the GR 

epigenome. They found that offspring of high licking/grooming mothers had decreased 

DNA methylation of the GR gene promoter in the hippocampus (Weaver et al., 2004), 
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suggesting increased GR expression.  Hellstrom and colleagues (2012) further 

assessed the effects of maternal behavior on the development of the HPA axis 

throughout life and found that offspring of high licking/grooming mothers showed 

increased hippocampal GR expression and a less sensitive HPA axis in adulthood 

(Hellstrom et al., 2012).  

 In mice, heightened maternal glucocorticoids seem to produce similar alterations 

in the HPA axis as in rats (Drake et al., 2007) however, the mechanisms behind these 

changes are likely different.  GR mRNA levels are low in the mouse hippocampus 

during the early postnatal period, so it is unlikely that prenatal stress will directly alter 

GR expression in this region (Noorlander et al., 2006).   Alternatively, prenatal stress 

may not affect GR expression itself, but instead induce changes in GR sensitivity 

(Boersma & Tamashiro, 2015).  This may include modifications in expression of co-

regulator proteins of the GR.         

 Sex differences also exist in the effects of prenatal stress on HPA axis activity, 

although there is a lot of variation reported on what components of the HPA axis are 

affected and in which sex.  Some studies show that prenatal stress only affects HPA 

axis activity in males (Henry et al., 1994) while others show that prenatal stress only 

affects HPA axis activity in females (M. Weinstock, 2011).  In terms of HPA axis effects, 

females generally become more reactive to stress following prenatal stressors.  

Prenatally stressed females have elevated baseline corticosterone compared to 

prenatally stressed males (Montano et al., 1993) as well as a greater (Jezová et al., 

1996) and more prolonged (Marta Weinstock et al., 1992) corticosterone response 

following an acute stressor compared to control females.  The effects of prenatal stress 
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on corticosterone response in males are less consistent (Hauser et al., 2009; Liu et al., 

2001; McCormick et al., 1995), but males appear to be more likely to show changes in 

learning and memory following prenatal stress.  In prenatally stressed rats, males were 

impaired on object recognition and spatial recognition tasks while prenatal stress did not 

affect performance in females (Schulz et al., 2011).  Additionally, prenatal 

dexamethasone exposure has been shown to impair maze learning in male rats while 

improving it in females (Kreider et al., 2005).  This may be partly due to differences in 

hippocampal branching in males and females following prenatal stress (Biala et al., 

2011) or in differences in CRF levels in the brain.  Hypothalamic CRF levels were 

measured in rat offspring where the dams were exposed to daily immobilization stress 

during the last week of pregnancy and males showed an increase in CRF mRNA levels 

while males showed a decrease (García-Cáceres et al., 2010).   

1.4.3 Reciprocal Modulation of the HPG and HPA Axes 

 In adulthood, interactions between gonadal hormones and the HPA axis have 

been well established.  Generally, estrogens increase HPA axis activity (Burgess & 

Handa, 1992; Peiffer & Barden, 1987) while androgens attenuate HPA axis activity 

(Goel et al., 2014).  Gonadal hormones also play a role in controlling the potency of 

glucocorticoid mediated negative feedback and may underlie the sex differences in this 

potency (Young, 1996).  Androgens and glucocorticoids also share common DNA 

binding sites (Nelson et al., 1999) suggesting gonadal hormones and glucocorticoids 

interact at the genomic level (Viau, 2002). 

 There are multiple known sex differences in the HPA axis.  For example, females 

have greater levels of basal and stress included ACTH and corticosterone than males 
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(Critchlow et al., 1963).  Additionally, in female rats basal and stress induced levels of 

ACTH and corticosterone are highest in proestrus, when estrogen and progesterone 

levels peak (Bohler et al., 1990).     

 Less is known about the interactions between the HPA and HPG axes during 

development.  Sex differences in the HPA axis have been observed in neonates but 

gonadal hormones have also been shown to alter HPA axis activity at this time  (Carter 

& Lightman, 1986).  In utero, interactions between testosterone and HPA axis activity 

appear to be the opposite of what would be expected during adulthood.  Glucocorticoid 

levels have been found to correlate positively with testosterone levels in both humans 

(Gitau et al., 2005) and mice (O’Shaughnessy et al., 2003).  If testosterone attenuated 

HPA axis activity as it does in adulthood, a negative correlation would be expected 

between the levels of androgens and glucocorticoids.  Research has shown that ACTH 

directly simulates the fetal testis to produce testosterone in mice (O’Shaughnessy et al., 

2003).  A positive correlation between these hormones suggests that changes in 

components of the HPG axis have the potential to affect the development of the HPA 

axis and/or vice versa. 

 Altering the neonatal gonadal hormonal milieu has been shown to produce 

organizational effects on the development of the HPA axis.  In male rats, neonatal 

gonadectomy results in elevated circulating corticosterone levels in response to stress 

in adulthood (McCormick et al., 1998).  When male rats are gonadectomized in 

adulthood, five days of TP replacement is sufficient to attenuate corticosterone levels, 

but this treatment is not sufficient in neonatal rats (McCormick et al., 1998).  McCormick 

and colleagues (1998) investigated the effects of hormone replacement with TP or 
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estradiol benzoate for 14 days prior to a stress test procedure in adulthood, on animals 

that had been neonatally castrated. In adulthood, the neonatally gonadectomized male 

rats showed elevated corticosterone in response to stress, although a single neonatal 

dose of TP or estradiol benzoate was sufficient to eliminate the increased HPA 

responsiveness in adulthood (McCormick et al., 1998).  Additionally, male rats that 

received neonatal gonadectomy had lower levels of the GR and higher levels of MR 

binding in the pituitary (McCormick et al., 1998).  Male rats exposed to the AR 

antagonist, flutamide, either prenatally or neonatally (between birth and PD5) had 

increased corticosterone responsivity in adulthood (McCormick & Mahoney, 1999).  

These studies highlight the importance of testosterone in early development and show 

that altering testosterone exposure at this time can produce life-long changes in HPA 

axis reactivity. 

1.4.3.1 Structure and Receptor Similarities 

 The HPG and HPA axes may also interact by interacting with common co-

regulator proteins.  The estrogen receptor alpha, estrogen receptor beta, progesterone 

receptor, AR, MR and GR are all steroid hormone receptors that have evolved from a 

common ancestral receptor gene (Thornton, 2001).  Steroid hormones are derived from 

cholesterol and share a common biosynthetic pathway (Thornton, 2001) (Figure 4).  
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Figure 4. Biosynthesis of steroid hormones from common cholesterol precursor pathways 
(Modified from Plenis et al., 2013). 

 Generally, the steroid hormone binds its receptors which then translocates to the 

nucleus and bind the appropriate hormone response element (Beato, 1989).  Once 

bound to the hormone response element, the receptor acts as an activator or repressor 

of gene transcription (Beato, 1989).  GR and AR usually form homodimers when binding 

to their respective response elements, although they share a common response 

element and have also been shown to interact with each other and form heterodimers to 

mediate transcriptional regulation (Chen et al., 1997).   

 Steroid hormone receptors also interact with co-regulator proteins to further 

regulate transcriptional activity.  Glucocorticoids and gonadal hormones share some of 

the same co-regulator proteins.  For example, Luman (CREB3), Luman Recruitment 

Factor (LRF), and arginine and glutamate-rich (ARGLU1) have been shown to cross-

react with GRs and gonadal hormone receptors.  Luman interacts with the AR (Kim et 

al., 2015) and GR (Martyn et al., 2012), while ARGLU1 interacts with both GR 

(Magomedova et al., 2019) and estrogen receptor alpha (Zhang et al., 2011).  LRF acts 

11 11 
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as a negative inhibitor of Luman by targeting it to discrete nuclear foci and represses its 

activity (Audas et al., 2008).  Altering the expression of any of these proteins could 

mediate the effects of testosterone and glucocorticoid sensitivity of the brain. 

1.5 The Hippocampus  

 The hippocampus is an important region for regulation of the stress response 

and also plays a critical role in various types of memory including social recognition, 

episodic memory, spatial memory and contextual fear (Fanselow & Dong, 2010; Kogan 

et al., 2000).  It is located in the medial temporal lobe and is an important structure in 

the limbic system.  It is a region that is greatly influenced by gonadal and stress 

hormones and receptors for both classes of hormones have been identified in cells of 

the hippocampal formation (S. W. Mitra et al., 2003).  This makes the hippocampus a 

potential target for the integration of effects of gonadal hormones and stress hormones 

on neuroendocrine function and behaviour. 

 The structure of the hippocampus is highly conserved across most mammals 

(Figure 5).  Most inputs come from the entorhinal cortex and overlying cortical tissue 

through the perforant pathway.  Inputs arrive from layers II and III of the entorhinal 

cortex to the molecular layer of granule cells in the dentate gyrus of the hippocampus 

(Canto et al., 2008; Groen et al., 2002; Naber et al., 2001).  From here, granule cell 

axons project via the mossy fibre system to the dendrites of cornu ammonis 3 (CA3) 

neurons.  The granule cells terminate on dendritic spines of CA3 pyramidal cells in the 

stratum pyramidale and stratum lucidum layers (Claiborne et al., 1993; Giap et al., 

2000).  The neurons in CA3 project to pyramidal cells in the stratum radiatum layer of 

cornu ammonis 1 (CA1) neurons via the Schaffer collateral pathway (Naber et al., 
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2001).  These three pathways together form the so called trisynaptic circuit (Figure 5).  

From here, hippocampal projections travel back to the entorhinal context (directly or 

through the subiculum), and to other regions such as the prefrontal cortex, lateral septal 

area and the amygdala (Fanselow & Dong, 2010).  The hippocampus also contains 

cornu ammonis 2 and 4 (CA2 and CA4) but these regions are small, and their role and 

structure are difficult to differentiate from CA1 and CA3 (Hitti & Siegelbaum, 2014; Kier 

et al., 1997; Kohara et al., 2014).  CA2 and CA4 are less studied than the major CA 

regions.  

 

Figure 5. Simplified diagram of the trisynaptic loop.  The perforate pathway carries 
information from the entorhinal cortex to the dentate gyrus.  From here information 
travels to the CA3 region via the mossy fibre pathway then to the CA1 region via the 
Schaffer collateral pathway.  Lastly information travels back to the entorhinal cortex 
either directly or through the subiculum and also travels to other brain regions (Mancini 
et al., 2017).  

 The hippocampus can also be divided into dorsal and ventral regions.  The 

structures of the dorsal and ventral hippocampus are similar; however, they appear to 

differ functionally.  The dorsal hippocampus appears to be more involved in spatial 

learning and memory, while the ventral hippocampus appears to be more involved in 



 

 

22 

 

emotional memory, including stress (Strange et al., 2014).  The dorsal and ventral 

hippocampus also differ in the way they response to corticosterone.  In the ventral 

hippocampus, corticosterone has been shown to reduce the frequency of inhibitory 

synaptic currents in the ventral hippocampus through activation of MRs (Maggio & 

Segal, 2009).  Conversely corticosterone has been shown to increase the amplitude of 

inhibitory synaptic currents in both the ventral and dorsal hippocampus through the 

activation of GRs (Maggio & Segal, 2009). 

 Since both glucocorticoids and gonadal hormones act on the hippocampus and 

the hippocampus plays a profound role in regulating learning, memory and the HPA 

axis, understanding how androgens and glucocorticoids affect it during development 

may provide insight into the mechanisms underlying changes in social and anxiety-like 

behaviour caused by heightened gonadal hormone or glucocorticoid exposure.  

1.5.1 Hippocampal Synaptic Plasticity  

 The hippocampus is a highly plastic structure, meaning the synapses are able to 

undergo structural and functional remodelling in response to various stimuli (Leal et al., 

2017).  Synaptic plasticity can be mediated at both the presynaptic and post synaptic 

levels. At the presynaptic level, the levels of neurotransmitters being released from the 

presynaptic neuron may be altered and at the post synaptic level, the number, type and 

properties of neurotransmitters receptors may change which will affect intracellular 

signalling (Leal et al., 2017).  

 Hippocampal synaptic plasticity has been most widely studied in terms of long-

term potentiation (LTP) which is the molecular mechanism that is thought to underlie 

learning and memory processes (Lynch, 2004; Malenka, 2003).  LTP involved changes 



 

 

23 

 

in the synaptic strength at the axo-dendritic synapse and was discovered in the 

hippocampus by Bliss and Lomo in 1973.  They found a weak stimulus to the perforant 

pathway resulted in a low level of synaptic activity in the dentate gyrus and a strong 

stimulus resulted in a high level of activity in the dentate gyrus (Bliss & Lomo, 1973).  

Importantly, if a strong stimulus was followed by a weak stimulus, the weak stimulus 

now evoked a stronger response in the dentate gyrus, suggesting that the strong 

stimulus potentiated the response of the synapse to the weak stimulus and this effect 

was long lasting, in the range of several house (Bliss & Lomo, 1973).  These findings 

show that synaptic strength and responsivity can be modified by experience.  

 Hippocampal LTP has been shown to be mediated by two glutamate receptors 

which are the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 

and the N-methyl-D-aspartate (NMDA) receptor (Rudy, 2014). The AMPA receptor has 

been shown to play a role in the induction and expression of LTP (Rudy, 2014).  The 

NMDA receptor is required for the induction of LTP but does not play a major role in the 

maintenance of LTP (Collingridge et al., 1983; (Rudy, 2014).  In order for NMDA 

channels to open, 2 events need to occur. Glutamate needs to bind to its binding site on 

the surface, but this is not sufficient to open the pore and allow for the influx of calcium 

(Bliss & Collingridge, 1993). This is because the NMDA receptor has a second, internal 

binding site for magnesium (Rudy, 2014). The magnesium acts as a plug and prevents 

the calcium from entering into the cell (Rudy, 2014). In order for the magnesium plug to 

be removed, the synapse needs to be depolarized (Rudy, 2014). This is achieved by 

AMPA receptor activation (Bliss and Collingridge, 1993). When the AMPA receptor is 

activated, the channel opens and an influx of sodium provides the depolarization 
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necessary to remove the magnesium plug (Bliss and Collingridge, 1993). Once both 

glutamate binds and the synapse is depolarized, calcium is able to enter the cell for the 

induction of LTP (Dunwiddie & Lynch, 1978).  The influx of calcium also results in 

recruitment of AMPA receptors to the post-synaptic membrane to potentiate the 

response to later stimulation (Lu et al., 2001). 

 In response to LTP, hippocampal neurons can undergo various types of 

structural modifications.  This includes morphological changes to apical and basal 

dendrites as well as changes to the density and distribution of dendritic spines.  

Alterations in the morphology of dendrites include changes in length, branching, 

diameter, volume and complexity of the dendritic tree.  Hippocampal branching has 

been shown to be regulated by both stress hormones and gonadal hormones (Gould et 

al., 1990; Phan et al., 2012; Catherine S. Woolley et al., 1990).  

 Dendritic spines are small membranous protrusions, located along the length of 

dendrites that hold key receptors involved in synaptic plasticity (Rudy, 2014).  

Presynaptic neurons terminate on dendritic spines, so assessing the distribution and 

quantifying the number of dendritic spines provides insight into the number of 

connections that can be formed and where these connections are.  There are also 

different classes of dendritic spines that can be differentiated through morphological 

analysis. These classes include thin, filopodial and stubby and mushroom-shaped 

spines (Figure 6) (Hering & Sheng, 2001). The thin, filopodial and stubby spines are 

immature types and can appear transiently while mushroom-shaped spines are more 

mature and essentially permeant (Hering & Sheng, 2001).  Changes to dendritic spines 

are rapid and can take place on a scale of minutes (Phan et al., 2012), while changes to 
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dendrite morphology and branching take much longer, on a scale of hours (Born & 

Rubel, 1985).    

 

Figure 6. Dendritic spine classification (Hering & Sheng, 2001). 

Disrupting the prenatal environment may cause lasting changes to dendritic 

morphology that may underlie changes to learning and memory performance. Since 

dendritic morphology has been shown to be sensitive to both gonadal hormones and 

stress hormones, altering exposure to these during critical periods of brain develop may 

cause life-long changes to hippocampal structure.   

1.5.1.1 Gonadal Hormones and Hippocampal Morphology  

 Sex differences in hippocampal dendrite morphology have been assessed in 

adult rats. Females have a greater number of primary dendrites in CA3 (Gould et al., 

1990) and more complex dendritic branching close to the cell body but this sex 

difference is reversed in the more proximal dendrites (Juraska et al., 1989). Male rats 

have more branching in CA1 than females (Markham et al., 2005).  This sex difference 
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is also observed in mice on postnatal day 28, suggesting it is programmed early on in 

development (Keil et al., 2017).   

 The role of testosterone in dendrite complexity has been assessed by analyzing 

hippocampal dendritic branching following gonadectomy surgery in adult male rats. 

Following gonadectomy, male rats show an expansion of CA3 apical dendrites 10 days 

following surgery (Lawton, 2018).  This same effect has been observed 3 months 

following gonadectomy, with a corresponding decrease in spine density, suggesting it is 

long lasting (Mendell et al., 2017).  Additionally, testosterone replacement at the time or 

orchiectomy surgery prevented the gonadectomy-induced changes in dendritic 

morphology (Lawton, 2018).  Conversely, the CA1 region was relatively unaffected by 

male gonadectomy.  These findings suggest that testosterone decreases dendritic 

branching in the CA3 region of the male hippocampus during adulthood.   

 Androgens generally cause an increase in dendritic spine density in the 

hippocampus. For example, during puberty when there is a natural surge in 

testosterone, male rats have an increase in dendritic spine density on apical dendrites 

of CA1 and CA3 neurons (Meyer et al., 1978). Additionally, gonadectomising a male rat 

results in a loss of dendritic spines in CA1, but treatment with DHT or testosterone 

restores this loss (Hajszan et al., 2008; Hatanaka et al., 2015; Leranth et al., 2003). 

 Estrogens also appear to cause an increase in dendritic spine density in the 

hippocampus. Female rats have more CA1 apical spines than males and this difference 

is most pronounced during proestrus (Shors et al., 2001).  In adult female rats, 

gonadectomy reduces CA1 dendritic spine density and this reduction is restored with 

estradiol treatment (Woolley & McEwen, 1993).  Additionally, a single injection of 
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estradiol or estrogen receptor agonist increases CA1 dendritic spine density on a rapid 

timescale, within 40 minutes (Gabor et al., 2015; Phan et al., 2012).  Estrogens may 

similarly increase spine density in male and females.  Treatment with estradiol or 

estrogen receptor α agonist increase spine density within 2 hours in males (Mukai et al., 

2007; Murakami et al., 2006).  Conversely, gonadectomy reduces CA1 spine density in 

male rats and while 2-day treatment systemic androgen treatment has been shown to 

reverse this effect after 2 days, systemic estradiol treatment did not show an increase in 

spine density after 2 days (Leranth et al., 2003).  It is possible that the effects of the 

adulthood estradiol treatment are transient.  Treatment with gonadal hormones during 

the prenatal period may produce permanent changes to hippocampal morphology.  

 Very few studies have assessed the effects of gonadal hormones on 

hippocampal dendritic morphology during the prenatal period. Isgor and Sengelaub 

conducted two studies to investigate the lasting changes to dendritic morphology due to 

early life gonadal hormone manipulations (1998).  In the first study they injected 

pregnant rats with either TP, or dihydrotestosterone propionate (DHTP), or estradiol 

benzoate, or the antiandrogen flutamide subcutaneously from embryonic day 16 (late 

gestation) until the day of birth (Isgor & Sengelaub, 1998). Additionally, flutamide 

treated males were castrated at birth (Isgor & Sengelaub, 1998).  They assessed 

hippocampal morphology in adulthood.  They found that gonadally intact males had 

larger CA1 and CA3 pyramidal cell field volumes and soma sizes compared to females 

(Isgor & Sengelaud, 1998).  Their morphology was feminized with flutamide treatment 

and TP and estradiol benzoate treatment in the females masculinized the CA1 

morphology (Isgor & Sengelaud, 1998).  TP and DHTP masculinized the CA3 
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morphology in females (Isgor & Sengelaud, 1998).  These studies show that treatment 

with gonadal hormones during critical periods of development can produce life-long 

changes in hippocampal morphology and that gonadal hormones contribute to the 

development of sex differences in hippocampal branching. 

1.5.1.2 Stress and Hippocampal Morphology  

 The hippocampal formation plays a critical role in mediating stress responses 

and is essential for learning and memory (Madeira & Lieberman, 1995).  Understanding 

changes to hippocampal morphology following increased testosterone during early 

development, stress in adulthood, as well as prenatal stress may shed some light on the 

mechanisms underlying stress-related neuropsychiatric disorders that exhibit sex 

differences.   

 The effects of stress on hippocampal dendritic morphology vary depending on 

the type of stress, the timing of the stressor and the sex of the animal.  Chronic stress 

has been shown to reduce dendritic spine density on pyramidal neurons in both CA1 

and CA3 of male rats (Castañeda et al., 2015; Conrad et al., 1999; Qiao et al., 2014).  

This decrease in dendritic spines in CA1 has been observed following daily injections of 

corticosterone in male rats, suggesting that the effect of stress is glucocorticoid-

mediated (Morales-Medina et al., 2009).  Additionally, severe chronic stress causes 

atrophy of CA3 apical dendrites in male rats and also decreased dendritic branching 

(Galea et al., 1997; Luine et al., 1994; McLaughlin et al., 2007).  This atrophy does not 

occur under less severe chronic stress conditions (Sousa et al., 2000).  The effects of 

acute stress vary depending on the sex of the animal.  Acute stress increases dendritic 
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spice density on CA1 neurons in male rats but decreases dendritic spine density in 

female rats (Shors et al., 2001).   

 In terms of the effects of prenatal stress, the timing, type of prenatal stress and 

age of the animals when the morphological analysis was conducted also influence the 

effects of dendritic morphological changes.  Mychasiuk, Gibb and Kolb (2011) 

demonstrated that chronic variable stress on gestational days 12–16 (mid to late 

gestation) caused decreases in synaptic connectivity in the hippocampus of juvenile rat 

offspring.  Spine density increased on basal dendrites in CA3 however, there was a 

decrease in neuron number and number of synapses (Mychasiuk et al., 2012).  Another 

study assessed the effects of daily maternal restraint stress from gestational day 11 

(mid gestation) until delivery on dendritic morphology on postnatal days 35 (prepubertal) 

and postnatal day 65 (adulthood) in rats.  They found that in the prepubertal group, 

male rats showed an increase in basal spine density in CA1 but a decrease in apical 

CA3 while in adulthood, spine density was decreased in both hippocampal regions 

(Martínez-Téllez et al., 2009).  When comparing the type of prenatal stress on rat 

hippocampal morphology, short-lasting mild stress has been shown to enhance 

neonatal neurogenesis while long-lasting severe stress has the opposite effect and also 

impairs neuronal morphology (Fujioka et al., 2006), similar to the effects of stress in 

adulthood. The effects of prenatal stress on learning and memory were only assessed 

in adult male offspring, but the increase in dendritic complexity following short durations 

of maternal stress was associated with improved learning and memory (Fujioka et al., 

2006).  These findings suggest that dendritic morphology can be permanently altered by 
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prenatal stress and these alterations can have lifelong impacts on learning and memory 

performance.  

1.6 MicroRNAs 

 Although it is well established that both gonadal hormonal and stress hormonal 

action affects neuronal structure and function, as well as hippocampal dependent 

learning and memory, the mechanisms through which these occur remain unclear.  One 

possible mechanism is though altering the expression of microRNAs (miRNA).  miRNAs 

have been well established as regulators of neuronal plasticity (eg. Edbauer et al., 

2010; Schratt et al., 2006; Siegel et al., 2009; Vo et al., 2005), but their role during 

neurodevelopment has received little attention.    

 miRNAs are a family of small (about 22 nucleotides), non-protein coding RNAs 

that regulate gene expression post-transcriptionally (R. C. Lee & Ambros, 2001).  

Briefly, miRNAs control the expression of genes by forming a miRNA-induced silencing 

complex (miRISC) which generally binds the 3’ untranslated region of target mRNA 

transcripts, determined by complementary base pairing to the 5’ region of the miRNA 

(Brennecke et al., 2005).  The miRISC then inhibits the transcript through 

endonucleolytic cleavage, translational repression or mRNA destabilization/decay 

(Filipowicz et al., 2008).  Altering the expression of miRNAs may contribute to changes 

in gene expression as a result of early life environmental differences.       

1.6.1 miRNA Biosynthesis and Function  

 Most miRNAs are synthesized via the canonical miRNA biosynthetic pathway 

(Figure 7).  This begins with the generation of a primary transcript (pri-miRNA) and is 

initiated by RNA polymerase II (Y. Lee et al., 2004).  pri-miRNA is relatively long (100-
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1000 bp) and has a hairpin loop.  Two enzymes (drosha and dicer) are responsible for 

the subsequent cleavage of pri-miRNA.  Drosha forms a heterodimer with DiGeorge 

syndrome Critical Region 8 (DGCR8) which places the catalytic domain of drosha near 

the base of the pri-miRNA hairpin loop (Han et al., 2004).  Drosha cleaves the hairpin 

and results in precursor miRNA (pre-miRNA).  Pre-miRNA is translocated out of the 

nucleus by the co-transporter exportin 5 (Yi et al., 2003).  Dicer cleaves pre-miRNA into 

the mature miRNA, completing the process.   

 

Figure 7. miRNA processing pathway (adapted from Hohenstein et al., 2015). 

 
1.6.2 miRNAs in Neurodevelopment  

 Manipulating enzymes involved in miRNA biosynthesis in transgenic animal 

models results in various severe developmental consequences and demonstrates the 

importance of miRNAs in early development.  For example, deletion of dicer, an enzyme 

involved in the formation of miRISC, is embryonic lethal in mice (Bernstein et al., 2003).  
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If dicer is knocked out specifically in the neocortex, it results in a smaller cortex, 

improper cortical layering, increased apoptosis and a reduction in neural progenitor cells 

and oligodendrocytes (McLaughlin et al., 2007).  To date, not much is known about the 

role of specific miRNAs in neurodevelopment.  miR-9 and miR-10 are highly expressed 

in the brain and appear to play critical roles in brain development in both humans and 

rodents.  Expression of miR-9 is significantly lower in mouse models with severe central 

nervous system developmental defects (Krichevsky et al., 2003).  miR-10 has been 

shown to target HOX genes which coordinate head-tail body planning during embryonic 

development (Woltering & Durston, 2008).  These findings make it clear that changes in 

miRNAs during early development can have extreme consequences on normal 

developmental patterns, including that of various brain structures.  

1.6.3 Gonadal Hormones, Stress and miRNAs  

 Few studies have investigated the effects of hormones on miRNAs in the brain, 

however there is evidence that several sex steroid hormones, including estradiol and 

testosterone, regulate miRNA expression (Klinge, 2012; Waltering et al., 2011).  A 

distinct sex-specific pattern of miRNA expression in neonatal rodent brains has been 

observed. This difference in expression almost disappeared when the conversion of 

testosterone to estradiol was blocked in males, suggesting that miRNAs are regulated 

by estrogens (Morgan & Bale, 2011).  In the Morgan & Bales study, the whole brain was 

analyzed so it does not provide information on sex differences in specific regions.  This 

is important to consider since adult studies have shown distinct sex differences in 

miRNA expression in the hippocampus, cerebellum and cortex (Hébert et al., 2008).  

Some miRNAs that are highly expressed in the brain, are stress and gonadal hormone 



 

 

33 

 

sensitive and have been shown to play a role in learning and memory include miR-134, 

miR-124 and miR-34 (Creighton, 2017; Haramati et al., 2011; Hu et al., 2013; Meerson 

et al., 2010; Vreugdenhil et al., 2009; Wang et al., 2015; Zhao et al., 2013).   

 miRNA levels have been investigated in response to both chronic stress and 

acute stress.  Acute stress is generally defined as a stress that applies transiently 

whereas chronic stress is defined as prolonged exposure to a stress condition (Reineke 

& Neilson, 2019).   Different regions of the brain exhibit unique patterns of miRNA 

changes in response to stress.  Meerson and colleagues (2010), investigated the effects 

of acute and chronic stress in the central amygdala and CA1 region of the hippocampus 

in male rats.  The acute stress group underwent a single 4 hour immobilization stress 

session while the chronic stress group underwent a 4 hour immobilization stress 

session once per day for 14 days (Meerson et al., 2010).  They found that miR-134 

levels increased following acute stress and decreased following chronic stress 

(Meerson et al., 2010).  miR-134 targets the mRNA encoding splicing factor SC35 which 

promotes alternative splicing of acetylcholinesterase, the enzyme that degrades ACh in 

the synaptic cleft (Meerson et al., 2010).  Altering miR-134 may modify cholinergic 

neurotransmission in the stressed brain (Meerson et al., 2010).  Acetylcholine is an 

important neurotransmitter so altering cholinergic transmission can influence neuronal 

excitability and alter synaptic transmission (Picciotto et al., 2012).  miR-134 has also 

been predicted to target a gene encoding cholesterol side chain cleavage enzyme 

(P450scc), which is a critical steroidogenic gene (Hu et al., 2013).  Specifically, within 

the brain miR-134 has also been shown to target the major brain neurotrophin brain 

derived neurotrophic factor (BDNF) (Wang et al., 2015) .  BDNF is a neurotrophin that 
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plays a critical role in determining neuronal differentiation and survival and is involved in 

synaptic plasticity related to learning and memory (Miranda et al., 2019).  Repression of 

miR-134 leads to increased synaptic plasticity in the mouse hippocampus by increased 

BDNF (Gao et al., 2010).  Additionally, miR-134 is densely populated in the 

synaptodendritic region of hippocampal neurons where it promotes dendritic outgrowth 

but also reduces the size of dendritic spines (Christensen et al., 2010; Schratt et al., 

2006). 

 The miR-34 family (containing miR-34a, miR-34b and miR-34c) have been 

specifically studied for their role in regulating the HPA axis.  The miR-34 family appears 

to play an important role in mounting an appropriate response to a stressor and 

members of this family interact with Crhr1, the gene that encodes for a CRF receptor 

and Notch1 (Dias et al., 2014; Haramati et al., 2011; Shenoda et al., 2016).  Notch1 is a 

gene that is expressed throughout the brain, including in the hippocampus (Ables et al., 

2010) and plays a role in determining cell fate (Fiúza & Arias, 2007).  Notch1 has also 

been shown to sensitive to glucocorticoids (Cialfi et al., 2013).  miR-34c has been 

shown to be unregulated in the amygdala following both acute and chronic stress 

(Andolina et al., 2016; Haramati et al., 2011).  MiR-34 knockout mice show reduced 

anxiety and increased fear conditioning (Andolina et al., 2016).  MiR-34 also appears to 

play a role in regulating synaptic plasticity.  Specifically, miR-34c has been shown to 

repress hippocampal-dependent learning and memory by lowering deacetylase sirtuin 1 

(SIRT1) expression, which is a protein that determines dendritic structure and 

complexity during development and plays a role in maintaining neuronal health during 

aging (Herskovits & Guarente, 2014).  SIRT1 has also been shown to interact with miR-
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134 and it is possible that miR-134 and miR-34c interact to control synaptic plasticity 

(Im & Kenny, 2012).  MiR-34 has also been shown to be sensitive to gonadal hormones. 

Female mice that are subcutaneously treated with estradiol show a decrease in miR-

34b levels and a trend towards lowered miR-34c levels (Creighton, 2017).    

 Intriguingly, miR-124 is a brain specific miRNA that negatively regulates the 

expression of both GR and MR (Sõber et al., 2010; Vreugdenhil et al., 2009).  MiR-124 

has also been found to be dysregulated in the brain of animal models of disorders that 

exhibit sex differences, such as drug addiction (Im & Kenny, 2012).  In terms of synaptic 

plasticity, mi-R124 plays a critical role in spine formation and maturity by inhibiting the 

expression of nuclear factor cAMP response binding protein (CREB) (Rajasethupathy et 

al., 2009).  Additionally, miR-124 has been well implicated in learning and memory 

processes.  Inhibiting miR-124 has been shown to enhance LTP formation and spatial 

learning (Malmevik et al., 2016; Zhao et al., 2013) while over expressing miR-124 has 

the opposite effect in male mice (Yang et al., 2012).   

1.7 Objectives  

 Previous work in our lab has demonstrated that slightly elevated testosterone 

exposure during mid-late pregnancy causes deficits in social behaviour and an increase 

in anxiety-like behaviour in a sex-dependant manner in mice (Howes, 2016; Wasson 

2017).  The mechanisms underlying these behavioural changes still remain unclear.  

The present study was conducted to determine molecular and morphological changes 

that may explain the behavioural consequences of elevated prenatal testosterone.  We 

hypothesized that elevated prenatal testosterone may affect the development of stress 

systems in males and females and produce similar changes to what would be observed 
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as a result of prenatal stress, which is known to affect HPA axis reactivity.  This will be 

tested through the following research questions: 

1) How do stress/gonadal hormone sensitive genes and miRNA levels change on 

the day of birth in the hippocampus following elevated testosterone or 

glucocorticoid exposure? 

Altered gene and miRNA expression during prenatal development can have long 

lasting consequences by producing organizational effects on brain development, 

which in turn can affect how an animal behaves throughout life.  Using CD1 mice as 

an animal model, we administered a low dose of TP prenatally to assess 

developmental effects of elevated testosterone.  This treatment matched what was 

used in the previous behavioural study (Howes, 2016; Wasson 2017).  Additionally, 

another group of mice were prenatally treated with dexamethasone, a synthetic 

glucocorticoid, in order to compare the effects of prenatal stress to those of prenatal 

testosterone.  We assessed if prenatal testosterone and dexamethasone were 

acting through similar mechanisms.  Brain samples were collected following birth 

and the expression of target mRNAs and miRNAs were analyzed in the 

hippocampus.  Specifically, the expression of MR and GR were assessed to help 

understand differences in stress sensitivity and responsively as a result of prenatal 

treatment with testosterone or dexamethasone.   

Consistent with findings from prenatal stress studies (Cottrell & Seckl, 2009; 

Koehl et al., 1999; Maccari et al., 1995), we hypothesized that MR and GR 

expression will be decreased following both prenatal treatments.  Levels of miRNAs 

that are shown to be both gonadal hormone and stress sensitive were assessed on 
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the day of birth in the hippocampus.  Given miR-30 and miR-124s roles in regulating 

Crhr1, GR and MR, we predicted that its expression would increase on the day of 

birth in both prenatal treatments.  Additionally, we hypothesized that the expression 

of miR-134 might decrease in the hippocampus following both prenatal treatments, 

consistent with findings from chronic stress (Meerson et al., 2010).     

2)  How does prenatal exposure to elevated testosterone or glucocorticoids affect 

hippocampal dendritic morphology in adulthood? 

We assessed the effects of elevated prenatal testosterone and dexamethasone on 

hippocampal morphology.  This thesis presents data collected from the ventral 

hippocampus as this region has been well implicated in the stress response. We 

hypothesized that both prenatal testosterone and prenatal dexamethasone would 

impair hippocampal connectivity and signalling in a sex-specific manner.   

 The work presented in this thesis will focus on the effects of testosterone on 

gene and miRNA expression on the day of birth and hippocampal morphology in 

adulthood.  However, various other measures of stress responsivity throughout life were 

also measured.  Corticosterone levels in response to an acute stressor were measured 

in mice that are prenatally treated with testosterone and dexamethasone.  Blood was 

also collected at various time points following birth to map changes in the postnatal 

testosterone surge (normally occurs 1-2 hours following birth).  Blood samples were 

collected in adulthood to determine if the prenatal testosterone treatment affects the 

levels of circulating gonadal hormones and glucocorticoids.  These data are presented 

in a thesis prepared by Hayley Wilson (MacLusky Lab, 2019).   
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Lastly, brain samples were collected in adulthood for mice that underwent the same 

prenatal treatments.  Changes in genes and miRNAs will be analyzed in various regions 

of the adult brain in order to assess the effects of organizational and activational 

changes and determine which changes persist into adulthood.   
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2 Methods 

2.1 All Experiments  

2.1.1 Subjects and Housing  

 Male and female 2-3 month old CD1 mice (Mus musculus) were purchased for 

breeding (Charles River, Saint-Constant, QC, Canada). Mice were housed in an 

enriched environment (paper cup, paper and cotton nesting materials) with corncob 

bedding in polyethylene cages (16 cm x 12 cm x 26 cm) and cages were changed once 

a week. Mice were kept on a reversed light/dark cycle (12:12h, lights off at 0800 h) at 

21±1°C.  Mice received rodent chow (14% Protein Rodent Maintenance Diet, Harlan 

Teklad, WI) and tap water ad libitum.  A high protein diet (18% Protein Rodent 

Maintenance Diet, Harlan Teklad, WI) was provided to dams and litters from the day of 

breeding until one week after weaning.  

 All experimental procedures were conducted in accordance with the Canadian 

Council on Animal Care guidelines and were approved by the University of Guelph 

Institutional Animal Care and Use Committee. 

2.1.2 Breeding  

 Breeding pairs were formed between 2-3 month old CD1 mouse (Charles River 

Laboratories, St. Constance, QC, Canada) at the beginning of the dark phase (0800h).  

Mice were monitored daily, at the end of their dark phase (2000h), for the presence of a 

vaginal plug.  The presence of a vaginal plug marked embryonic day 1.  On embryonic 

day 1 the male was removed from the cage, leaving the female single housed for the 

duration of her pregnancy. 
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2.1.3 Prenatal Hormone Treatment  

 On embryonic days 12, 14 and 16, pregnant dams received a subcutaneous 

injection with 0.05 ml of either 10 μg of TP (Galenova, Saint-Hyacinthe, QC, Canada), 

0.1 mg/kg of dexamethasone (Sigma-Aldrich) or sesame oil vehicle control.  Embryonic 

days 12, 14 and 16 were chosen because they coincide with development of sexually 

dimorphic brain regions that are relevant to social and cognitive behaviours (Arnold & 

Gorski, 1984). The dose of testosterone matches what was used in the previously 

completed behavioural study.  The dose of dexamethasone was chosen as it is similar 

to the dose of synthetic glucocorticoids used to treat pregnant women at risk of preterm 

labour, making it physiologically relevant (American College of Obstetricians and 

Gynecologists’ Committee on Practice Bulletins—Obstetrics, 2016).  Nexcare™ No 

Sting Liquid Bandage was used to seal the injection site in order to minimize leakage.     

2.1.3.1 Validating Testosterone Treatment 

 To assess circulating gonadal hormone levels following treatment, pregnant 

dams were deeply anesthetized with avertin (1.4% tribromoethanol, 1.4% amyl alcohol 

dissolved in dH2O; Sigma-Aldrich, Oakville, ON, Canada) delivered through an 

intraperitoneal injection (at least 340 mg/kg), on embryonic day 16, 6-7 h after the final 

prenatal treatment was administered.  Cardiac blood was collected by puncturing the 

left ventricle and a syringe was used to draw blood.  The blood was temporarily stored 

in microvette ethylenediaminetetraacetic acid coated tubes (Sarstedt, Montreal, QC) on 

ice for 1-2 h.  Plasma was separated by centrifugation at 10,000 x g for 5 min then 

pipetted into 1.5 ml Eppendorf microcentrifuge tubes and stored in small plastic zip bags 

at -80˚C until further analysis.  
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 Steroid hormones were extracted from the plasma using 5:1 (v/v) diethyl ether 

(Sigma-Aldrich, Oakville, ON, Canada) with 0.1% ascorbic acid (ThermoFisher 

Scientific, Mississauga, ON, Canada).  Samples were vortexed for 2 min then left in a 

fume-hood at room temperature for 15 min to allow for phase separation.  Each sample 

was then placed in an ethanol-dry ice bath until the aqueous phase froze.  The organic 

phase, containing the hormones, was removed by pipetting and placed in a clean 1.5 ml 

Eppendorf microcentrifuge tube.  The solution containing diethyl-ether and the steroid 

hormones was left in the fume-hood for 24 h to allow the diethyl-ether to evaporate, 

leaving behind only the steroid hormones.  The hormones were resuspended in 0.1% 

human serum albumin (Sigma-Aldrich, Oakville, ON, Canada).  ELISAs were performed 

according to manufactures directions using a commercially available kit (Testosterone 

ELISA Kit, Abcam Inc., Toronto, ON) to quantify the concentration of testosterone in the 

sample.  

2.1.3.1.1 Statistical Analysis  

 The concentration of testosterone was determined using a standard curve.  The 

optical density values from the ELISA were fitted to a four-parameter logistic curve 

using the LL4 function in the “Analysis of Dose-Response Curves Package” in R 

Statistical Software (R Foundation; Ritz and Streibig, 2005).  To assess if there were 

heightened levels of plasma testosterone in blood plasma of dams who received the 

testosterone injection, a Wilcoxon Rank Sum test was conducted using R studio 

(Version 0.99.903) between the samples for the dams who received the sesame oil 

control compared to the dams who received TP.  A single sample that had a 

testosterone concentration more than 2 standard deviations from the mean was 
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removed from analysis as an outlier.  Statistical significance was defined as p > 0.05 

(two tailed).  

2.2 Experiment 1: Day of Birth Hippocampal Stress-Sensitive Gene 

and miRNA Analysis Following Prenatal Testosterone Treatment  

Experiment 1 focused on assessing hormone levels following prenatal 

testosterone treatment on the day of birth and in adulthood, as well as stress sensitive 

gene and miRNA analysis in the hippocampus on the day of birth.  Mice that were 

raised to adulthood were cross fostered on the day of birth to eliminate possible 

differences in maternal care due to the prenatal testosterone treatment.  

While this thesis focused on neonatal changes in gene and miRNA analysis in 

hippocampal tissue, methods and results on hormone analysis for these animals are 

presented in a separate thesis by Hayley Wilson (MacLusky Lab, University of Guelph, 

2019), which includes serum testosterone levels on the day of birth, serum testosterone 

levels during adolescence and serum testosterone levels during adulthood.  Prior to 

blood collection in adulthood, animals underwent gonadectomy surgery, gonadectomy 

surgery with hormone replacement or sham surgery to determine both organizational 

and activational effects of the prenatal testosterone treatment.  Additionally, 

corticosterone levels in hair were assessed during adulthood to investigate long-term 

changes in HPA axis activity and function. 

2.2.1 Sacrifice and Tissue Collection  

From embryonic days 18- postnatal day 0, pregnant dams treated with 

testosterone were monitored every 3h from 0800h-2000h.  Dams were left undisturbed 

for at least 1h following birth to ensure parturition was complete before pups were 
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removed from the cage.  Litters were culled to 4 male and 4 female mice (see 2.2.2 

Neonatal Sex Determination).  In cases where PCR failed, 4 pups were chosen at 

random and sexed at weaning.  Additional pups in the litter were sacrificed via 

decapitation 6-18 hours after birth to allow time for PCR for sex determination to be 

completed.  Pup heads and trunk blood were collected in a 1.5 ml Eppendorf tube and 

flash frozen using liquid nitrogen.  Heads and trunk blood were stored at -80˚C for 

further analysis. 

2.2.2 Neonatal Sex Determination  

 Sex was determined via PCR amplification of Y-linked Sry, using autosomal IL3 

as a control.  Since IL3 is autosomal, it is expected to be present in both sexes and 

suggests that there is enough DNA present in the sample to be detected.  Since Sry is 

Y-linked, it is only present in male DNA.  DNA isolation and PCR were complete using 

KAPA mouse genotyping kit (KapaBioSystems) following manufactures directions.  PCR 

was carried out in a MyCycler Thermal Clycler (Bio-Rad).  Additionally, 2mM of 

magnesium chloride (Invitrogen) was added to each reaction. PCR conditions were as 

follows: initial denaturation at 95 ̊C for 5 minutes, then 38 cycles of denaturation at 95 ̊C 

for 35 seconds, primer annealing at 57.7 ̊C for 1 minute, extension at 72 ̊C for 1 minute, 

and a final extension at 72 ̊C for 5 minutes.  The following forward and reverse primers 

were used: 0.5 μM Sry forward and reverse primers: 5’-TGGGACTGGTGACAATTGTC-

3’ and 5’- GAGTACAGGTGTGCAGCTCT-3’ (Life Technologies, Burlington, ON, 

Canada) and 0.3 μM of the following IL3 forward and reverse primers: 5’-

GGGACTCCAAGCTTCAATCA-3’ and 5’- TGGAGGAGGAAGAAAAGCAA-3’ (Life 

Technologies, Burlington, ON, Canada).  The size of the amplicon was analyzed by gel 
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electrophoresis.  A 1.5% (wt/vol) agarose gel was prepared using 1X TAE and ethidium 

bromide (EtBr) then run at 100 V for 50 minutes. GeneRulerTM 100 bp DNA ladder 

(Thermo Fisher Scientific, Mississauga, ON, Canada) was used as a standard and the 

amplicon was visualized using 10 X DNA loading dye (Thermo Fisher Scientific, 

Mississauga, ON, Canada).  The presence of Sry (band at 402 bp) and IL3 (band at 544 

bp) indicated the pup was male while only IL3 indicated the pup was female.  In pups 

that had been culled, sex was confirmed by laparotomy.    

2.2.3 Brain Tissue Preparation  

 Genes and miRNAs that are differentially expressed as a result of prenatal 

treatment in both males and females were determined in the brains collected 6-18 hours 

after birth.  Pup heads were sliced coronally at 150 µm using a cryostat (Leica CM1950) 

at -13˚C.  Next, the hippocampus and overlying cortex were micro-dissected on a cold 

stage using a dissecting microscope.  Tissue from two same-sex pups of the same 

experimental litter were pooled to obtain high enough RNA concentrations for mRNA 

and miRNA analysis. 

2.2.4 RNA Isolation and cDNA Synthesis 

 Total RNA was isolated from brain tissue using the miRNeasy Mini Kit following 

manufactures directions, including the optional on-column DNase digestion (RNase-free 

DNase –Qiagen).  RNA was eluted in 30 µl RNase-free water and stored at -80°C.  RNA 

sample quality was assessed by NanoDrop spectrophotometer ratios and RNA integrity 

analysis. RNA was revere transcribed to complementary DNA (cDNA) for both mRNA 

and miRNA.  For analysis of mRNA, total RNA was reverse transcribed using qScript 

cDNA Supermix (Quanta Biosciences), following manufacturer’s directions.  For 
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analysis of miRNA, RNA was reverse transcribed using the qScript microRNA cDNA 

Synthesis Kit (Quanta Biosciences –Gaithersburg, MD, USA), following manufacturer’s 

instructions with one addition.  To prevent inhibition of quantitative PCR (qPCR) by 

Poly(A) reaction components, 2 ng of tRNA (Sigma) was added to each reaction. 

2.2.5 Gene and miRNA Expression Determination Using qPCR  

 Quantitative PCR was carried out in a BioRad CFX96TM (BioRad) instrument.  

qPCR was performed for each target, carried out in triplicate in 10 µl reaction volumes 

containing 5 µl of PerfeCTa SYBR Green Super Mix (QuantaBio), 0.2 µl of 10 µM 

forward and reverse primers (Table 1; Invitrogen) each, 2.6 µL UltraPure™ 

DNase/RNase-free distilled water (Invitrogen), and 2 µL of template cDNA.  miRNA 

target reactions contained 0.2 µL of 10 µM universal primer (Quanta Biosciences) in 

addition to 0.2 µL of 10 µM target specific primer rather than forward and reverse 

primers.  mRNA and miRNA expression were normalized to the expression of HPRT 

and miR-17-5p respectively, which were found to be stable between experimental 

conditions determined by qPCR.   
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Table 1. Table of qPCR primer sequences 

Target Sequence 

HPRT Forward 

 

5’-TGACACTGGCAAAACAATGCA-3’ 

HPRT Reverse 5’-GGTCCTTTTCACCAGCAAGCT-3’ 

GR Forward 5’-CAATAGTTCCTGCCGCGCTG-3’ 

GR Reverse 5’-GGCGCCCACCTAACATGTTG-3’ 

MR Forward 5’-CAAGGTCACACAGCCCCGTA-3’ 

MR Reverse 5’-CAAGGTCACACAGCCCCGTA-3’ 

miR-17-5p MIMAT0000070(*) 

miR-124-3p MIMAT0004591 (*) 

miR134-5p MIMAT0000447 (*) 

miR-34c-5p MIMAT0000686 (*)  

(*) Commercial primers (Quanta Biosciences) used for qPCR of mature miRNAs  

2.2.6 Statistical Analysis  

The standard deviation was calculated for each triplicate.  If the standard deviate 

was greater than 0.3, the triplicate was re-run since this suggests significant pipetting 

error.  The average of each triplicate was calculated.  Fold change in expression was 

calculated using the 2-ΔΔCt method relative to the female control group. 

A two-way ANOVA (sex x treatment) was performed for each mRNA or miRNA of 

interest.  Data displaying inhomogeneity of variance, indicated by Levene’s test was ln 

transformed prior to statistical analysis.  Outliers were removed prior to statistical 

analysis if they fell below quartile 1 (Q1) - 1.5 interquartile range (IQR) or above 

quadrant 3 (Q3) + 1.5 IQR (0-1 per group) (NIST/SEMATECH e-Handbook of Statistical 
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Methods, n.d.).  A significance level of p <.05 was used for all statistical analyses.  

Statistical analysis was performed using RStudio (Version 1.2.1335). 

2.3 Experiment 2: Hippocampal Stress-Sensitive Gene and miRNA 

Analysis 6 Hours After Birth Following Prenatal Testosterone and 

Dexamethasone Treatment 

Based on our findings from the previously completed behavioural project (Howes, 

2016; Wasson, 2017) and experiment 1 (Wilson, 2019), we have evidence to suggest 

prenatal testosterone may be mediating its effects through the HPA axis.  If this is true, 

then we would expect dexamethasone to exert similar effects to testosterone.  Based on 

these findings, an additional prenatal dexamethasone treatment was added for 

comparison. One question that remained unanswered was if the prenatal treatment 

affected the day of birth testosterone surge that normally occurs about 2 h following 

birth.  Results from experiment 1 suggested a change (Wilson, 2019) but blood was not 

collected at specific times following birth.  Experiment 2 aimed to map the postnatal 

testosterone surge on the day of birth following either prenatal treatment relative to 

controls.  To do this, mice were monitored 24 h a day to determine precise time of birth 

then the pups were sacrificed 1, 1.5, 2, 2.5, 4 and 6 h following birth and trunk blood 

and brains were collected for further analysis.  Results on the timeline of the day of birth 

testosterone surge are presented in Hayley Wilson’s thesis (2019).  Since the day of 

birth testosterone surge may affect candidate gene and miRNA expression, brains were 

also collected at specific times following birth so that they could be analyzed at a 

standardized time for a more precise stress sensitive gene and miRNA analysis in the 

hippocampus than described in experiment 1.  
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2.3.1 Sacrifice and Tissue Collection  

On the first day, dams were monitored from 0400h-2100h to determine the exact 

time of birth.  The birth of six litters was missed overnight so monitoring was changed to 

24 h for the remainder of the experiment.  Pups were sacrificed via decapitation 6 h 

after birth.  Pup heads were collected in a 1.5 ml Eppendorf tube and flash frozen using 

liquid nitrogen.  Heads were stored at -80˚C for further analysis.  The six litters that were 

missed on the first night were left undisturbed for a week and used in experiment 3.   

2.3.2 Neonatal Sex Determination  

 Pup bodies were collected and used for sex determination by laparotomy.  In 

cases where the sex was not clear by laparotomy, sex was determined via PCR 

amplification of Sry, using IL3 as a control as described in section 2.2.2. 

2.3.3 Brain Tissue Preparation  

 Genes and miRNAs that are differentially expressed as a result of prenatal 

treatment in both males and females were determined in the brains collected 6 hours 

after birth.  Pup heads were sliced coronally at 150 µm using a cryostat (Leica CM1950) 

at -13˚C.  Next, the hippocampus and overlying cortex were micro-dissected on a cold 

stage using a dissecting microscope.  Tissue from two same-sex pups of the same 

experimental litter were pooled to obtain high enough RNA concentrations for mRNA 

and miRNA analysis. 

2.3.4 RNA Isolation and cDNA Synthesis 

RNA isolation and cDNA synthesis followed the same protocols outlined in 

experiment 1 (section 2.2.4).   
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2.3.5 Gene Expression Determination Using qPCR  

 Quantitative PCR was carried out in a BioRad CFX96TM (BioRad) instrument.  

qPCR was performed for each target, carried out in triplicate in 10 µl reaction volumes 

containing 5 µl of PerfeCTa SYBR Green Super Mix (QuantaBio), 0.2 µl of 10 µM 

forward and reverse primers (Table 1; Invitrogen) each, 2.6 µL UltraPure™ 

DNase/RNase-free distilled water (Invitrogen), and 2 µL of template cDNA.  mRNA and 

miRNA expression were normalized to the expression of HPRT and miR-17-5p 

respectively, which were found to be stable between experimental conditions 

determined by qPCR.   

2.3.6 Statistical Analysis  

The standard deviation will be calculated for each triplicate.  If the standard 

deviate is greater than 0.3, the triplicate was re-run since this suggests significant 

pipetting error.  The average of each triplicate will be calculated.  Fold change in 

expression will be calculated using the 2-ΔΔCt method relative to the female control 

group. 

A two-way ANOVA (sex x treatment) will performed for each mRNA or miRNA of 

interest.  Data displaying inhomogeneity of variance, determined by Levene’s test will 

be transformed prior to statistical analysis.  Outliers will be removed if they fell below Q1 

- 1.5 IQR or above Q3+ 1.5 IQR (0-1 per group).  A significance level of p <.05 will be 

used for all statistical analysis.  Statistical analysis will be performed using RStudio 

(Version 1.2.1335). 
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2.4 Experiment 3: Hippocampal MR and GR Expression 1 Week After 

Birth Following Prenatal Dexamethasone Treatment 

MR and GR mRNA levels were assessed in the hippocampus at one week of age 

in animals where the exact time of birth (but not day) was missed in experiment 2.  This 

included 3 litters that received the prenatal control treatment and 3 litters that received 

the prenatal dexamethasone treatment.  The HPA axis matures during the early 

postnatal period in mice and changes to receptor expression during this time may lead 

to permanent changes in HPA axis activity later in life (Noorlander et al., 2006).   

2.4.1 Sacrifice and Tissue Collection  

Six litters of pups were sacrificed by decapitation.  These litters consisted of 3 

prenatal control litters and 3 prenatal dexamethasone litters.  Pup heads were collected 

in a 5 ml Eppendorf tube and flash frozen using liquid nitrogen.  Heads were stored at -

80˚C for further analysis.   

2.4.2 Neonatal Sex Determination  

All mice were sexed by laparotomy. 

2.4.3 Brain Tissue Preparation  

MR and GR gene expression were determined in the hippocampus of males and 

females from the prenatal control and prenatal dexamethasone groups.  Pup heads 

were sliced coronally at 150 µm using a cryostat (Leica CM1950) at -10˚C.  The 

hippocampus and overlying cortex were micro-dissected on a cold stage using a 

dissecting microscope.   



 

 

51 

 

2.4.4 RNA Isolation and cDNA Synthesis  

RNA isolation and cDNA synthesis followed the same protocols outlined in 

experiment 1 (section 2.2.4) for mRNA cDNA.   

2.4.5 Gene Expression Determination using qPCR 

Gene expression determination by qPCR followed the same protocol outlined in 

experiment 1 (section 2.2.4).  GR and MR gene expression was normalized to HPRT 

expression, which was found to be stable across experimental groups, assessed by 

qPCR.  Expression of each gene was averaged for animals of the same sex from the 

same litter prior to normalizing the data in order to account for litter effects.  Each 

experimental group contained between 1-3 animals from the same litter that were 

averaged together to create 1 data point.  Each experiment group had a sample size of 

3 after averaging animals from the same litter.     

2.4.6 Statistical Analysis  

The standard deviation was calculated for each triplicate.  If the standard deviate 

was greater than 0.3, the triplicate was re-run since this suggests significant pipetting 

error.  The average of each triplicate was calculated.  Fold change in expression was 

calculated using the 2-ΔΔCt method relative to the female control group. 

A two-way ANOVA (sex x treatment) was performed for each mRNA gene of 

interest.  Data did not display inhomogeneity of variance, determined by Levene’s test.  

A significance level of p < .05 was used for all statistical analysis.  Statistical analysis 

was performed using RStudio (Version 1.2.1335). 
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2.5 Experiment 4: Adulthood Hippocampal Morphological Changes 

Following Prenatal Testosterone or Dexamethasone Treatment 

In this experiment, mice were treated with either prenatal testosterone or prenatal 

dexamethasone and raised to adulthood.  During adulthood they underwent a 30 min 

restraint stress and corticosterone levels were determined at various intervals following 

this acute stressor to determine if the prenatal treatments altered later life stress 

response and recovery.  Findings from these experiments are presented in a separate 

thesis by Hayley Wilson (MacLusky Lab, University of Guelph, 2019).  This thesis 

focuses on the hippocampal morphological changes in animals that did not undergo 

restraint stress in adulthood to investigate potential long-term changes in hippocampal 

connectivity as a result of prenatal hormone manipulation.  

2.5.1 Culling, Cross Fostering and Weaning 

On the day of birth, animals were culled to 8 pups per litter. Litters consisted of 4 

females and 4 males when possible.  Culled pups were euthanized by decapitation.  

Sex was determined by PCR the as described in section 2.2.2 using toe clippings as the 

source of DNA.  PCR was unsuccessful in 10/18 litters.  The composition of each litter 

in each treatment group was as follows:  

• Control group (6 litters): 6 females, 2 males; 4 females, 4 males; 4 
females, 4 males; 2 females, 6 males; 5 females, 4 males; 4 females, 4 
males    

• Testosterone group (6 litters): 4 females, 4 males; 6 females, 2 males; 5 
females, 3 males; 5 females, 3 males; 3 females, 5 males; 4 females, 4 
males 

• Dexamethasone group (6 litters): 3 females 5 males; 4 females, 4 males; 
5 females, 3 males; 4 females, 4 males; 5 females, 3 males; 4 females, 4 
males 
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 Animals were cross fostered to untreated mothers that has given birth within the 

past 96 h, to avoid potential effects on maternal behaviour as a result of the TP 

treatment (Mann & Svare, 1983).  Pups were placed in bedding from the cross-foster 

dams cage for 10 mins. Next the pups were introduced to the adopting dam and 

monitored for adequate maternal care, determined by milk spots and pup retrieval for 24 

h. On post-natal day 20, mice were weaned, and pair or triple housed with same sex 

siblings. 

2.5.2 Sacrifice and Tissue Collection  

 Mice were sacrificed by cervical dislocation between postnatal days 77 and 82 

(adulthood).  Females were sacrificed when vaginal cytology, determine by vaginal 

lavage, indicated metestrus or diestrus when levels of circulating estrogens and 

progesterone are lowest (Nilsson et al., 2015).  Brains were extracted within 1 minute of 

sacrifice and each hemisphere was separated along the rostro-caudal midline. Half 

brains (alternating between the left and right hemispheres) were frozen in liquid nitrogen 

for later genetic analyses, and the other half processed for Golgi-Cox staining (see 

section 2.3.4 for details on solution).  

2.5.3 Golgi-Cox Staining 

 Golgi Cox solution [1% potassium dichromate (Fisher Scientific, Ottawa, ON, 

Canada), 0.8% potassium chromate (Sigma-Aldrich, Oakville, ON, Canada), 1% 

mercuric chloride (Sigma-Aldrich) was prepared and filtered (Whatman grade 1 filter 

paper; Fisher Scientific).  Half brains were stored in 20 ml Golgi Cox solution for 26 

days at room temperature, protected from light. Next they were transferred to 30% 

sucrose solution in 0.1M phosphate buffer (PB) for 48 h at 4°C.  A vibratome (Leica) 
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was used to section brains into 300 µm coronal sections then sections were stored in 

6% sucrose solution at 4°C for 24-hours. Next, sections were fixed in 2% 

paraformaldehyde for 15 mins, 2.7% ammonium hydroxide for 15 min then 10% Kodak 

rapid fixative for 25 mins. Between each step, sections were rinsed with Milli-Q water for 

5 mins.  Sections were float mounted onto microscope slides then allowed to air dry. 

Once dry, sections underwent a serial dehydration with 50%, 70%, 85% and 95% 

ethanol for 2 min each followed by two separate 100% ethanol and xylene steps for 5 

mins each.  Next slides were cover-slipped using Permount mounding medium (Sigma-

Aldrich). Slides were left to dry overnight and then sealed with clear nail polish to 

prevent oxidization.  

2.5.4 Sholl Analysis  

 Neurons in the CA1 and CA3 subfields of the hippocampus were selected for 

dendritic structure analysis. Neurons that were fully impregnated with Golgi Cox 

solution, relatively isolated from surrounding neurons and not damaged or broken were 

selected.  An image stack (Nikon 90i/80i microscope, QImaging camera) was obtained 

for the selected neurons every 2 µm throughout the brain section. Neurolucida software 

(Version 10, MBF Bioscience, Williston, VT, USA) was used to trace the image stack to 

produce a three-dimensional representation of the neuron.  On average, 3-5 neurons 

were taken per animal for each region of interest.  Sholl analysis was used to determine 

changes in dendritic structure using the Neurolucida Explorer software (MBF 

Bioscience, Williston, VT, USA).  This software places increasing concentric spheres 

every 20 μm starting from the soma and extending the entire length of the basal and 

apical dendritic trees. Sholl analysis data for the number of intersections and dendritic 
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length were analyzed.  Data collected from the same animals were averaged prior to 

statistical analysis.  

2.5.5 Dendritic Spine Analysis  

 Golgi-stained sections were used to investigate dendritic spine density in the 

apical region of ventral hippocampal CA1 neurons.  CA3 neurons were excluded from 

the analysis due to poor staining of the dendritic spines.  Neurons that were fully 

impregnated with Golgi-cox solution, were intact and not broken and that had at least 10 

µm of the dendrite in the imaged plane were selected.  The apical dendritic tree was 

divided roughly in three equal-length parts to determine the proximal (closest to the 

soma), medial and distal (farthest from the soma) fields.  Two to 6 images of the 

dendritic spines were acquired per region (ie. 2-6 images of proximal, 2-6 images of 

medial and 2-6 images of distal taken from neurons within the hippocampal subfield) per 

animal using a 63x oil-immersion lens (Zeiss).  Spine density was calculated as the 

number of spines per 10 µm of dendritic length determined by image analysis using 

Image J software (version 1.38x, National Institutes of Health, Bethesda, MD, USA).  

2.5.6 Statistical Analysis  

A mixed factorial ANOVA was performed for the Sholl analysis with radius 

(distance from the soma in µm) as the within subject factor and sex and treatment as 

the between subject factors. Two-way mixed factorial ANOVA, one-way ANOVAs and 

Tukey’s HSD were used for post-hoc analysis in the presence of significant main effects 

of interactions in the overall model.  Data displayed inhomogeneity of variance using 

Levene’s test, but this was not correctable by transformation due to an inconsistent 
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distribution of variances.  A significance level of p <.05 was used for all statistical 

analysis.  Statistical analysis was performed using RStudio (Version 1.2.1335). 
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3 Results  

Dams injected with TP had significantly higher levels of circulating testosterone 6-7 

hours following the final injection determined by a Wilcoxon Rank Sum Test (W=81.5, p 

< 0.01 (Figure 8).    

 

Figure 8. Average serum testosterone concentration in dams treated with sesame oil 
(Control: n=18) and dams treated with testosterone (Prenatal testosterone: n=19). 
Serum samples were collected on gestational day 16, 6-7 h after the final treatment was 
administered. Mean ± SE. **p < .01. 
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3.1 Experiment 1: Day of Birth Hippocampal Stress-Sensitive Gene 

and miRNA Analysis Following Prenatal Testosterone Treatment 

We assessed stress sensitive mRNA and miRNA expression in the hippocampus 

and overlying cortex in pups 6-18 h after birth. This included MR, GR, miRNA124-3p, 

miRNA134-5p and miRNA34c-5p. There was no effect of sex or treatment on GR, MR, 

MiRNA134-5p or miRNA34c-5p relative expression (Figure 9). Prenatal treatment with 

testosterone decreased expression of miRNA124-3p overall (F(1,20)=11.214, p < .01; 

Figure 9)). 

 

 

Figure 9. Expression of target genes in the hippocampus on the day of birth relative to 
HPRT control for mRNA targets and miR-17-5p control for miRNA targets. (n=4-6 per 
group). Mean ± SEM. ** p < .01, t  p < .1 
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3.2 Experiment 2: Hippocampal Stress-Sensitive Gene and miRNA 

Analysis 6 Hours After Birth, Following Prenatal Testosterone 

and Dexamethasone Treatment 

Due to COVID-19 restrictions and delays, this experiment is not complete at this 

point.  

3.3 Experiment 3: Hippocampal MR and GR Expression 1 Week After 

Birth Following Prenatal Dexamethasone Treatment 

 We assessed mRNA expression of GR and MR mRNA in the hippocampus and 

overlying cortex of 7-day-old male and female mice.  Prenatal dexamethasone 

treatment significantly increased both MR and GR expression (MR: ANOVA: 

F(1,8)=8.14, p<.05; GR: ANOVA: F(1,8)=6.64, p<.05; Figure 10). However, MR and GR 

expression did not differ significantly between sexes (MR: ANOVA: F(1,8)=1.96, NS; 

GR: ANOVA: F(1,8)=0.14, NS; Figure 10). 

 

Figure 10. MR mRNA levels and GR mRNA levels in the hippocampus of one-week old 
pups that were prenatally treated with sesame oil (Control: n=3) or dexamethasone 
(Prenatal dexamethasone: n=3). Mean ± SE *p < .05. 
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3.4 Experiment 3: Hippocampal Morphological Changes in Adulthood  

To determine whether prenatal testosterone and dexamethasone exposure 

affected ventral hippocampal dendrite structure, dendritic branching (number of 

intersections every 20 µm) was assessed in adult brains using Golgi-Cox staining and 

Sholl analysis. Mixed factorial ANOVAs were used to assess effects in each region of 

interest which included basal and apical CA1 and CA3.   

In brief, in basal CA3 dendrites, prenatal treatment with testosterone increased 

branching in females but not males.  Prenatal treatment with dexamethasone did not 

have an effect in either sex.  In apical CA3 dendrites, both prenatal testosterone and 

dexamethasone increased branching in females but only prenatal dexamethasone 

increased branching in males.  In basal CA1 dendrites, there were no effects of 

treatment.  In apical CA1 neurons, prenatal treatment with dexamethasone decreased 

branching in females and males.  Dendritic spine density in apical CA1 was unaffected 

by treatment with prenatal testosterone and by treatment with prenatal dexamethasone. 
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3.4.1 Basal CA3 

Within basal dendrites in the CA3 region of the ventral hippocampus, a mixed 

ANOVA revealed a significant sex x treatment interaction (F(2,460)=5.231, p<.01) and a 

significant main effect of radius (F(22,460)=102.842, p<.00001). Separate two-way 

ANOVAs were conducted to assess effects of treatment within each sex.   

In males, the two-way ANOVA revealed a significant main effect of radius 

(F(22,230)=10.801, p<.00001) (Figure 11). 

In females, analysis by two-way ANOVA revealed a significant main effect of 

treatment (F(2,230)=8.821, p<.001) and radius (F(22,230)=79.602, p<.00001).  Tukey’s 

HSD revealed that the female animals treated with testosterone showed significantly 

increased branching compared to animals treated with dexamethasone (p<0.001) and 

control animals (p<.001) (Figure 11). 
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Figure 11. Dendritic branching in the basal CA3 region of the ventral hippocampus for 
animals that were prenatally treated with sesame oil (Control: n=5-6), testosterone 
(Prenatal TP: n=3-4) or dexamethasone (Prenatal dexamethasone: n=4). Mean ± SE 
***p < .001. 
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3.4.2 Apical CA3 

Within apical dendrites in the CA3 region of the ventral hippocampus, a mixed 

ANOVA revealed a significant sex x treatment interaction (F(2,740)=6.736, p<.01) and a 

significant main effect of radius (F(36,740)=97.759, p<.00001). Separate two-way 

ANOVAs were conducted to assess effects of treatment within each sex.   

In males, the two-way ANOVA revealed a significant main effect of treatment 

(F(2,370)=10.801, p<.00001) and radius (F(36,370)=49.437, p<.00001).  Tukey’s HSD 

revealed that the males treated with dexamethasone showed increased branching 

compared to both the males treated with testosterone (p<0.001) and control males 

(p<.001) (Figure 12). 

In females, the two-way ANOVA revealed a significant main effect of treatment 

(F(2,370)=4.55, p<.01) and radius (F(36,370)=34.53, p<.00001).  Tukey’s HSD revealed 

that the females treated with both testosterone (p<.01) and dexamethasone (p<.05) 

showed increased branching relative to control females (Figure 12). 
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Figure 12. Dendritic branching in the apical CA3 region of the ventral hippocampus for 
animals that were prenatally treated with sesame oil (Control: n=5-6), testosterone 
(Prenatal TP: n=3-4) or dexamethasone (Prenatal dexamethasone: n=4). Mean ± SE *p 
< .05, ** p < .01, ***p < .001, ****.p < .0001. 
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3.4.3 Basal CA1 

Within basal dendrites in the CA1 region of the ventral hippocampus, a mixed 

ANOVA revealed a significant sex x radius (F(16,400)= 6.851, p < .00001) and radius x 

treatment (F(32,400)= 1.668, p < .01)  interaction.   

To assess the sex x radius interaction, a one-way ANOVA was conducted to 

assess the effect of sex at each radius.  Females showed significantly more branching 

at 20 µm (F(1,29)=30.82, p < .001) in the proximal region of the dendritic tree, while 

males showed increased branching at 100 µm (F(1, 29)=2.33, p < .05, and 120 µm (F(1, 

29)=4.832, p < .05) in the distal region of the tree (Figure 13).  

To assess the treatment x radius interaction, a one-way ANOVA was conducted to 

assess the effects of treatment at each radius.  There was a significant effect of 

treatment at 160 µm (F(2, 28)=3.456, p < .05). Tukey’s HSD post-hoc tests revealed 

that at 160 µm, the dexamethasone treated animals showed significantly less branching 

than the control animals (p < .05) (Figure 13).  
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Figure 13. Dendritic branching in the basal CA1 region of the ventral hippocampus for 
animals that were prenatally treated with sesame oil (Control: n=4-7), testosterone 
(Prenatal TP: n=4) or dexamethasone (Prenatal dexamethasone: n=5-6). Mean ± SE. 
Sex differences: $ p < .01, $$$ p < .001.  
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3.4.4 Apical CA1 

Within apical dendrites in the CA1 region of the ventral hippocampus, a mixed 

ANOVA revealed a significant sex x treatment x radius interaction (F(76,950)= 2.475, p 

< .00001).  Separate mixed factorial ANOVAs were conducted to assess effects of 

radius and treatment within each sex.   

A two-way RM ANOVA revealed a significant treatment x radius interaction in 

males (F(76,418)=2.511, p < 0.0001).  One-way ANOVAs were used to assess the 

effects of treatment at each radius in the males.  There was a significant effect of 

treatment at 360 µm (F(2,11)=4.416, p < .05), 380 µm (F(2,11)=4.04, p < .05), 480 µm 

(F(2,11)=4.985, p < .05), 500 µm (F(2,11)=6.442, p < .05) and 520 µm (F(2,11)=6.071, 

p < .05). Tukey’s HSD post hocs revealed a significant decrease in the number of 

intersections in dexamethasone treated animals compared to controls at 480 µm (p < 

.05), 500 µm (p < .05) and 520 µm (p < .05) (Figure 14). 

A two-way RM ANOVA revealed a significant main effect of treatment 

(F(2,14)=3.970, p < 0.05) and radius (p < .0001) in females. Tukey’s HSD post hocs 

revealed a significant decrease in branching in animals treated with dexamethasone 

compared to both animals treated with testosterone (p < .0001) and controls (p < .0001) 

however, prenatal testosterone treated females did not have a significantly different 

number of dendritic intersections than controls (p < .5) (Figure 14).  
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Figure 14. Dendritic branching in the apical CA1 region of the ventral hippocampus for 
animals that were prenatally treated with sesame oil (Control: n=4-7), testosterone 
(Prenatal testosterone propionate: n=4) or dexamethasone (Prenatal dexamethasone: 
n=5-6). Mean ± SE. *** p < .001, **** p < .00001.  
Note: Within the males, significance represents a significant difference between 
prenatal dexamethasone and control at specific radii, not overall treatment effect. 
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3.4.5 Dendritic Spines CA1 

A mixed ANOVA revealed a significant main effect of region (F(2,40)=9.265, p < 

.001).  Tukey’s HSD revealed that the spine density was greater in the proximal region 

of the dendritic tree than the distal region (p < .05) (Figure 15). 

 

Figure 15. Spine density in the CA1 region of the ventral hippocampus for animals that 
were prenatally treated with sesame oil (Control: n=3-7), testosterone (Prenatal TP: 
n=3-4) or dexamethasone (Prenatal dexamethasone: n=4-5). Mean ± SE. 
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4 Discussion 

In this study, we assessed the effects of prenatal testosterone or glucocorticoid 

treatment on stress-sensitive gene and miRNA expression during early postnatal 

development and on hippocampal dendritic morphology in adulthood.  We found that 

prenatal treatment with testosterone lowered miRNA-124 levels in the hippocampus on 

the day of birth.  Prenatal dexamethasone treatment resulted in increased MR and GR 

mRNA levels in the hippocampus at one week of age.  In adulthood, both the prenatal 

testosterone and prenatal dexamethasone groups showed changed in dendritic 

branching in a region and sex dependent manner. 

 
4.1 Prenatal Treatment Validation 

The goal of the prenatal testosterone treatment was to target the upper end of the 

normal range for maternal circulating testosterone levels so that the treatment was 

physiologically relevant.  From maternal serum collected 6-7 hours after the final 

prenatal treatment on E16, we found that the average serum testosterone 

concentrations in the control group were 0.16 ng/ml.  Although there is not much in the 

literature in terms of testosterone levels in the female mouse, this is consistent with 

what has been previously reported in rats, where testosterone levels peak around 0.15-

0.2 ng/ml (Bowlby et al., 2016).  The average serum testosterone concentrations in the 

testosterone treated group on E16 was 0.45 ng/ml which is a 2.8 fold increase from the 

control group but still well below the typical male range which averages around 5.2 

ng/ml in adult CD1 mice (Machida et al., 1981).  Maternal testosterone serum levels 
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were also assessed on the day of birth (see Wasson, 2017) but prenatal treatment with 

testosterone did not affect day of birth testosterone levels in the dams. These findings 

suggest that we succeeded in transiently elevating maternal serum testosterone levels 

to the upper end of physiological range during mid-late pregnancy and that these 

testosterone levels returned to baseline by the day of birth. 

Although we did not collect maternal serum following dexamethasone treatment, 

our findings suggest that the treatment successfully reached the fetus.  We used a low 

dose of dexamethasone that mirrored what is used to treat women at risk of pre-term 

labour to aid with fetal lung development (American College of Obstetricians and 

Gynecologists’ Committee on Practice Bulletins—Obstetrics, 2016).  Prenatal 

dexamethasone treatment did not have an effect on corticosterone levels in response to 

a moderate acute stressor (Wilson, 2019), but appears to have produced long-term 

changes in hippocampal connectivity (discussed below).  Further investigation is 

required to determine how long the dexamethasone treatment remained in maternal 

circulation for.  

4.2 Experiment 1: Day of Birth Hippocampal Stress-Sensitive Gene 

and miRNA Analysis Following Prenatal Testosterone Treatment 

Changes to glucocorticoid and mineralocorticoid receptor expression on the day of 

birth may suggest changes in early programming of the HPA axis and stress 

responsivity.  In mice and rats, GR mRNA expression is detectable in the hippocampus 

by mid-gestation (E12.5) (Diaz et al., 1998; Thompson et al., 2004).  MR mRNA levels 

are lower in the hippocampus and are detectable by late-gestation, about 3 days before 

birth (E17) (Brown et al., 1996; Diaz et al., 1998).  At the end of gestation (E17), 
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endogenous corticosterone levels are high and the fetal HPA -axis becomes active 

(Reichardt & Schütz, 1996).  We did not observe any changes in MR and GR 

expression as a result of the prenatal testosterone treatment in males or females in the 

hippocampus and overlying cortex on the day of birth.   

Although we do not have evidence to suggest changes in the direct target of 

glucocorticoids, there may be changes in regulators of these receptors.  We assessed 

levels of 3 candidate miRNAs in the hippocampus that interact with steroid hormones 

and glucocorticoids and play a role in brain development, learning and memory.  These 

included miRNA-124-3p, miRNA-134-5p and miRNA-34c-5p.  miRNA-134-5p and 

miRNA-34c-5p did not show any changes as a result of prenatal testosterone treatment 

in the hippocampus and overlying cortex on the day of birth.  miR-124 levels were lower 

in animals prenatally treated with testosterone compared to controls.  Although there 

has been limited research investigating the role of miR-124 in neonatal hippocampal 

development, the role of miR-124 in the adult hippocampus may provide insight into its 

developmental role.  miR-124 has been shown to negatively regulate both MR and GR 

expression in adulthood (Sõber et al., 2010; Vreugdenhil et al., 2009).  Given the 

regulative role of miR-124 to MR and GR in adulthood, early changes in miR124 levels 

may lead to altered GR and MR expression later in development.  Since the day of birth 

is a period of organizational programming (Meitzen et al., 2012), these results may be 

permeant and persist into adulthood.  miR-124 has also been implicated in dendritic 

spine formation and maturation (Rajasethupathy et al., 2009) so altered levels during 

development may result in long-term changes in hippocampal signaling.  Inhibition miR-

124 appears to enhance LTP formation and spatial learning (Malmevik et al., 2016; 
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Zhao et al., 2013) so if this effect persists, animals exposed to heightened prenatal 

testosterone may perform better on spatial learning tasks. 

4.3 Experiment 2: Hippocampal Stress-Sensitive Gene and miRNA 

Analysis 6 Hours After Birth, Following Prenatal Testosterone 

and Dexamethasone Treatment 

The results of experiment 1 provide some evidence to suggest that prenatal 

testosterone exposure may cause changes in miR-124 levels on the day of birth.  Since 

the candidate genes and miRNAs we are assessing interact with gonadal hormones 

(e.g. Chen et al., 1997; Creighton, 2017; Hu et al., 2013), it is possible that the 

testosterone surge that takes place on the day of birth is altering the levels of the mRNA 

transcripts for MR and GR and miRNAs.  To test this hypothesis, we collected brains at 

a standardized time point of 6 hours following birth.  The experiment will allow us to 

account for changes in candidate gene and miRNA levels as a result of potential 

androgen regulation based on the time the brains were collected after birth. 

4.4 Experiment 3: Hippocampal MR and GR Expression 1 Week After 

Birth Following Prenatal Dexamethasone Treatment 

Early-life stress or glucocorticoid exposure often results in an attenuated 

physiological stress response (Catalani et al., 2000; Love & Williams, 2008; Vázquez et 

al., 2012) which may result from enhanced negative feedback which is predominately 

mediated by glucocorticoid and mineralocorticoid receptors in the hippocampus (Lupien 

et al., 2009).   
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At the one-week time point, the mice treated prenatally with dexamethasone 

showed increase MR and GR expression in the hippocampus and overlying cortex, 

however we do not have evidence of an altered stress response in adulthood as a result 

of our prenatal dexamethasone treatment.  In adulthood, mice underwent a 30-minute 

restraint stress then we collected serum 10 mins, 1h and 3h following the end of the 

stressor.  Animals treated prenatally with dexamethasone did not have significantly 

different serum corticosterone concentrations compared to the prenatal control group, 

suggesting their response to and recovery from a moderate acute stressor was 

unaffected in adulthood (Wilson, 2019).  Since we used a low dose of dexamethasone, 

it is possible that this increase in MR and GR expression is transient and has returned 

to baseline by adulthood.  It is also possible that the dexamethasone treated animals 

did show enhanced recovery to an acute stressor in the amount of time it took plasma 

corticosterone to return to baseline. We know that serum corticosterone levels of both 

prenatal control and dexamethasone treated mice had returned to baseline after 3 hours 

(Wilson, 2019) but we do not have any measures between 1 hour and 3 hours following 

the 30-minute restraint stress. To determine if the prenatal dexamethasone group 

showed enhanced negative feedback and a faster recovery to an acute stressor, we 

would need to add in more timepoints for blood collection following the stressor.  

Additionally, it is possible that the response to an acute stressor is unaltered but life-

long basal stress levels may be mildly altered.  We collected hair to assess life-long 

changes in corticosterone in animals treated prenatally with testosterone but did not 

collect hair for the dexamethasone treated animals.  
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To appreciate the potential effects of heightened MR and GR expression in the 

hippocampus during the first week of life, it is important to understand the role of these 

receptors at this time point.  In mice, the day of birth until postnatal day 12 is known as 

the stress hypo-responsive period (SHRP) (Schmidt et al., 2003).   

Prior to postnatal day 12, corticosterone levels are low and mice typically do not 

exhibit an increase in corticosterone or ACTH levels in response to novelty exposure 

like they do in adulthood (Schmidt et al., 2003). Hippocampal GR expression is also 

relatively low at birth and shows a steady increase in expression until postnatal day 12 

where it steadies and remains about the same through to postnatal day 16 (Schmidt et 

al., 2003).  MR is already highly expressed at the time of birth (Schmidt et al., 2003).  

Certain stressors and disruptions can interfere with SHRP.  For example, 9 day old mice 

that undergo maternal deprivation show heightened basal and stress levels of 

corticosterone as well as a downregulation of MR and GR in the brain (Schmidt et al., 

2002).   

Although the exact role of MR and GR during the SHRP is still up for debate, one 

study attempted to determine their role by administering MR and GR antagonists on 

postnatal day 8 then they were tested on postnatal day 9 (Schmidt et al., 2005).  They 

found that the GR antagonist, but not the MR antagonist results in a heightened stress 

response on postnatal day 9 (Schmidt et al., 2005).  These findings suggest that GR is 

involved in maintaining the SHRP to attenuate the stress response.  It is possible that 

the prenatal dexamethasone treatment interfered with the SHRP although it is also 

possible that the changes in receptor expression during this time are a result of 
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differences in maternal signaling between treatment groups since animals in this 

experiment were not cross-fostered at birth. 

4.5 Experiment 4: Hippocampal Morphological Changes in Adulthood  

In the CA3 region of the ventral hippocampus, prenatal treatment with testosterone 

resulted in an increase in basal branching in females but neither prenatal treatment 

affected branching in males.  In apical CA3 dendrites, prenatal treatment with 

dexamethasone and testosterone increased branching in females but only 

dexamethasone increased branching in males.  In the CA1 region of the hippocampus, 

neither treatment had an effect on branching in basal dendrites however, females did 

have an increase in branching in the proximal region and decreased branching in the 

distal regions compared to males.  In the apical dendrites of CA1, dexamethasone 

treated females showed decreased branching.  Dexamethasone treated males also had 

decreased branching in this region overall.  It does appear that dexamethasone treated 

males had slightly increased branching in the proximal region, but this did not reach 

statistical significance.  This may suggest that the decrease in branching in the distal 

region is due to truncation.   

Although the role of testosterone in shaping hippocampal dendritic morphology is 

poorly understood in females, in males testosterone generally acts to decrease 

branching in the apical CA3 region of the hippocampus when administered during 

adulthood (Lawton, 2018; Mendell et al., 2017).  Our prenatal testosterone treatment did 

not have any affect in CA3 branching in males.  This suggests that the low dose 

prenatal testosterone during the critical period did not exert the same organizational role 

as would be expected with activational effects of testosterone later in life.  This is not 
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surprising since our prenatal testosterone treatment did not affect adulthood circulating 

testosterone levels (Wilson & Martin et al., 2020).  

Previously, prenatal treatment with a high dose (2-4 mg/day) of TP and DHTP 

from embryonic day 16 to the day of birth has been shown to masculinize CA3 

morphology in female rats (Isgor & Sengelaub, 1998).  Male rats typically have less 

branching in the proximal region of the dendritic tree and more branching in the distal 

region of the dendritic tree compared to females (Juraska et al., 1989).  We observed 

an increase in dendritic branching in CA3 as a result of prenatal testosterone treatment 

in females.  This difference appears to be more pronounced in the latter half of the 

dendritic tree although statistical analysis was not performed by region.  It is possible 

that the low dose of testosterone we administered during critical periods of hippocampal 

development was sufficient to masculinize neurons in this region.  We found that 

prenatal treatment with testosterone did not affect dendritic branching in CA1 in male or 

female mice.  This lack of effect is consistent with what has been shown in adulthood 

where GDX in male rats in adulthood does not affect branching in CA1 (Lawton, 2018; 

Mendell et al., 2017).    

The effects of stress on hippocampal morphology depend on the type, timing and 

duration of the stressor.  Generally for early-life stressors, short-lasting mild stress has 

been shown to increase neonatal hippocampal dendritic branching while long-lasting 

severe stress decrease neonatal dendritic branching (Fujioka et al., 2006) which is 

similar to the effects of stress in adulthood.  Short lasting mild prenatal stress has been 

shown to increase dendritic complexity which is associated with improvements in 

learning and memory (Fujioka et al., 2006).  We saw an increase in CA3 apical 
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branching in both males and females prenatally treated with dexamethasone. The 

behavioral outcomes of these consequences have not been examined but it would be 

interesting to investigate the effects of this dexamethasone treatment on hippocampal 

dependent learning and memory to examine if they contribute to the reported effects of 

prenatal glucocorticoid exposure on behavioural stress responses and cognition 

(Kreider et al., 2005). 

4.6 Conclusions and Implications 

 These experiments were initially designed to test the hypothesis that prenatal 

testosterone and dexamethasone might act in a similar manner during development to 

affect the development of stress control systems in mice. The data obtained are 

inconsistent with this hypothesis, suggesting that while the physiological outcomes of 

early testosterone and glucocorticoid exposure may be similar in some respects, the 

underlying mechanisms are fundamentally different. The data contribute to our 

understanding of the long-term consequences of mild disruptions in the hormonal milieu 

during critical periods of development. 

We have previously shown that prenatally exposing mice to a low dose of 

testosterone increases anxiety like behaviour and impairs social behaviours.  These 

behavioural outcomes were more pronounced in male animals compared to females.  

Although the testosterone treatment had life-long effects on behaviour, the dose we 

used did not have any effect on physiological developmental markers (Wilson & Martin 

et al., 2020).  There was no effect on litter size, litter composition, litter weight, day of 

eye opening, day of ear opening, first appearance of fur, or adulthood body weight 

(Wilson & Martin et al., 2020).  In females, our prenatal testosterone treatment did not 
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affect day of vaginal opening, day of first estrus or the estrous cycle (Wilson & Martin et 

al., 2020).  In males, adulthood circulating testosterone levels were also unaffected as a 

result of prenatal testosterone treatment (Wilson & Martin et al., 2020).  We did observe 

a blunted corticosterone response following exposure to a mild acute stressor in male 

animals treated with prenatal testosterone (Wilson & Martin et al., 2020).  These results 

suggest that the HPA axis is sensitive to testosterone-mediated development during the 

prenatal period and heightened prenatal testosterone may contribute to stress-related 

problems later in life.  The data presented in this thesis suggests that prenatal 

testosterone exposure causes alterations in hippocampal morphology in adulthood.  

Since the hippocampus is highly involved in learning and memory processes and 

regulation of the HPA axis, it is possible that these changes contributed to the observed 

effects on impairments to hippocampal depended learning and memory and the blunted 

corticosterone response.  Further research is required to explore these effects and 

determine what mechanisms have specially been affected that results in morphological 

changes.  It is possible that the reduced corticosterone response in adulthood is due to 

changes in glucocorticoid/mineralocorticoid receptor expression in the hippocampus.  

These receptors are critical for negative feedback (Jacobson & Sapolsky, 1991; Kovacs 

& Makara, 1988) and increased expression may enhance negative feedback and result 

in a blunted stress response (Lupien et al., 2009).  The expression of these receptors 

was unaffected in testosterone treated animals on the day of birth during the SHRP, but 

more research is required to determine their expression in adulthood, when the 

behavioural changes and changes to the stress response were observed.  The levels of 

miR-124 were lower in testosterone treated animals compared to controls on the day of 
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birth and this miRNA is known to negatively regulate both the MR and GR.  Reduced 

levels of miR-124 on the day of birth may program the brain to produce more of the MR 

and GR later in development, as their expression increases and becomes more 

involved in functionally regulating the stress response.   

Our prenatal dexamethasone treatment did not have any long-term effects on 

corticosterone response following a moderate acute stressor or testosterone levels in 

males (Wilson, 2019).  Further research is required to determine the effects of this 

treatment on developmental physiological markers.  We observed an increase in both 

GR and MR expression in the hippocampus at one week of age.  Adulthood receptor 

levels need to be assessed to determine if this effect persists past the SHRP.  We also 

observed altered hippocampal morphology in adulthood as a result of prenatal 

dexamethasone treatment.  The functional consequences of these changes remain to 

be determined.  Although corticosterone and testosterone levels are unaffected by the 

treatment, the changes in hippocampal morphology suggest that prenatal 

dexamethasone treatment is still affecting the development of the brain in a stress-

dependent manner.  A behavioural study is required to determine the functional 

consequences of these changes.   

Although prenatal treatment with testosterone or dexamethasone does not 

appear to target the same components of the HPA axis and the brain during 

development, both treatments caused changes to stress sensitive genes/miRNAs early 

in development and affected the structure of the hippocampus in adulthood in a sex-

dependent manner.  Although additional research is required to determine the exact 

functional outcomes of these changes, these findings may contribute to our 
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understanding of sex differences in stress related neurological disorders.  During 

developmental periods, stress systems show increased plasticity and are particularly 

sensitive to stressors (Maccari & Morley-Fletcher, 2007).  Stressors during critical 

periods of development can affect behaviour and physiological functions, including 

HPA-axis function, and produce permanent changes that increase vulnerability to 

stress-related disorders (Maccari & Morley-Fletcher, 2007). 

4.7 Limitations 

A limitation of this study is that we did not validate the dexamethasone treatment.  

Although we prepared the solution to match the dose used to treat mothers at risk of 

preterm labour, we did not measure how much dexamethasone was present in the 

maternal serum following the treatment.  Measurement of dexamethasone is not 

straightforward since there are no readily available commercial assays.  We also do not 

know how long the dexamethasone remained in the maternal circulation, although given 

its half-life in the human maternal-fetal circulation (210 minutes; Kream et al., 1983) it 

seems likely that it was largely eliminated from the bloodstream within 24h after the last 

injection. However, since penetration of dexamethasone into the brain is restricted by 

the multi drug resistance p-glycoprotein in the blood-brain barrier, the regional effects of 

dexamethasone in different parts of the brain are not entirely predictable and may, 

paradoxically, include depletion of the natural glucocorticoids (De Kloet et al., 1998).  

Since different brain regions develop at different times during prenatal development 

(Finlay & Darlington, 1995) it would be helpful to know how the dexamethasone was 

metabolized and distributed within the brain, to understand which brain regions it is 

affecting.   
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Determining the duration that the prenatal dexamethasone treatment remains in 

maternal circulation would also provide a deeper understanding of the potential effects 

on maternal behaviour.  The mice in experiment 3 were not cross fostered on the day of 

birth.  Maternal behaviour has been shown to have profound effects on offspring 

development and behaviour including controlling the expression of MR and GR during 

early life (Schmidt et al., 2002).   

Since experiment 4 was a longitudinal project spanning many months, 

uncontrollable environmental factors may have impacted results.  Changes in handling 

techniques from different researchers and technicians has the potential to alter 

physiological response in mice (Balcombe et al., 2004).  Additionally, seasonal changes 

have been shown to affect mice in controlled settings (Rivest, 1991).  Treatment groups 

were randomized to attempt to control for potential effects of environmental changes.  

4.8 Future Directions 

In order to compare the effects of both prenatal treatments, brain tissue from mice 

from both treatment groups and the control group was collected 6h following birth.  The 

same candidate genes and miRNAs measured in experiment 1 will be assessed in the 

hippocampi of these animals (as described in experiment 2).  The data collected so far 

suggests a downregulation in miR-124 following prenatal testosterone treatment.  The 

brains collected at 6h will provide a standardized time point following birth to ensure this 

effect was not a result of brains from different treatment groups being collected at 

varying times after the prenatal testosterone surge which could affect expression.  It will 

also allow for a comparison of the effects of the prenatal dexamethasone treatment. 
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Additionally, brains were collected, and flash frozen in adulthood from animals of 

all prenatal treatment groups.  The hippocampi will be dissected from these brains and 

used to assess candidate gene and miRNA changes in adulthood to determine whether 

the effects observed early in development persist through adulthood. 

Golgi-cox staining has been complete on brains from mice that underwent a 30 

min restraint stress and were sacrificed 10 min, 1 h or 3 h following the stressor from 

each prenatal treatment group.  So far, morphology in the stress control group (no 

adulthood stressor) following each prenatal treatment has been analyzed.  This allowed 

for the assessment of the effects of each prenatal treatment on hippocampal branching 

during adulthood.  The remaining brains will provide insight into the short-term changes 

in response to an acute stressor during adulthood.   

It would be interesting to assess potential effects of prenatal dexamethasone 

exposure on social and anxiety-like behaviour.  This would provide insight into the 

functional consequences of the observed changes in hippocampal branching. 
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