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Abstract

Postpartum depressigRPD)is apsychiatric illness that affeéxapproximately 15% of mothers,
negatively impactingnental health during the posipum as well as increasimgk for future
depressionFor the developig child, untreate®PDis associated with several adverse outcomes
including increased risk for depression, anxiety, and poor cogmpiéidicularly in boys

However, treatind®’PDis complicated because pharmacological antidepred#antkioxetine

(FLX) may function differentlyithin the physiological conditions of the postpartum period.
Additionally, these drugareactive in breast milk, directly reaching the infant and potentially
influencing neurodevelopmerithe longterm effects of neonatal anéipressant exposure are
unclear Alternatively, nonpharmacological antidepressants such asceseearggenerally

beneficial for maternal and fetal health; however, its potential as an antidepmesbant
postpartumandits longterm effects on offspringre unclearToinvestigate this, thithesis use

a rat model oPPDin which dams are treated witligh levelsof corticosterondCORT; primary

rat glucocorticoidandcompared howdifferent types of antidepressants affected dams and adult
male and femla offspring. In chapter 2, maternal postpartabX preventedCORT-induced
disruptions in maternal cabait was unable to prevent CORIduced depressivigke behaviour

or reductions in hippocampal neurogenesis. In chapter 3, maternal postpaXunctresea
anxietylike behaviour, impaired hypothalampdtuitary-adrenal (HPA) axis negative feedback,
and increased hippocampal neurogenesis in adult male but not female offspring. In chapter 4,
maternal exercise did not prevent COR@uced disruptions in matnal care but it prevented
CORT-induced depressiviike behaviour and increased hippocampal neurogendsite

neither antidepressant alone increased maternal neurogemesisitbination of botlreatments
ii



increased neurogenesis. In chaptenaternaexercise increased hippocampal neurogenesis in
dorsal hippocampus but maternal postpartum FLX reduced it. However, exposure to maternal
postpartum FLX prevented the neurogenic effect of maternal exercise. Maternal exercise
facilitated HPA axis negativeédback in males but impaired in females. Collectively, these data
indicate that antidepressants can have dynamic effects on endophenotypes of PPD, emphasizing
the need for further researchRPD.Furthermore, male and female offspring development is
differentially sensitive to these maternal antidepressant interventions, highlitjeting

importance of studying sex differences in neurodevelopment.



Lay Summary

Postpartum depression (PPD) affects 15% of motlaeis adversely affecesnotional and
cogniive development in childrehe effectiveness of prescribeohtidepressantaay be
compromigdduring the postpartum andesedrugsremainactive in breast milkraising

concerns about infant exposure to antidepressants. Alternatively, exercise is beneficial for
maternal and fetal health, bitg effectiveness in PPD is unclehbr this dissertationarat model

of PPDwas used and outcome measures such as loeinarid the production of new brain cells
(neurogenesis) was examinedr fnothersfluoxetine(Prozac) treatmerninprovedmaternal
carewhile exercisamprovedbehaviour angheurogenesisAdult male offspringverevulnerable

to fluoxetineexposure, exhiling changes in stress regulation and neurogenesis. Maternal
exercise promoted neurogenesisnale and femaleffspring. Collectively, these data indicate
that different interventions have dynamic effects on maternal outcome as well as adult offspring

dewelopment, underscoring the importancetidyingPPDtreatment
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Chapter 1: Introduction

1.1 Sex differences in major depression

Major depressive disorder (MDD) is serious neuropsychiatric disease that affects
approximately 20% of the population and is the leading cause of disability and disease burden in
the world(Greenberg et al., 2003; Ferrari et al., 20MIDD is heterogenous, with the patient
population displaying prolonged depressed mood and/or anhedonia as well as sevbtal poss
permutations in weight gain or loss, altered sleep patterns, motor abnormalities such as lethargy
or agitation, fatigue, feelings of guilt or worthlessness, inabiityancentrate, and suicidality
(American Psychiatric Association, 2018)DD can be a highly recurrent disorder depending on
genetic background, index episode, and severitdepfessiorfBurcusa and lacono, 2007)
Further, MDD is highly camorbid with other psychiatric illnesses such as anxdetgrders and
substance abug@merican Psychiatric Association, 2018)d can present with medical illnesses
such as cancer, stroke, and cardiovascular dis@géalaris, 2009; Pan et al., 2011; Kang et al.,
2015)

Women are twice as likely to develop MDD in comparison to (BniérrezLobos et
al., 2002) and this phenomenon has been consistently documented across ¢Bkeds et al.,
2009) Importantly, this sex difference emerges during adolesd@menHoeksema and
Girgus, B94)and is most apparent during the reproductive years (B93&arsGutierrez
Lobos et al., 2002 pointing to the possibility that changes in feraspecific physiology may be
influential in risk for MDD in women. In addition to prevalence, there are sex differences in
presentation of MDDWomen with MDD are more likely to endorse symptoms such as

depressed mood, sleep disturbances, somatic and gastrointestinal complaints, and changes in
1



weight than meigAngst et al., 2002; Schuch et al., 201B)rthermore, women with depression
are more likely to present with either-owrbid anxety or have greater lifetime prevalence of
anxiety than megYoung et al., 2009; Schuch et al., 2014ywever, men with major depression
are more likely to present with goorbid alcohol or substance abuse and endorse symptoms
related to ahedonialAngst et al., 2002; Schuch et &Q14) These sex difference in MDD are
also present in the diagnosis of subtypes of MDD: MDD with melancholic features includes
anhedonia, insomnia, weight loss, and motor agitation whereas MDD with atypical features
includes increased appetite, hypensia, and letharggGold and Chrousos, 2002Vomen &
more likely than men to present with either atypical and melancholic depression, although a
greater proportion of men have melancholic depression whereas a greater proportion of women
to have atypical depressi@Hildebrandt et al., 2003 hese subtypes of depression differ in
their biological, inflammatory, and metabolic correldemmers et al., 2013¥Given these sex
differences, it is imperative to study how MD®different between males and females.
1.1.1 Definition of postpartum depression

According to theDSM-5, depression with a peripartum onset is a subtype of MDD that
involves all the criteria of MDD with the distinguishing feature that it occurs during pregnancy
or within the first four weeks of giving birARmerican Psychiatric Association, 2013)
However, it should be noted that this definition is controversial for several reasons. First, it still
is debated whether depression arising during motherhood should be considered a distinct
disorder from depression arising outside of motherhood. Sufgpatistinguishing maternal
depression from MDD stems from argument that motherhood is accompanied by numerous
biological changethattrigger depression in a distinct population of women vulnerable to these

particular changes. For example, exposurettorenonesimulated pregnancy and withdrawal
2



from these hormones increased depressive symptoms in women who previously suffered from
PPD(Bloch et al., 2005)suggesting that hormone fluctuations typical of pregnancy and
postpartum alter mood particularly in vulnerable women. Thusedsion in mothers may be

linked to specific changes in maternal physiology and different from the etiology of MDD.
However, previous personal history of MDD are strong predictors of depression in pregnancy
and/or in the postpartum peri¢pdO6 Har a and McCabe, 2U0hisE®endsKett un:
support to the argument that maternal depression is an extension of MDiegtiagpiin

mothers. Indeed, if the same women who experience depression during motherhood also have a
history of depression outside of motherhood, this may point to a degree of convergence in the
biological underpinnings of MDD regardless of onset timinigast for this population of

women. Additional research disentangling the biological factors distinguish PPD as a recurrent
MDD episode versus de novo depression arising in the postpartum is necessary to accurately
diagnose and treat PPD.

Second,depeesi on can arise before parturition (fF
parturition (Apostpartum depressiono; PPD). O
antepartum depression, with approximately 80% of antepartum cases persisting through the
postpartun{ O6 Har a and McCabe, 2.0N@n8thelesS,ut s pdsdiblefon d Et o,
antepartum depression to occur in isolation and not persist after parturition, and it is alde possi
for PPD to occur any time within the first year of childbirth in women without previous history
of depression. For this reason, Awith peripar
because it does not distinguish antepartum onset fromagshstponset. This distinction is
crucial because the endocrine changes that may underlie depression in mothers differ greatly

between pregnancy and postpartum (further discussed below). Because pregnancy and
3



postpartum are characterized by different endeagprofiles which may be related to depression
etiology, then this distinction may be crucial also in diagnosis to inform better understanding of
disease mechanism and subsequently treatment.

Finally, the temporal restriction of the first four weeks of the postpartum period is
controversial. Contrary to the fifth edition of the DSM, the World Health Organization and
Centers for Disease Control and Prevention have extended this definitioartedtavithin the
first year of giving birth(Centers for Disease Control and Prevention (CDC), 2008; Geneva:
World Health Organization, 2010} his temporal discrepancy in addition be tother issues
surrounding the definition of PPD likely contribute to highly variable prevalence rates for PPD.
Clinical screening for PPD may only happen once during the postpartum (rearoet al.,

2014) Coupled with inadequatereening throughout the first postpartum year, especially in
low-income communities, these issues likely contribute to a potential underestimation of PPD
prevalencgHansotte etla 2017) Based on current evidence, it is estimated that approximately
10-15% of mothers suffer from PPBornstein, 2002; Goodman, 2007; Wisner et al., 2013;
Woody et al., 2017)As in the case with MDD, maternal depression can be recurrent and persist
beyond pstpartum period for months or even ye@sodman, 2007)indeed, untreated PPD
results in a foufold increased risk for geession after the postpartum period, resulting in a life
long burden of diseagdose$son and Sydsjo, 200AVomen with a history of depression are

more likely to experience peripartum depression and carry a lifelong risk for depression outside
of motherhood; in women with their index episode of depression occurring in the peripartum
period, there is an increased risk of future MDD with peripartum depression(Qusxgier and
Murray, 1995) Collectively, these controversies highlight issues surrounding the definition and

subsequent issues in prevalence for maternal depression.



1.1.2 Heterogeneity in PPD

As in the case of MDD, PPD is complicated by its heterogeneity, particularly with
regards to symptomology, timing, and risk factors. In this way, studying PPD is complicated by
factors that distinguish it from depression outside of motherhood (discugbedsiection above)
as well as by factors which contribute to variability within cases of PPD. Screening for PPD
commonly uses the Edinburgh Postnatal Depression Scale,-aalgtted 16question self
report that can be administered with relative ¢@sbson et al., 2009Notably, this screening
tool focuses on symptoms related to mood, feelings of guilt, anxiety, sleep disturbances; and self
harm ideation but does notmicitly ask about somatic symptoms, symptoms related to thoughts
of harming the infant, or agitatiqiNorhayati et al., 2015)

The symptomology of PPD is classified as the same symptoms of MDD with a
peripartum onset. However, some features of MDD may present differently in mothers. For
example, mothers with PPD are more likely to experience anhedtatedréo social
interactions, exhibiting loss of interest in the infant as well as withdrawing from social
relationships and increased relationship difficul{leerani and Slattery, 2014hdeed,
anhedonia and anxiety are prominent symptoms in women with depression emerging in the
postpartum(Putnam et al., 2017pymptoms associated with sleep also differ in PPD. For
example, in women with history of depression, insomnia during third trimester is a strong
predictor of D (Suri et al., 2017)Alternatively, hypersomnia is associated with PPD as a
recurring @isode of depressidffrisher et al., 2016 Additionally, there are increases in-co
morbidity of anxiety and PPD in comparison to women with MDD outside of the postpartum
period(Hendrick et al., 200Q)and there is a growing body of evidence investiggbostpartum

anxiety as a distinct mood disorder from P@awluski et al., 2017Furthermore, depression
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onset in the postpartum is generally associated with an increased risk of obsessive compulsive
sympbms in comparison to women with depression onset before or during pregheshey et
al., 2016)

As discussed above, the recent version of the DSM defines maternal depression onset to
occurduring the first four weeks of the postpartum period, which is problematic because severity
of mood fluctuations can vary considerably over the course of the first year within the
postpartum period. For example, the postpartum blues are a transienf fooaddisturbances
that commonly occurs within three to ten days after giving birth, resolves without treatment
intervention, and is relatively mild in severty@Har a and Mc Cabe, 2013; O6]
2014) However, PPD is more persistent and severe than the postpartum blues and can arise any
time within the first year after child bithO6 Har a and .Mda&,ahe greate2 01 3)
incidence for hospitalization for postpartum mental disorders in within the first three months of
the postpartum perio@Munk-Olsen et al.2006) Interestingly, trajectories of depression scores
can fluctuate over the course of the postpartum period depending on history of depression. In
women with depression onset in the postpartum, depression scores on the Edinburgh Postnatal
DepressiorScale are highest six weeks after giving birth, suggesting that this form of PPD may
manifest earlier. This observation is particularly noteworthy because approximately 40% of
mothers with PPD are experiencing their first bout of depreg®isner et al., 2013)and
therefore screening extending to first six weeks may be beneficial. However, in women with a
history of persistent MDD, depression scores are slightly elevated throughout pregnancy and
early postpartum, and the highest scoresodiserved one year after giving birth, indicating that
persistent MDD may trigger PPD later in the postpartum péFoetiriksen et al., 2017inally,

other mood disorders such as anxiety and obsessimpulsive disorder can emerge alongside
6



PPD, and these emorbidities can differ over the course of the postpartum period. Women with
PPD are more likely to score higher on scales of anxietybeessiveompulsive disorder two

weeks after childbirth in comparison to postpartum women without depression, and the increased
co-morbidity of PPD with obsessivempulsive disorder persisted six months after childbirth
whereas the emorbidity of PPDand anxiety did not significantly persiadiller et al., 2015)
Collectively, timing of PPD and its presentation can vary greatly over the coutse of

postpartum period.

Certain risk factors for PPD are also informative on how trajectories differ for mood
disruptions during the postpartum. As in the case of MDD, factors such as early life adversity
and abuse, lack of social support, migration stdtwg socioeconomic status, and family history
of psychiatric illness also increase risk for P@aillard etal.,204; O6 Har a and Wi sn
Wosu et al., 2015; Kettunen and Hintikka, 201@riguingly, these risk factors can dynamically
influence timing of PPD. For example, while early life adversity can increase risk for PPD as a
form of recurrent depression as de novo depression, low socioeconomic status is specifically
associated with PPD as an episode of recurrent depréBsamtriksen et al., 2017; Ketten and
Hintikka, 2017) A strong predictor of PPD is depression during pregnanéy6 Har a an d
McCabe, 2013as well as history of depression and discontinuing medication during pregnancy
(Cohen et al., 2006alrurthermore, depression onset in pregnancyigsethore severe PPD
(Postpartum Depression: Action TowarCauses and Treatment (PACT) Consortium, 2015)
Medical concerns can also be a factor in risk and timing of PPD as early PPD (within 5 days of
childbirth) is associated with pterm birth and neonatal hospitalization whereas later PPD (after

6 weeks)s associated with obstetric complicatigi¢arzecha etlg 2016)



1.2 Endocrine factors and PPD

Over the course of pregnancy and postpartunne theenumerous endocrine changes
(Pawluski, Brummelte, Barha, Crozier, & Galea, 2008jch could contribute to the etiology of
PPD(Hendrick et al., 1998; Bloch al., 2003) During pregnancy, high concentrations of steroid
and peptide hormones are secreted from the placenta, an endocrine gland generated during
pregnancyHendrick et al., 1998)After parturition and into the postpartum period, ovarian
hormone levels plummet with the expulsion of the placenta and remain low throughout most of
the lactation period while glucoda@oid levels remain high with lactatidBrett and Baxendale,
2001) Some of these endocrine changes are illustrated in Figlr&Hefollowing sections will
discuss how these steroid hormones fluctuate during pregnancy and postpartum as well as how
perturbations to these endocrine systems and lactation contolibeeetiolgy of PPD.
However, there aretherendocrine changes dertvérom the placenta that are not caeakin this

dissertation but are discussed elsewhere Ragkova et al., 2012).
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Figure 1-1 Diagram of steroid hormone changes over the cose of pregnancy and pogiartum. Reprinted

with permission from Pawluski et al., 2009

1.2.1 Stress lormones and MDD

Stress is defined as any real or perceived threat to homeostasis of either a physical or
psychological naturéCatLin and ZiZhen, 2002)Upon facing a stressor, the badypidly
releases epinephrine and norepinephrine peripherally from the adrenal medulla as well as in the
centr al nervous sy®onfdmgthd o(seed®guet®n stehe nAfi ght
Norepinephrine has been implicated in MDD as serotoniepinephrineeuptake inhibitors can
be used to treat MDD although its causative role in MDD is lin(#ethnd and Charney, 20Q0)

The hypothalamigituitary-adrenal (HPA) axis is also activated upon exposure to a
stresso(Figure 12). When @ organism is exposed stress the parvocellular cells of the
paraventricular nucleus of the hypothalamus release corticottrgbeasing hormongCRH).
CRHdiffuses across the median eminence and binds to its receptors in the anterior pituitary
gland, stimulating release of adrenocorticotropic hormone. Adrenocorticohropnone

(ACTH) is secreted into the circulatory system and can bind to melanocortin receptor 2 on the



adrenal glands. Upon binding in the adrenal gland, adrenocorticotropic hormone stimulates
synthesis and release of glucocorticoids from the zona tdatacof the adrenal cortex.
Glucocorticoids are steroid hormones that stimulate glucose production in the liver, mobilizing
energy stores to cope with the present stressor. Glucocorticoids can transiently increase insulin
resistance (to increase plasmaaglse levels for energy use) and suppress inflammation to also
promote stress coping. To terminate further release of glucocorticoids, these glucocorticoids can
bind to glucocorticoid receptors in the hypothalamus and pituitary gland as well as in limbic
regions such as the hippocampus, exerting negative feedback and suppressing terminating the
HPA axis responsé&lucocorticoids refer to a class of steroid hormones release from the adrenal
cortex that stimulate liver glucose production; the primary glu¢@oad in humanss catisol,

and the primary glucocorticoid in ratsasrticosterone (CORT(Bourke et al., 2012; Handa and

Weiser, 2014)
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Figure 1-2 Diagram of HPA axis and epinephrine/norepinephrine release.
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Stress is endorsed as a preceding factor in approximately 90% of cases of depression as
reported by individuals suffering from MD{&ngst et al., 2002)indeed, chronic exposure to
stress and HPA axis stimulation dreked to development of deg®on(Tennant, 2002)
Patients ith MDD exhibit perturbations to the HPA axis, specifically elevated basal cortisol
levels, disrupted diurnal cortisol secretion patterns, and HPA negative feedback dysregulation
(Parker et al., 2003; Ising et al., 2007; Schule, 2007; Stetler and Miller,. ZBELHPA negative
feedback system can be tested via administration of dexamethasone, a potent synthetic
glucocorticoid that suppresses csotisecretion in healthy but not depressed individ{@édsroll
et al., 1968; Heuser et al., 1994; Ising et al., 20@lfgviation of depression as a result of
chronic antidepressant treatment is coincident with or slightly precedes normalization of the
HPA axis negative feedback systéising et al., 2007)Interestingly, normalization of HPA
negative feedback dysregulation via aeicessant treatment is more closely related to remission
in women than me(Binder et al., 2009)Collectively, this points to aberrant HPA axis negative
feedback as a potential biomarker of MDD.

Additional support linking HPA axis dysregulatonwhMhDD st ems from Cushi
di sease and its association with increased de
hypersecretion of cortisol and impaired HPA axis negative feedback in response to
dexamethason@ieman, 2015) The eti ol ogy of a majority of (
of the pituitary gland resulting in adrenocorticotropic hormone stimulation in excess or of the
adrenal gland resulting in excess cortisol secrefMargan and Laufgraben, 2013; Starkman,
2013) This aberrant pituitary gland activity drives highels of glucocorticoid production in the
adrenal glands as well as reductions in corticotropliease hormongold and Chrousos,

2002) Patients with Cushingds disease exhibit n
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depressed mood, with a majority also diagnosed with psychiatric illness includiexaised
anxiety(Starkman & Schteingart, 1981; Starkman, 20IB)ese patients also exhibit weight
gain, sleep disturbances, fatigue, and impaired concentration, and these symptoms overlap with
MDD (Starkman, 2013) Fur t her mor e, Cushingdés disease is
men, mirroring the sexpecific vulnerability of MID in women(Starkman and Schteingart,
1981)
1.2.2 Stress hormones, motherhood, and PPD

Basal levels of glucocorticoids gradually increase over the course of pregnancy, and HPA
axis activity is attenuate@runton and Russell, 20Q8argely due to the influence of the
placenta. The placemsecretes corticotrophin releasing hormone, with the highest levels secreted
towards the end of pregnancy and to stimulate partuiBaimton and Russell, 2008} lacental
secretion of corticotrophireleasing hormone suppresses the maternal HPA axis by reducing
maternal corticotrophin releasing hormone leyBksrani and Slattery, 2014fter parturition
and expulsion of the placenta, corticotrophéteasing hormone plummet levels and remain low.
During the postpartum and lactation, basal levels of glucocorticoids are sustained at high levels
(Brunton & Russell, 2008Yeumann et al., 19987 he increased basal glucocooid levels are
due to the increased metabolic demand of lactation as maternal glucocorticoid levels normalize
with weaning(Voogt et al., 1969Windle et al., 2013)Lactation decreases corticotrophin
releasing hormone levels in the paraventricular nucleus of the hypothdleisalser et al.,
1995)which contributes to reduced HPA axis activity during the postpartum pgoodtein,
2007; Neumann et al., 1998; Neumann, 2003; Shanks et al., TA898)g the postpartum, the
diurnal CORT rhythm is also disrupted as lactation maintains glucocorticoids at sustained, high

levels(Lightman et al., 2001)These modifications to the endogenous glucocorticoid system are
12



crucial during the postpartum period for the induction and maintenance of maternal behaviour
(Rees et al., 2004; Graham et al., 200®iis attenuation in pgsartum HPA axis activity is also
regulated by the neuropeptide oxytocin, which is released during parturition and contributes to
motherinfant bonding(Numan and Young, 2016ndeed, both the presence of pups and
lactation are associated with increased brain levels of oxyi®égueira, Peabody, & Lonstein,
2008; Neumann, Koehler, Landgraf, & Sumiogng, 1994; Neumann & Landgraf, 1989;
Neumann, Porter, Landgraf, & Pittman, 199@xytocin is alsamportant for milk production,

and cessation of breastfeeding has been investigated as a patentiahism contributing to
PPD(Kim et al., 2014b; Moura et al., 2016hdeed, breastfeeding is beneficial fortemaal

mood as it has been linked to reduced anxiety and reduced cortisol release in response to acute
stressors in breastfeeding moth@sinrichs et al., 2001)However, it should be noted that it is
unclear whether cessation from breastfeeding underlies development of PPD, or whether PPD
results in reduced maternal care including cessation of breastféBeingis and McQueen,

2009 Stuebe et al., 2013; Kim et al., 2014Additional research is necessary to ascertain the
relationship between PPD, breastfeeding, and oxytocin.

Pregnancy and postpartum are characterized by sustained high flattened levels of
glucocorticoids in botlhumansand rodent§Magiakou et al., 1996; Lightman et al., 2001;
Pawluski et al., 2009ayvhich is a similar hormone profile observed in depressed patients
(Stetler and Miller, 2011)For this reason, there has been a considerable amount of research
investigation regarding whether petiations to the maternal glucocorticoid system underlie
PPD. One proposed mechanism of PPD is that the abrupt loss of placental corticotrophin
releasing hormone signaling at the time of parturition precipitates depression in vulnerable

women, with women gtering from PPD more likely to experience a greater magnitude of
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corticotrophinreleasing hormone withdraw@leltzerBrody et al., 2011)indeed,
corticotrophinreleasing hormone administration results in a blunted adrenocorticotropic
hormone release in women with PPD in comparison to postpartum women without MDD
(Magiakou et al., 1996Pysregulation of the HPA axis and cortisol secretion have also been
implicated in clinical studies of PP@olley et al., 2007; Seth et al., 2018jomen who
previously suffered from PPD reported more depressive symptoms and showed greater cortisol
responses after exposure to a hormsineulated pregnandiBloch et al., 2005)suggesting that
in vulnerable women, the H¥Paxis and mood are altered in response to pregnancy hormones. In
rodents, models of maternal depression commonly involve chronic stress exposure such as
chronic restraint stregslillerer et al., 2011; Haim et al., 2014; Leuner et al., 20dHonic
intruder stres¢Carini et al., 2013)or chronic CORT administratigiBrummelte, Pawluski, &
Galea, 2006; Brummelte & Galea, 2010; Workman, Brummelte, & Galea,.Zlli&5e models
nat only induce depressivée behaviour in tests such as the forced swim test, but they also
reduce quality of maternal care and time spent with the @rpsamelte et al., 2006; Brummelte
& Galea, 2010; Carini et al., 2013; Workman et al., 20a®)roring the phenotype of PPD in
women.
1.2.3 Fluctuations in sex hormones and MDD

In addition to stress hormone hypothesis, another prominent neuroendocrine hypothesis
emphasizes the role of gonadal hormones in MBBBmmarstrom et al., 2009)Vithin the
female population, risk for MDD can fluctuate over the lifespan and is coincident with large
fluctuations in hormones. As mentioned previously, the sex difference in depriessi@mce
emerges during puber{ilolenHoeksema and Girgus, 19%h)d starts to decline around the

average age of menopauy§utiérrezLobos et al., 2002)ater in life, the perimenopausal
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period can last 10 years prior to menopause and is associated with increased vulnerability to
depression, regardless of women with or witth@ previous history of depressi@ffreeman et
al., 2004; Cohen et al., 2006l female rats, loss of circulating ovarian hormones via
ovariectomy or withdrawal from ovarian tmmonesimulated pregnancy has been causally linked
to increased depressii&e behaviour(Galea et al., 2001; Green and Galea, 2008; Green et al.,
2009; Mahmoud et al., 201@nterestingly, withdrawal from ovarian hormesienulated
pregnancy increased depressive symptoms in women with ayta$tePD, indicating that
fluctuations in ovarian hormones may precipitate mood disturbances in vulnerable women
(Bloch et al., 2000) Furthermore, in women, pharmacologically reducing circulating levels of
sex hormones via administration of gonadotrdpammone agonist increased depressive
symptoms in women as well as attenuated reypandessing activity in the amygdala and
functiond connectivity between the hippocampus and cingulate c¢fesher et al., 2017,
Macoveanu et al., 2016nterestingly, of women treated with the gonadotrdmnmone
agonist, those with thieighest induced depressive symptoms also exhibited hyperactivity in the
anterior insula in response to emotional stimuli in comparison to the women with lower
depressive scorgblenningsson et al., 2015)his suggds that in women, loss of sex hormone
signaling can interact with emotional sensitivity to affect brain activity. Collectively, these data
indicate that fluctuations in ovarian hormones may contribute causally to depression in females.
Although the glucoarticoid hypothesis and gonadal hormone hypothesis have been
discussed thus far as separate hypotheses, it should be noted that the HPA axis interacts with the
hypothalamiepituitary-gonadal (HPG) axis, which regulates gonadal hormone secretion. The
interaction between the HPA and HPG axis also is also relevant for MDD etiology. Generally, in

adult subjects, testosterone inhibits HPA axis activity whereas estradiol potentiates HPA axis
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activity (Goel et al., 2014a)fhe HPA axis can also exert inhibitory control over the HPG axis
with chronic stress suppressing sexual behaviour in both males and f€hoalieis et al.,
2014) Development of the HPA axis is tied to the maturation of the HPQR&imeo, 2010)
the increased risk for MDD aselv as the emerging sex difference in MDD during puberty may
be related to the maturation of the HIPRG interactiongAngold and Costello, 2006)
1.2.4 Fluctuations in sex hormones and PPD

During pregnancy, estradiol and progesterone rise to high levels and then remain low
after parturition(Shaikh, 1971; Rosenblatt et al., 1988; Pawluski et al., 20D@aing
reproduction, these large fluctuations in steroid and peptide hormones may influence risk for
depressioriBloch et al., 2003; Hendrick et al., 1998) addition to changes in HPA axis
hormones across pregnancy and the postpartum, estradiol levels are elevated throughout the third
trimester but drop dramatically after parturitorald i ng t o t he hypothesis t
withdrawal stateo during the fir s(Hendrieket weeks
al., 1998; Bloch et al., 2003; Macoveanu et al., 2016; Fisher et al.,. 20d&&d, this has been
modelled in preclinical research as withdrawal from a horasimelated pregnancy induced
depressivdike symptomology in female rats (increased immobility in the forced swim test and
sucrose anhedoniéGalea et al., 2001; Green et al., 2088) reduced neurogenesis in the
hippocampugGreen and Galea, 200&}linical studies in women have also confirntlealt
transient suppression of circulating gonadal hormones via pharmacological manipulations is also
associated with neural phenotypes of depression such as attenuated reward processing
(Macoveanu et al., 20163ltered serotonin transporter bindifigokjaer et al., 2015and
altered functional connectivity between regions such as the amygdala, cingulate cortex, and

hippocampugFisher et al., 2017)
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1.3 PPD andAntidepressantEfficacy

One of the first theories regarding thktgy of MDD was the monoamine theory,
positing that reduced monoamine transmission (i.e. serotonin, norepinephrine, and depression)
contributes to the neuropathology of MDD. This theory is supported by a majority of
antidepressant drugs targeting the mamine system, including SSRIs. Although the
mechanism of how SSRIs exert their therapeutic effect is still under investigation, the most rapid
effect of SSRIs is increased extracellular serotonin in brain areas including the hippocampus
(Popa et al., 2010)nterestingly, nofpharmacological antidepressants also increase serotonin
leves as exercise can increase levels of serotonin in the hippocampus under basal and stress
conditions(Wang et al., 2013; Wen et al., 201#)rther supporting the role of serotonin in
antidepressant effects. Finally, it should be noted that serotonin has several widespread effects
including regulatio of hippocampal neurogenegienina and Klempin, 2015nd interacting
with low levels of ovarian hormones to influendepressive symptoniBrokjaer et al., 2(8).

The monoamine theory of depression may also be relevant for PPD as serotonin levels
are low in postpartum dams in comparison to nulliparous femaléasan et al., 1988)vhich
may contribute for a heightened risk for depression. However, the role of serotonin in the
maternal brain is comgk. While serotonin levels are lower in the hippocan{pesan et al.,
1988) serotonin turnover is higher in the medial preoptic area of the hypothalamus in
postpartum rats in comparison to nulliparous ¢atsmstein, Dominguez, Putnam, De Vries, &
Hull, 2003)and is implicated in maternal behaviour such as maternal aggrédsiveiga et al.,
2011; Heiming et al., 2013Furthermore, variants of genes associated with serotonin reuptake

(5-HTTLPR) and serotonin synthesiSRH) have been associated with risk for PPD although
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other factors such as concurrent stressful life events may be an important moderating factor
(Couto et al., 2015) Thus, serotonin may contribute to risk for PPD although further research is
necessary to ascertain the extent of its mechanistic contribution to etiology of PPD.
1.3.1 Efficacy of SSRIs for treating PPD

Mothers suffering from depression can be prescribedgdéme antidepressants that are
used to treat major depression in men and women. Treating maternal depression has been
complicated by a poor understanding of depression at this time as well as the unique physiology
of women during this time. Indeed, treafimaternal depression is challenging because
systematic reviews indicate that antidepressant efficacy is limited in pregnancy and postpartum
(De Crescenzo et al., 2014owever, it should be noted that there are few clinical trials
specifically investigatig antidepressant efficacy specifically in the context of postpartum
physiology. Of these few trials, there is some evidence that SSRIs may be beneficial early in the
treatment regimen with SSRI treatment reducing depressive scores in comparison tdirgunsel
at 4 weeks into the intervention period but not 18 weeks into the intervég8harp et al., 2010)
Other studies have found that SSRIs in comparison to placebo had no significant benefit on
depressive scores in mothers also undergoing psychpyh@ppleby et al., 1997; Bloch et al.,
2012)andanother trial found that SSRI offered no significant benefit over placebo on depressive
scores although there was a high attrition ¢&tankers et al., 20085tudies demonstrating SSRI
efficacy in the postpartum are difficult to interpret as there are no placebo control @visgms
Reebye, Corral, & Milis, 2004Visner et al., 2006)r differences in initial depression scores
(Hantsoo et al., 2014Dverall, it is particularly problematic that there are few clinical trials
investigating antidepressagfficacy in the postpartum, and this inconclusive set of clinical trials

underscores the importance of studying how antidepressants function in mothers.
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Given the alterations in the hormonal and neural profiles over the course of pregnancy
and postpaum, it is plausible that the capacity for these antidepressants (either pharmacological
or nonrpharmacological) to function is altered. Altered antidepressant efficacy may be in part
due to the endocrine alterations in maternal physiology affecting pbakmatics such as drug
metabolism. For example, use of oral contraceptives and exogenously increasing ovarian
hormones levels can reduce activity of CYP1A2, an important enzyme for clearing drugs from
the systengHilli et al., 2008) In addition to CYP1A2, there are numerous cytochrome enzymes
such as @P3A4, CYP2D6, and CYP3c19 that are also heavily impacted by oral contraceptive
use and influence drug acti@ikokras et al., 2011) For this reason, women prescribed
antidepressants like FLX require a lower dose while taking oral contraceptives as begser d
result in drug accumulation in the bof@yamoiseaux et al., 2014n addition to changes in
these enzymes, total blood volunmeetabolic, andody weight change markedly over the course
of pregnancy and postpartum which can influence pharmacokinetics of antidepressants.
Presently, it is unelar how the physiological factors interact with antidepressant efficacy during
pregnancy and postpartum and is actively being reseaélvesinm et al., 2016)From rodents,
there is evidencénait FLX is metabolized faster in female mice than in male (hodes et al.,
2010) Also,gonadal hormoas can facilitate some of the effects of FLX to offset stirebsced
depressive phenotypes in either male or femalgkébmoud et al., 2016; Wainwright et al.,
2016b)which may contribute to the potentially altered efficacy in mothers at this time.
Collectively, these differences highlight the importance of evaluating antidepressant efficacy

specifically duringmotherhood as it may different that efficacy outside of motherhood.
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1.3.2 Efficacy of exercise for treating PPD

Exercise, particularly aerobic exercise, is considered an antidepressant for major
depression in humariSchuch et al., 2016However, while the antidepressant effect has been
robustly observed ihumans, the underlying mechanism of this antidepressant effect has been
difficult to ascertain in the MDD population. This is due in part to heterogeneity of MDD
pathology itself as well as to the highly variable amounts of exercise with low attend&sce rat
unable to provide antidepressant relief and subsequently changes in MDD bior(ickech et
al., 2016) This issue of low compliance represents an issue in studying exercise in treating
MDD: because the dease itself is characterized by loss of motivation, lethargy, and fatigue, the
disease itself can be a barrier in patients complying with an ederggnding intervention,
especially in those suffering from severe depres&atmon, 2001; Flegal et al., 2007; Roberts
and Bailey, 2011)Thus, thee has been interest in using exercise as an adjunct antidepressant
intervention to augment pharmacotherépsivedi et al., 2011; Legrand and Neff, 2016)

Given the substantial changes in endocrine and neural profiles that naturally occur over
the course of pregnancy and postpartum regardless of depressionitstaplausible that the
capacity for exercise to benefit maternal mood and the brain is compromised. Few clinical
studies have examined the efficacy of exercise specifically in the treatment of maternal
depression or PPD. A mesmalysis byDaley, Jolly, & MacArthur, 200@nalyzed 5 small trials
of women at risk with PPD (but not clinically diagnosediPBnd found that exercise reduced
depression scores specifically when a study using low intensity exercise and social support was
used in the analysi®\rmstrong and Edwards, 200&xclusion of that study from the meta
analysis resulted in exercise no longer significantly positively impacting depressies

these womeiiDaley et al., 2009)RecentlyDaley et al., 201%ound that in women diagnosed
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with PPD, a sixmonth exercise intervention of moderatéensity thrice per week (including
consultation phone calls) significantly reduced depression scores at six months postpartum by
not at twelve months postpartum. &tk have also investigated the preventative effects of
exercise on peripartum mood disruptions and found that there is curvilinear relationship such that
the greatest proportion of mothers recovering from depression exeredsperiveek and fewer
women ecovered from depression when exercising either more or less often th¢@ettiah et
al., 2012) Thus, the efficacy of exercise in PPD may be altered during the peripartum period but
perhaps use of a multimodal antidepressant intervention may be particularly useful in mothers.

In rodents, the betvioural antidepressant effects of exercise have been observed in
models of MDD such as the injections of CORYau et al., 204), social isolatior{Hong et al.,
2015) genetic manipulations such as the Flinders Sensitive(Bigenebekk et al., 201pand
chronic unpredictable strefisapmanee et al., 2013 xerdse may be exerting its antidepressant
effect by enhancing hippocampal neurogen@éisi et al., 2011; Yau et al., 2014h)creasing
trophic factorgKiuchi et al., 2012)andincreasing serotonin transmissi@fiempin et al.,
2013) Interestingly, there is evidence that voluntary running wheel activity can fluctuate over
the course of the estrous cycle with thehleist levels occurring during proestrus when ovarian
hormones are higlAnantharamaBarr and Decombaz, 1989 contrast, when ovarian
hormones are low such as after ovariectomy or after parturition, voluntamypgunheel activity
is low in rodentgBick-Sander et al., 2006; Park et al., 20F8)r this reason, it is ingptantly to
investigate the antidepressant effects of voluntary exercise within the context of ovarian hormone

levels and fluctuationand is studied in Chapter 4
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1.4 Effects of PPD and antidepressants on child outcome

Several forms of postnatal early Ig&ress, such as sexual, physical, or emotional abuse
as well as parental loss, neglect, or mental illness can have detrimental effects on child emotional
outcome such as increased risk for adult mood and anxiety dis@rdenslaro, Kinscherff, &
Fenton, 1992; Heim & Nemeroff, 2001; Pelcovitak, 1994) In fact, research suggests that
depression is harder to remit if the individual has a history of early childhood adversity such as
physical abus@-uller-Thomson et al., 2014)nterestingly, the connection between persistent
hyperreactivity of the HPA axis drMDD has been more reliably found in individuals with
history of early life adversity regardless of current psychopathdldgyn, Mletzko, Purselle,
Musselman, & Nemeroff, 2008 his suggests that early life adversity may shape HPA axis
activity and underlie a predisposition forpdessionHeim et al., 2008; Pariante and Lightman,
2008)

1.4.1 Effects of untreated PPD on childoutcome

In rodents, disruptions to the early postnatal environment have also been linked to
depressivdike behavior in animal models of depression. One of the most common postnatal
paradigms used is maternal separation in which pups are removed from the daeefbotrs
per day during the postnatal peri@thmidt et al., 2011 Maternal separation during the first
two postnatal weeks or tleatire postnatal period (from birth to weaning) increased immobility
in the forced swim test in adult male and female (la¢e et al., 2007; Aisa et al., 2008; Lajud et
al., 2012) Maternal separation lasting the entire postnatal period elevated basal CORT in adult
femaleg(Aisa et al., 2008 Interestingly, maternal separation during the first two postnatal

weeks resulted in exaggerated ACTH secretion after resftantCaldji, Sharma, Plotsky, &
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Meaney, 2000but not after exogenous CRH in male dsgger and Neumann, 1999)
suggesting that maternal separation may have a more potent effect on sensitivity of the pituitary
gland to different stressors in male rats. Another model of early life diyysisch as the
CORT-induced model of PPD, also induces ldgegn effects on offspring outcome and will be
discussed below (section 5.2). Together, these data indicate that reduced maternal care represents
a form of early life adversity that impacts tloadrterm risk for depressivike behaviour and
disturbances to HPA axis.

It should be noted that both antepartum and maternal depression, referring to depression
occurring during pregnancy or within the first year of childbirth, can have dynamic effects
child outcome depending on depression timing. Depression during pregnancy in the mother
increased emotional responses in infant boys, but not(Gideardin et al., 2018nd increased
risk for depression in adolescer({@awlby et al., 2009; Pearson et al., 20Maternal
depression, refeéng to depression spanning pregnancy and postpartum, can critically affect
cognitive and emotional development of child(@oodman & Gotlib, 1999)Thus, maternal
depression at various times can profoundly influence child development and represents a risk for
behavioral and cognitive disturbasc Notably, this is another reason highlighting the
importance of distinguishing depression with antepartum or postpartum onset as this may be
influential in how child outcome is disrupted. With regards to potential mechanisms, antepartum
depression camfluence child outcome via fetal programming effects whereas depression arises
after parturition can indirectly program child outcome via disruptions in maternal care;
depression spanning both pregnancy and postpartum may be influential via a mix of both
programming and early life environment effects. Furthermore, whether antidepressant

intervention began during pregnancy or postpartum could also influence child outcome.
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1.4.2 Effects of treating PPD with SSRIs on childoutcome

Treating mothers with SSRIséemplicated because antidepressant efficacy may be
compromised in the postpartum (discussed in section 2.6). If antidepressants are not providing
relief for the mother, this can be problematic for infant outcome as the PPD remains unresolved
and can adveedy affect child development (discussed in section 3.1). Furthermore,
antidepressants, such as FLX, and its metabolites, suchFisSy@an remain active in breast
milk and directly reach the infafi#Visner, Perel, & Findling, 1996\Neonatal exposure to SSRIs
is associated with adversatcomes in the infant such as reduced weight(@hiambers et al.,
1999) reelin levelg§Brummelte et al., 2013psychomotor scores during the first yé@antucci
et al., 2014ads well as increased collcester, Cucca, Andreozzi, Flanagan, & Oh, 1993)
hypertensior{Chambers et al., 200&nd risk for autisniBoukhris et al., 2016 However,
maternal SSRI use is also associated with enhanced infant readiness to interact with their mother
(3 mo infants Weikum, Mayes, Grunau, Brain, & Oberlander, 20 E&celerated perceptual
development (6 mo and 10 mo infan{®/eikum, Oberlander, Hensch, & Werk2Q12), and
improved executive function (6 yo childréweikum, Brain, et al., 2013)Although the later
studies(Weikum et al.2012a; Weikum, Brain, et al., 2013; Weikum, Mayes, et al., 2013)
suggest a seemingly beneficial result of maternal SSRI use, it is unclear whether these effects of
maternal SSRI usare advantageous in the long term or precede negative behavioral outcomes
that emerge later in life, i.e. beyond the time the infant is dependent on the mother (and
consequently exposed to SSRI). To date, it remains unclear from the clinical literattirerwhe
the effects of neonatal antidepressant exposure outweighs the adverse effects of PPD on child
outcome, and this uncertainty is one of the primary reasons why mothers are reluctant to seek

and adhere to pharmacological antidepressants. Unfortundieigalcevidence is limited to
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infancy and childhood, and this impedes both the mother and clinician in making the best
decision.

To this end, rodent studies can assess how certain windows of SSRI exposure affect adult
male and female offspring outcomarfexample, in examining anxielike behaviour, perinatal
FLX exposure has highly variable effects depending on timing of exposure, dose of FLX, and
sex of the offspring. FLX treatment (25 mg/kg) from prenatal day 15 through postpartum day 12
had no effecon anxietylike behaviour in comparison to control treatment in adult female gice
Kiryanova, Meunier, & Dyck, 201Hut reduced anxietljke behaviour in adult male mice
(Kiryanova et al., 2016 However, prenatal stress followed by maternal postpartum FLX
treatment (5 mg/kg) had no significant effect on anxity behaiour relative to controls in
either adult male offsprin(Boulle et al., 2016bdr female offspringBoulle et al., 2016a)Thus,
dependig on the model of maternal adversity, timing of FLX exposure, and sex of the adult
offspring, different anxiety phenotypes can be observed. In addition to altered anxiety
phenotypes, maternal FLX exposure has been associated with altered circadian rhythm
(Kiryanova efal., 2017b) increased aggression in male miK@yanova et al., 2016; Svirsky,

Levy, & Avitsur, 2016) and increased depressiie behaviour in adult female raiBoulle et
al., 2016a)Thus, different forms of affective behaviour can be sensitive to the effects of
maternal FLX exposure depending on sex.

Neonatal exposure to FLX particularly important to investigate because serotonin is an
important trophic factor during developméhtazer et al., 1997; Yan et al., 199During the
postpartum period, refinement of serotergtated circuitry as well as peak synaptogenesis in the
brain occurs in the offspring, and these developmental processesstigesémexogenous

serotonin and experiential factors such as maternallkepser and Homberg, 201%As
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previously mentioned, maternal SSRI use can increase milk concentratins ahd noFLX
(Wisner et al., 1996 However, given the ability of all of these antidepressants to alter mood as
well as endogenous serotonin levels in the mother, it isiplaubat maternal exposure to either
of these agents can potentially affect either indirectly (via maternal care) or potentially directly
(via milk content) and subsequently offspring outcome.

1.4.3 Effects of treating PPD with exercise on childutcome

Exerci® is encouraged for mothers because metabolic diseases in mothers are associated
with adverse effects in offspring. Obesity in mothers is associated with increased risk of the child
developing obesity themselvéisau et al., 2014; Mourtakos et al., 20H5d risk for
cardiovascular disease in adulthd®gynolds et al., 20135 estational diabetes in mothers is
also associatewith metabbc dysfunction in children, increasingsk for daughters talso
develop gestational diabetasd perpetuating thisk for metabolic disease across generations
(Fraser and Lawlor, 2014)While there is caution warranted against strenuous exercise, exercise
is considered to be beneficial for fetal hegifmman et al., 2015)

It is unclear how maternal exercise factors into the conflict between untreated PPD and
treated PPDThe effects of exercise itselbdiot appear to be harmful on fetal grotif o mi | et
al., 2013)and may be beneficial for the aforementd risks of metabolic disease. Howewag
not clear whether this intervention is sufficient in alleviating the altered maternal caregiving
behaviour typical of PPD nor isclear whether maternal exercise offsets the effects of PPD on
child outcome. To some extent, maternal exercise has been associated with reducetkanxiety
behaviour in rat pup@ksu et al., 2012; Haydari et al., 20%lhough these findings did not

persist when a model of prenatal stress was also presenét al.2016. For this reason, it is
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imperative to evaluate how exercise functions in a model of PPD and examine offspring outcome
and this is empirically studied in Chapter 4.
1.5 Neurobiology of MDD and FPD: focus on the hippocampus

The hippocampus is a subcortical, bilateral strudngated in the medial temporal lobe
at the inferior horn of the lateral ventricles. The hippocampus is composed of the following
subfields which interlock in a-8hape with laminar organization: the cornu ammonis (CA) 1,
CA2, CA3, and CA4, and the dentafgrus. The entorhinal cortex and subiculum can be
considered to be part of the hippocampal formation. -lmypocampal activity is connected via
the trisynaptic circuifFigure 13). Afferent inputs to the hippocampus enter via the entorhinal
cortex (ayer 2) synapse with the granule cells in the dentate gyrus, forming the perforant path.
Axons from granule cells in the dentate gyrus synapse with the CA3 pyramidal neurons, forming
mossy fibers. Axons from CA3 pyramidal neurons synapse with CA1 pyrangdebns,

forming the Schaffer collaterals. Axonal fibers from the CA1 subfield forneffeeent path of

Dentate Gyrus
Figure 1-3 Diagram of tri-synaptic hippocampal circuit. MF: Mossy fibers; PP: Perforant path; SC: Schaff

collaterals

the hippocampus via the subiculum, the primary outflow of the hippocampal cirf@ntaral et

al., 2007; Neves et al., 2008)
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The dentate gyrus is composed of three layers: the molecular layer, the granujecell la
and the polymorphic layer (or hilus). The molecular layer is relatively free of cell bodies and
contains he dendrites of granule celBuring development, stem cells located in the hilus give
rise to granule cells, which are densely packed in theulg cell layefAmaral et al., 2007)The
granule cell layer forms approximately at gestation day 20. Production of granule cells begins
approximately at gestation day 20 and reaches peak levels at postpartudanas and
Bayer, 1990)By the end of the postpartum period (between postpartum day 20 and 30),
neurogenesis is mostly confined to the subgranular @dtraan and Bayer, 1990A substantial
amount of neurogenesis continues after the postnatal period and continues in the adult dentate
gyrus. In adulthoodheural stem cells grogenitor cells diwde in the subgranular zone and
differentiate into either neurons or glia. The newly differentiated neurons migrate from the
subgranular zone into the granule cell layer. As the neuron matures, dendritic processes extend
into the molecular layer and dendribranching becomes more complex and make synaptic
contact to the CA3 subfield of the hippocamplimaral et al., 2007)

Doublecortin (DCX) is an endogenous, microtubagsociated protein important for
neuronal migration. Disruptl DCX expression results in disorganized neuronal migration and
cortical laminar heterotopiaes Portes et al., 1998; Gleeson et al., 1998K is also a marker
of neuronal differentiation as it is only expressed in neuf@r®wvn et al., 2003)DCX is
expressed for up to twengne days in immature neurons of rats, coinciding with proliferation,
differentiation, and migration of neurons in the dentate gyrus in adult rats. Maturity of DCX
expressing neur@ncan be distinguished by characterizing the morphology of thes¢riglise
1-4). Proliferative DCXexpressing (type 1) neurons have short, plump processes. Intermediate

DCX-expressing (type 2) neurons have few, thin dendritic branching in the molegealiar
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Postmitotic DCX-expressing (type 3) neurons have complex dendritic bran¢Rlagpe et al.,

2006) DCX is considerg a marker of immature neurons as its expression wanes as granule cells
mature and begin to express NeuN; furthermore, DCX is nrekpeessed with markers of

mature neurons such as calbin(Bnown et al., 2003; von Bohlen und Halbach, 20B8cause

of its longlasting expression, quantifying DCX expression is a useful measure of how chronic
treatments (such as chronic CORT, FLX, or exercise) influence neurogenesieXp&xssing
neurons als express glucocorticoid recept@Fstzsimons et al., 2008%0 these cells will be
vulnerable to the effects of high CORT levels. Another advantage in examining DCX
expression is that it is an endogenously expressed protein and quantifying its expression does not
require additional injections or questions onitighof injections for exogenous methods such as

the use of bromodeoxyuridine or other thymidine ana{Bgswn et al., 2003; Plimpe et al.,

2006; Taupin, 2007)

Figure 1-4 Diagram of DCX morphology. Reprinted withpermission fromiWWorkman et al., 2015
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Interestingly, the hippocampus is a heterogenous structure with the dorsal and ventral
subdivisions expressirgjfferencesn function and neurogenic properties. The topographic
gradient of dorsabentrd axis is present at the time of birth. With regards to function, dorsal
hippocampus has been implicated in cognition and spatial memory. Dorsal hippocampus projects
to cingulate cortices related to spatial navigation, and dorsal hippocampus has tis¢ greate
density and sensitivity of place ce{llung et al., 1994; Cenquizca and Swanson, 2007; Fanselow
and Dong, 2010a)entral hippocampus projects to olfactory bulb, amygdala, and prefrontal
cortex(Cenquizca and Swanson, 2007; Fanselow and Dong, 204€x&)yal hippocampus also
has place cells which encode a larger place {ikldg et al., 1994 Density of glucocorticoid
receptors is higher in traorsal hippocampus than wentral hippocampugRobertson et al.,

2005) Ventral hippocampus is functionally related to regulation of affective behaviour and
stress. Although dorsal hippocampus is predominantly associated with spatial navigation and
cognition and ventral hippocampus is predominaasigociated with affective behaviour, it
should be noted that these functions are not exclusive. Dorsal hippocampal activity can affect
anxietylike behaviouBannerman et al., 2002; Rezayat et al., 2088) ventral hippocampal
activity can be involved in spatial memdiyoureiro et al., 2012; Workman et al., 2015a)

It should be noted that mabyainareas connected to the dorsal and ventral hippocampus
are also implicated in the neurobiology of MDD, including the amygdala, prefrontal cortex, and
cingulate corteXNestler et al., 2002Moreover, neural processes besides hippocampal
neurogenesis, such as production of trophic factors such as brain derived neurotrophic factor
(BDNF) and neuroinflammatiomre also implicated in MDIQRoy et al., 2014)This thesis will

primarily focus on the contributing role of hippocampal neurogenesis with further justification
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provided in the sections below; the potential contributing role of other brain regions and
processes are discussed in sectién 6.
The hippocampus is implicated in thaungbiology of depressiafyakili et al., 2000;
Nestler et al., 2002; McKinnon et al., 2008)metaanalysis determined that depressed patients
have a smaller hippocampal volume after 2 years with deprgdsatinnon et al., 2009)
Antidepressant use protects against hippocampal volumprlosaily in women(Vakili et al.,
2000) Furthermore, prolonged high cortisol levels reduce hippocampal volume as evident in
Cushingbs patients: they exhibit hywhehicxortiso
reversed (10% hippocampal volume increase) when cortisol levels are norr{iia&than et
al., 1999) Thus, the reduced hippocampal vokiseen in depressed patients may be the result of

prolonged hypersecretion of CORT.

1.5.1 Adult hippocampal neurogenesis and MDD

Animal models of depression reliably reduce hippocampal neurogenesis including
chronic unpredictable stre@idawley et al., 2012; Wainwright et al., 2016eronic CORT
administrationBrummelte and Galea, 2010Qa)arian hormone withdrawéGrean and Galea,
2008; Zhang et al., 201,&80cial defeat stregskehmann et al., 201 3prenatal stregdorley-
Fletcher et al., 2011and early maternal separatigvirescu et al., 2004) Reducing adult
hippocampal neurogenesig transgenic manipulation in male mice resulted in HPA axis
negative feedback dysregulation, increased immobility in the forced swim test under no stress
conditions, and increased sucrose anhed@ngder et al., 2011afConversely, increasing adult
hippocampal neurogenesis via transgenic manipulation in male mice protected against CORT

induced anxietyike behaviour (elevated plus maze), deprasbke behaviour (tail suspension
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test), but did not affect HPAxes activity (Hill et al., 2015) Reduction of hippocampal
neurogenesis via irradiatig®urget et al., 201X9r pharmacological administration of MAM
itself did not induce depresshi&e behaviour but rather exacerbated the effects of chronic
unpredictable stress in male r@@essa et al., 2009)n humans, depression reduced progenitor
cells(Boldrini et al., 2012)Thus, reduced hippocampal neurogenesis may precipitate
depressivdike behaviour or exacerbate depresdike behaviour under certain conditions.

Many studies show that antidepressant administration can increasedmmzd
neurogenesis in adult male rodents. This includes SSRIs such as FLX as well as non
pharmacological antidepressants such as exercise and electroconvulsive trgaimierdag et
al., 1999; Tanti and Belzung, 2013)his neurogenic effect of pharmacological antidepressants
has also been observed in human jpesttem tissu€Boldrini et al., 2012)and was found to a
greater extent in womgEpp et al., 2013)Other studies suggest that the antidepressant effect of
SSRIs such as FLX are dependent on the presence on adult hippocampal nsistdemne
example, abolishment of hippocampal neurogenesis via irradiation rendered FLX ineffectual in
rescuing the sucrose anhedonia and HPA axis negative feedback dysregulation induced by
chronic unpredictable stregSurget et al., 2011Reducing hippocampal neurogenesis prevented
FLX effect on sucrose anhedonia and latency to (Sedtarelli et i, 2003) Importantly,Bessa
et al., 200%lso revealed that FLX reduced latency to feed in NSF only in animals with intact
hippocampal neurogenesis, suggesting that this is a neurailppeadent test of antidepressant
efficacy. NSF $ also a test of anxietike behaviour(Bodnoff et al., 1989)and others have
indicated an important role of neurogenesis in anXieggrik et al., 2012; Hill et al., 2015)
Collectively, these data highlight the importance of hippocampal neurogenesis as a marker of

depression asell as a potential mechanism underlying antidepressant efficacy.
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1.5.2 Motherhood affects hippocampal structure

Given that prolonged periods of stress hormone exposure and fluctuations in sex
hormones impact the brain, it may not be surprising that thereuarerous changes in the brain
that occur during pregnancy and postpartum. In fact, during pregnancy, total brain volume
shrinks by 8% and reverts to its original volume by 6 months postpé@atridge et al., 2002)
Hippocampal volume is reduced during pregnancy and postpartum, and with a partial recovery to
pre-pregnancy volume 2 years after giving bifttoekzema et al., 201 7rurthermore, these
pregnancyinduced alterations are present at the cellular level of the hippocampus as pregnancy
results in suppressed apoptosis without affecting cell proliferé@awluski, Barakauskas, &
Galea, 2010)However, after parturition, hippocampal cell pratifiion and survival of new
neurons are suppressgauner, Mirescu, Noiman, & Gould, 2007; Pawluski & Galea, 2007)
This pospartum reduction in cell proliferation is due to elevated circulating CORT because
surgical removal of adrenal glands prevented this reduction in cell prolife(aganer et al.,
2007) Survival of new neurons is also reduced during lactation in primiparous but not biparous
dams, although this effect appears talbieen by pregnancy alone as primiparous rats who had
their pups removed 24 h after giving birth still showed the reduction in new neuron survival at
the 22 days postpartu(®awluski & Galea, 2007)n addition to altered neurogenesis, there are
transient increases in dendritic spine density in the CAL region of the hippasauring the
early postpartum periodinsley et al., 2006)However, by the end of the postpartum period,
primiparous rats (firstime mothers) exhibit reductions in CA1 and CA3 dendritic spine density.
This reduction is not observed in multiparous (multiple mothering experiences), suggesting that
number of reproductive experiences can also impact structural plasticity of the hippgcam

(Pawluski and Galea, 2006logether, these alterations in hippocampal neurogenesis and
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plasticity may be influential in risk for depression as well as impact how efficacious
antidepressants are in mothers.

There are fatively few studies examining the neurobiology of depression in mothers.
From clinical studies, increased monoamine oxigasinding in the prefrontal cortex and
anterior cingulate cortex was observed in mothers with PPD in comparison-tep@ssed
moathers within 18 months of childbiritsacher et al., 2010Additiondly, mothers with PPD
exhibit increased glutamate levels in the medial prefrontal c@vtekwen et al., 2012)n line
with findings that glutamate is dysregulated in MQ®Berhard et al., 2016)reating dams with
high levels of CORT diminished hippocampal cell proliferation and reduced dendritic
complexity in CA3 subfield of the hippocampii&rummelte & Galea, 2010b; Workman et al.,
2013) Furthermoe, inducing withdrawal from hormorsmulated pregnancy reduced adult
hippocampal neurogenesis in female (@&seen and Galea, 2008)hese preclinical studies
indicate that the hippocampus is involved in models of PPD.
1.5.3 Developmental stress affects hippocampal neurogenesis

The hippocampus is highly sensitive to perturbations in thg pastnatal environment.
Indeed, alterations in maternal care and early life adversity are influential on offspring
hippocampal developme(Korosi et al., 2012; Lajud and Torner, 2015)r this reason,
maternal mood disorders such as PPD may be considered a form of early life adversity for the
developing child and hippocampal development. In humans, children exposed to maternal
depression since birth exhibit no significant changappdcampal voluméLupien et al., 2011)
whereas adult hippocampal volume is vulnerable to the effects of childhood maltreatment
(Chaney et al., 2014RAlthough PPD itself was not associated with altered hippocampal volume

in children, others have reported that there are sex differences in haepseted low maternal
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bonding was associated with small hippocampal volume in women but not i{Bosmnet al.,
2007)

Postnatal hippocampal neurogenesis (i.e. heurogenesis occurring from birth through
weaning) is crucial for hippocarapdevelopment, and a majority of granule cells forming the
dentate gyrus are born during this ti(ddtman and Bayer, 1990Maternal separation lasting
the first two postatal weeks reduced cell proliferation, but not the survival of new neurons in the
dentate gyrus, in adult male rats, which was reversed by adrenaldfiimescu et al., 2004)
Maternal deprivation for 24 h on postnatal day 3 enhanced number of immature neurons in male
rats but diminished number of immature neurons in female rats at wé@unten et al., 2009)
However, by adulthood, the number of immature neurons and survival of new neurons was
diminished in the ventral hippocampus of adult male rats but not in fema(©oaten et al.,

2010; Oomen et al., 201Ihis suggests that males experience more dynamic andaksting
changes to neurogenesis than females in response to maternal separation. This observation is
particularly interestindpecause it is possible that males are more vulnerable the females in
response to early stress exposure whereas females are more vulnerable la{&abihifath et

al., 2015)

1.6 Animal models of MDD and PPD

Animal models of depression can provide insight into the neurobiological underpinnings
of depression. The strength of these animal models can be evaluated based on thelifsce vali
(referring to how close the induced phenotype approximates symptoms of MDD in humans),
predictive validity (referring to antidepressant efficacy), and construct validity (referring to
whether the theoretical or etiological basis for MDD is vipBeillner, 1984; Willner and

Mitchell, 2002) Although it is not possible to model all the symptoms associated with MDD, it
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is posdble to quantify depressivé&e endophenotypes in rodents including changes in body
mass, changes in activity, anhedonia, passive coping, and changes in sleep. Moreover, animal
models of MDD can test causative roles physiological features of MDD, subleraard HPA
axis activity or reduced hippocampal neurogenesis, in relation to these symptoms.
1.6.1 CORT-injection model of MDD

Numerous rodent models of MDD exist with the majority capitalizing on the well
established relationship between stress and Nidh, Cao, Das, Zhu, & Gao, 201 Some of
these stresbased models of MDD include chronic exposure to a singular form of stressor (such
as restraint strepéliuetal., 2016 O6 Mahony, Cl arke, Gibney, Di ni
Sha, & Xu, 2015)chronic exposure to multiple stressors in an unpredictable §Eaes et al.,
2013; Wainwright et al., 2016agarly life stress via separating pups repeatediy fthe mother
(van Zyl et al., 208), social defeatHollis and Kabbaj, 2014)r chronic CORT administration
to induce hypercortisolemi@alynchuk et al., 2004; Gregus et al., 2005; Johnson et al.,.2006)
Each of these models have their advantages and weaknesses. Arguably, thm@@BT
model of MDD ismost useful when mechanistically testing how elevated levels of CORT (the
endproduct of the HPA axis) are related to the symptomology of MDD. Other models of MDD
may be problematic as repeated episodes of stress exposure such as restraint stressaxposure
result in habituation of the HPA axi&regus et al., 2005; Herman, 2018pwever, chronic
CORT administration is advantageous such that the exogenous delivery of CORT levels ensures
that the rodents maintain chronically elevated CORT levels throughout the experiment. Chronic
CORT administration at a dose of 40 mg/kg has been shown to induce the following depressive
like endophenotypes in both sexes: increased deprddsavaehaviour in the forced swim test

(Kalynchuk et al., 2004; Gregus et al., 2005; Johnson et al., ,2@d6iced body masddhnson
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et al., 2008, dysregulated HPA axis activifyohnson et al., 200&)educed hippocampal cell
proliferation(Brummelte ad Galea, 2010apnd reduced density of immature neurons in the
hippocampugBrummelte and Galea, 2010a)

It should be noted that chronic CORT administration can be applied via subcutaneous
implantation of CORT pellets, dissolving CORT into the drinking water, or injections of CORT
itself; each of these methods has advantages and weaknesses. For exam@ebautdeeous
implantation of CORT pellets results in continual release of CORT, the dose cannot be adjusted
for any CORTinduced changes in body mass after surgical implantation nor is it possible to
control or ensure continual drug release throughougxberiment after implantation.

Furthermore, there is evidence the ability of chronic antidepressant exposure to increase
neurogenesis in the hippocampus is observed only when lability of CORT secretion is intact but
not when CORT levels are persistenthbttened which is resultant from CORT pellet
implantation(Huang and Herbert, 20Q6)lternatively, dissolving CORT in the drinking water

of rodents is notinvasive and does not require additiohahdling. However, as in the case of
CORT pellet implantation, it is not possible to control the dose of CORT as the amount of water
consumed can be variable or even reduced. Daily CORT injections can control for body mass
changes and adjust dose accorbifmt is minimally invasive by involving repeated injection
stress. Each of these routes of CORT administration has been implicated in endophenotypes of
MDD in male rodent§Kalynchuk et al., 2004; Murray et al., 2008; Donner et al., 2012)

However, in female rats, daily injections of CORT reduced body mass, increased serum CORT
levels after twentyive days of exposure, increased passive coping in the forced swim test, and
reduced number of DGX¥xpressing cells in the ventral dentate gyruenehs CORT pellets

were not able to induce these MBiRe endophenotypedott et al., 2016)While CORT in
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drinking water reduced number of D&Xpressing cells in the ventral dentate gyrus, it did not
affect the other MDBlike endophenotypes in femal@séott et al., 2016) Thus, to effectively
study CORTinduced MDD in females, the optimal route is #aily injection.
1.6.2 CORT-injection model of PPD

Our laboratory adapted the COfRIduced model of MDD to dams (i.e. rat mothers) as a
model of PPD. Treating dams with high lesvef CORT throughout the postpartum period
reliably disrupts quality of maternal care by increasing time spent away from the nest and
reducing time spent nursing in the early postpartBrammelte & Galea, 2010b; Brummelte,
Lieblich, & Galea, 2012; Brummelte et al., 2006; Workman et al., 20d®)ortantly, dams
voluntarily disengage &m maternal care without completely depriving pups of maternal care.
During the postpartum period, dams are normally highly motivated to interact with pups and pup
interaction can be rewardirfee, Clancy, & Fleming, 2000; Mattson, Williams, Rosenblatt, &
Morrell, 2003) Because postpartum CORT treatment reduces time spent with the pups, high
levels of CORT maype inducing a form of anhedonia relevant to the postpartum period.
Furthermore, unlike other models of postnatal adversity which forcibly separate pup from the
dam, CORT administration in the dam results in voluntary disengagement from pup interactions
which more closely approximates disrupted maternal care in(B&2joy et al., 2000)
Treating dams with high levels of CORT increased passive coping or depildssivehavior at
the end of the postpartum period (tispent immobile in the forced swim test, another MDD
like endophenotype further discussed below). Postpartum CORT treatment to the dams also
interrupts hippocampal integrity with decreased dendritic complexity and hippocampal
neurogenesis at the end of phastpartum period relative to control da(Bsummelte & Galea,

2010b; Brummelte et al., 2006; Workman et al., 20EBally, postpartum CORT treatment
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predominantly affects male but not female offspring outcome, mirroring thepseific effects
of PPD on child outcome. In male offspring, postpartum CORT treatment reduced hippocampal
cell proliferation at weanin(Brummelte et al., 200@nd increased anxietike behavior in
adolescence without disrupting female outcofBeammelte et al., 2012 hus, adapting the
CORT-induced model of MDD to the postpartum period has good face validdyd¢ed
maternal care, increaseaaternalpassing copingpehaviour, disrupted offspring behaviour) as
well as construct validity (elevated levels of glucocoitisoreduced hippocampal plastiqitipr
modelling PPD. This thesis aims to determine predictive validity within this model with regards
to SSRIs and exercise as well as evaluate how these treatments could influence outcome in the
dam Chapters 2 and 4) droffspring Chapter 3 and 5). The following sections with discuss the
behavioural and physiological tests that were used to address these studies.
1.6.3 Behavioural testi Forced swim test

FST is a putative measure of behavioural despair or deprégsehaiour. This test
is typically a tweday procedure in rat®orsolt et al., 1977a, 1977jirst, rats are placed into a
cylindrical tank of water for fifteen minutes followed by a test session twientyhours later in
which rats are returned to the cylindrical tank of watefif@ minutes. During this test session,
time spent immobile, swimming, and climbing are quantif®attery and Cryan, 2012)
Increased time spent immobile is considered to be indicative of passive coping. Furthermore,
antidepressant treatment reduces time spent immobile including FLX tregieé et al.,
1995; Surget et al., 2011; Wainwright et al., 201868 exetise(Han, Lee, & Leem2015
Lapmanee et al., 2013; Yau et 2014) Moreover, alterations in swimming behaviour can be
indicative of altered serotonergic tone whereas alterations in climbing behaviour can be

indicative of altered noradrenergic tofi#etke et al., 1995Reductions in immobility are
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subject to a variety of interpretations, including the possibility that reduced immobility
represents deliberate disengagement from abgbaviour like swimming and climbing to
conserve energy by maintaining an immobile posture or reflects learning acqySititiary
and Cryan2012) However, time spent immobile is sensitive to pharmacological antidepressant
exposure, with SSRIs, tricyclic antidepressants, and selatbrepinephrine reuptake inhibitors
reducing time spent immobile, indicating that this is a useful tesedigtive validity(Petit
Demouliere et al., 2005)Females show more immobility in males, and this sex difference is
apparent only aftgouberty(Goel and Bale, 2009an effect that may be related to sex
differences in basal CORT levdMiau, 2002) This time course of sespecific vulnerability to
depression is in line with clinical evidence that females are more likely to suffer from depression
as menGutierrezLobos et al., 2002 strengthening the use of forced swim test aagssay of
depressivdike behaviour. Furthermore, time spent swimming is associated with serotonergic
tone, and time spent climbing is associated with noradrenergic tone, providing insight into
altered neurotransmissi@¢betke et al., 1995Many weltvalidated models of MDD use
increased immobility as an index of depresdike behaviour including chronic unpredictable
stresschronic CORT administration, and social defeat sif@sa$ea et al., 2001; Kalynchuk et
al.,, 2004; Gregus et al., 2005; Johnson et al., 2006; Hollis and Kabbaj, 2014; van Zyl et al., 2016;
Wainwright et al., 2016a)
1.6.4 Behavioural testi Novelty suppressed éeding

The NSF test can be used as a measure of afliketigehaviour as well as a measure of
antidepressant efficacy. In a novel environment, rats exhibit neohypophagia, or an aversion to
entering open or unfamiliar environments to feed. In this test, ratsadeleprived for

approximately sixteen hours in order to motivate animals to feed. Rats are then placed in a novel
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arena with a piece of rat chow or a Froot Loop in the center. Rats are then forced to resolve the
anxiogenic conflict between entering thevel environment to consume food. Latency to feed is
usedasan index of anxietyike behaviour. Indeed, this measure is sensitive to acute anxiolytic
drug treatmenBodnoffet al., 1989)Interestingly, reductions in latency to feed as a result of
chronic antidepressant treatment is dependent of the presence of intact hippocampal
neurogenesi€Santarelli et al., 2003; Bessa et al., 2009; David et al., 28@%tion of adult
hippocampal neurogenesis prevents antidepressdunted reductions in latency to feed.

1.6.5 Behaviouraltesti Dexamethasone suppression test

Dexamethasone is a potent synthetic glucocorticoid. Endogenous glucocorticoids can
bind to either mineralocorticoid or glucocorticoid receptors, and both receptors are present
throughout the central nervous systenucgdkorticoid receptors are predominantly occupied
during stress responses when endogenous glucocorticoid levels afedndet al., 1990)
Dexamethasonselectively binds to glucocorticoid receptors, stimulating negdéedback
system of the HPA axis and suppressing glucocorticoid release. However, negative feedback is
perturbedn depressed individuals as dexamethasahministration does not effectively
suppress cortisol secreti¢@arroll et al., 1968; Heuser et al., 1994; Ising et al., 2007)

In humans, thelexamethasonguppression test is typically conducted by administering a
single oral dos of dexamethason®llowed by a challenge of corticotropreleasing hormone;
serum cortisol levs are measured prior and aftee administration of CRH to measure the
effectiveness oflexamethason® suppress CRithduced cortisol levels as a measurélBA
negative feedbacfsing et al., 2007)In rats, the DEX suppression test is tyflicaonducted by
administering dexamethasoaed measuring suppression of streshkiced (via restraint stress or

corticotrophin releasing hormone challenge) CO&%ls. In this regard, poor DEX suppression
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of HPA axis activity would indicate impairments in HPA negative feedback and can be
informative as an endophenotype of depression. Furthermore, chronic exposure to
antidepressants and remission from MDD coincigigls normalization of HPA axis negative
feedback in the dexamethasone suppressiolisasy et al., 2007)adding support the use of
this test as a biomarker of depression. It should be noted that there are sex differences in basal
and stressnducedlevels of CORT{Goel et al., 2014aY his thesis will examine how exposure
to CORTinduced PPD as well as different typesanfidepressants (FLX and/or exercise)
influence adult male and female HPA axis negative feedback in the dexamethasone suppression
test.
1.7 Thesis overview and objectives

The following experiments described in this thesis investigate the effects of a
pharmacabgical antidepressant (FLX) in comparison to a-pbarmacological antidepressant
(exercise) on endophenotypes of CORduced depression in the dam: maternal behaviour,
depressivdike behaviour in the forced swim test, HPA axis activity, and hippocampal
neurogenesis. Further, we assessed how these maternal antidepressant interventions affect adult
male and female offspring outcome in terms of anxii&g/behaviour, HPA axis negative
feedback, and hippocampal neurogenesis in adulthood. The overarchitldsyp of this thesis
was that antidepressant efficacy is altered in the postpartum period and that a combination of
both treatmentdLX and exerciseyvould be optimal for the mother and be linked to the fewest

adverse effects for adult offspring.
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Chapter 2: To determine the efficacy of a pharmacological antidepressant (FLX) on
endophenotypes of CORTinduced PPD in dams, including maternal behaviour,
depressivelike behaviour, and hippocampal neurogenesis.

We hypothesized that postpartum CORT treatmentld reduce quality of maternal care,
increase depressilike behaviour in the forced swim test, and reduce hippocampal
neurogenesis. Furthermore, we hypothesized that postpartum FLX treatment would alleviate

these CORIinduced endophenotypes of PPD.

Chapter 3: To determine the developmental effects of maternal postpartum treatment

with a pharmacological antidepressant (FLX) on adult male and female offspring outcome,
including anxiety-like behaviour, HPA axis negative feedback, and hippocampal

neurogenesis.

We hypothesized that maternal postpartum FLX treatment would adversely affect-tik&iety
behaviour, HPA axis negative feedback, and hippocampal neurogenesis in the adult offspring.
Furthermore, we hypothesized that maternal postpartum FLX &eatrould differentially

affect the sexes with males more vulnerable to the effects of maternal postpartum CORT and/or

FLX than females.
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Chapter 4: To compare the efficacy of a nospharmacological antidepressant (exercise)

alone or in conjunctionwith a pharmacological antidepressant (FLX) on endophenotypes

of CORT-induced PPD in dams, including maternal behaviour, depressivike behaviour,

and hippocampal neurogenesis.

We hypothesized that maternal exercise would prevent C@@iced disruptionsn maternal

care, depressivike behaviour in the FST, and hippocampal neurogenesis. Furthermore, we
hypothesized that the combination of maternal exercise and postpartum FLX treatment would be

more efficacious than FLX alone in alleviating these Céoftduced endophenotypes of PPD.

Chapter 5: To compare the efficacy of a nospharmacological antidepressant (exercise)

alone or in conjunction with a pharmacological antidepressant (FLXpn adult male and

female offspring outcome, including anxietylike behaviour, HPA axis negative feedback,

and hippocampal neurogenesis.

We hypothesized that maternal exercise would have fewer adverse effects than maternal
postpartum FLX exposure on adult offspring outcome in terms of ariketipehaviour, HPA

axis negatie feedback, and hippocampal neurogenesis in the adult offspring. Furthermore, we
hypothesized that either antidepressant alone or in combination would affect both sexes
differently with adult male offspring more vulnerable to these maternal intervertiiem$amale

offspring.
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Chapter 2: Parity modifies the effects ofFLX and corticosterone on behavior,

stress reactivity, and hippocampal neurogenesis

2.1 Introduction

Women are more likely than men to be diagnosed with depression during the
reproductive yearfKessler et al., 1994; Gutiérrdobos et al., 2002)Depression is associated
with higher resting cortisol concentratioffi®arker et al., 2003nd impaired HPA axis negative
feedbacklsing et al., 2007)Although impaired HPA function may not be evident in all
depressed patients, it is associated with melanchgbiedsionLamers et al., 2013nd a meta
analysis indicates th&tPA axis hyperactivity is a common feature of major depregStetler
and Miller, 2011) PPDis a subtype of major depression and affects approximately 15% of
women(Goodman, 2007PPD associated with perturbations in the HPA axis beyond what are
considered typical maternal adaptations. For instance, women with PPD or postpartum blues
have higher cortisol concentrations compared with postpartunewevho were not depressed
(Lommatzsch et al., 2006; Okano & Nomura, 1992; Taylor, Littlewood, Adams, Doré, & Glover,
1994) Additionally, women with a history of PPD had higher cortisol responses to corticotropin
releasing hormone during a hormesimulated pregnandBloch et al., 2005)Collectively,
these data suggest that low mood during the postpartum is related to HPA dysregulation.

HPA axis tone ath responses change throughout the postpartum as the diurnal rhythm of

cortisol becomes flattendtightman et al., 2001)CORT concentrations are high, and HPA axis

I Workman, J.L., Gobinath, A.R., Kitay, N.F., Chow, C., Brummelte, S., Galea., L.A. (2016) Parity modifies the
effects of fluoxetine and corticosterone on behavior, stress reactivity, and hippocampal neurogenesis.
Neuropharmacologyl05:44353. Doi: 10.101f.neuropharm.2015.11.27.
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responses to stressors are suppredsghbtman, 1992; Torner et al., 2008imilarly, in
postpartum women, basal cortisol levels are ele@bdu-Saleh et al., 1999)ut nursing
suppresses HPA axis responses to streg8tiesnus et al. 1995; Heinrichs et al., 200I)hus,
reproductive state may alter the susceptibility to stes€ ORTrelated affective changes.
Despite being associated with a greater risk for mood disofd&$ Har a and Mc Cabe,
Russell et al., 2013}he postpartum may also confer riesite to stresselated responses. For
instance, the postpartum transiently reduces anklatyoehavior(Lonstein, 2005, 2007put
does not affect immobility in the forced swim t@golina-Hernandez and Téllexlcantara,
2001; Craft et al., 2010Nevertheless, dams may be differentially susbkpto stressor
glucocorticoidinduced changes in behavior as, in addition to hyporesponsiveness of the HPA
axis, dams have reduced corticosteroid binding glol§Blawluski et al., 2009k3nd
glucocorticoid receptor binding in the hippocampganey et al., 1989 hus, we sought to
determine whether nulliparous and postpartum rats would differ in their responses to chronic
high CORT exposure.

Thehippocampus contains a high density of glucocorticoid rece(ioosisson et al.,
1988; McEwen, Weiss, & Schwartz, 1968; Morimoto, Mgoridaawa, Yokoyama, & Kawata,
1996)and undergoes structural changes in response to prolonged high glucocorticoid levels
(McEwen & Magarinos, 2001)n both males and females, high CORT administration
compromises hippocampal plasticity and increases immobility in the forced swim test
(Kalynchuk et al., 2004; Brummelte et al., 2006; [Daat al., 2009; Seedat et al., 2009;
Brummelte and Galea, 2010l§)hronic stress or CORT reduagpocampal neurogenesis
males, dams, and nulliparé@ummelte and Galea, 2010a, 2010b; Hillerer et al., 2@l8)see

also(Hillerer etal., 2014)andreduceCA3 pyramidal cell complexitin males, dams, and
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nulliparag(Galea et al., 1997; Workman et al., 201%ajther, patients with depression have
smaller hippocampgiMcKinnon et al., 2009)Thus, the hippocampus is affected in depression
and this may manifest from compromised structural plasticity due to chronically elevated
glucocorticoids in depression. Interestingly, reductions in hippocampal cell complexity
(Pawluski and Galea, 2008hd neurogenes(®arnaudéry, Dutriez, Viltart, Morleffletcher, &
Maccari, 2004; Leuner, MirescNoiman, & Gould, 2007; Pawluski & Galea, 2007; Workman,
Raineki, Weinberg, & Galea, 201f) postpartum rats are also present without any additional
manipulations and may alter vulnerability to stress or treatment responses during the postpartum.
Further, high CORT (40 mg/kg/day) during the postpartum increases immobility in the forced
swim test, reduces maternal care, and reduces cell proliferation and dendritic branching in the
hippocampus of postpartum rdBrummelte & Galea, 2010b; Brummelte et al., 2006; Workman
et al., 2013)but the extent to which parity alters responses to glucocorticoids has not been
investpgated.

FLX is aSSRIprescribed for depression, including PEpperson et al., 2003)
Antidepressants restore HPA axiegative feedback in some individuals with depreq$simy
et al., 2007; Schile et al., 2008)d hippocampal structural plasticity in both stressed and
unstressed males and nullipa(Baiman, 2004; Wainwright and Galea, 2013)t few studies
have examined parous females for antidepressant effects on the brain. Antidepressants can
alleviate symptoms of PPD within the first 4 weeks after giving lfiintsoo et al., 2014put
systematic reviews suggest that antidepressants atapnfer adequate efficacy later in the
postpartun(Sharma and Sommerdyk, 2013; De Crescenzo et al., 2014; Molyneaux et al., 2014)
Antidepressants also reinstate HPA axis nggdedback in some individuals with depression

(Ising et al., 2007)which may occur through increases in hippocampal neurogébearsovsky
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and Hen, 2006; Snyder et al., 201TBhus, we sought to determine whether FLX would
differentially reverse glucocorticoithduced immobility in the forcedsm test and protect
hippocampal neurogenesis in nulliparous and postpartum rats. We hypothesized that CORT
would reduce maternal care, increase immobility, and reduce neurogenesis in the dentate gyrus.
Additionally, we hypothesized that FLX would revedsdicits in maternal care but that FLX
would exert greater effects on neurogenesis and CORT concentrations in nulliparous compared
with postpartum rats.
2.2 Methods

Sixty-four female 2month old Spragu®awley rats were purchased from Charles River.
All rats were initially housed in sarmgex pairs in transparent polycarbonate cages (24 x 16 x 46
cm) with aspen chip bedding aad libitumaccess to standard rat chow (Jamieson's Pet Food
Distributors Ltd, Delta, BC, Canada) and water. All rats were exposed2d 2 light/dark cycle
(lights on at 7:00 am) in temperatussd humiditycontrolled rooms and were allowed 7 days to
acclimate to the facility. Rats were randomly assigned to groups {n8=pér group; see Figure
2-1 for timeline). Thirtytwo rats weranated and the other 32 were assigned to be nulliparous
controls that were not exposed to males or pups. All procedures for nulliparae occurred
concurrently with those of dams (with the exception of breeding and maternal observations) and
nulliparae were sigle housed throughout the experiment. One dam was euthanized, yielding n =
7 in the oitsaline group. All protocols were in accordance with ethical guidelines set by the
Canada Council for Animal Care and were approved by the University of British Calumbi

Animal Care Committee.
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Breeding Procedures

Breeding was conducted as previously descr{bédrkman et al., 2013bAll dams were
single housed in a separate room and remained undisturbed until parturition with the exception of
cage changes and weighing. Day of birth was considered postmaiufRD) 0. On PD 1, litters
were culled to 5 males and 5 females, and weighed.
Drug Preparation

Rats receive@ORT (40 mg/kg, s.c.) or 1 ml/kg vehicle (sesame oil and 10% EtOH, s.c.)
and eithelFLX (FLX, 10 mg/kg, i.p.) or 1 ml/kg vehicle (physiological saline and 10% DMSO,
i.p). FLX (Sequoia Research Products, Pangbourne, UK) and an emulsion of CORT- (Sigma
Aldrich, St. Louis, MO, USA) were prepared every 3 days. This dose of CORT was chosen
becausét induces a depressilike phenotypgKalynchuk et al., 2004; Gregus et al., 2Q05)
reduces hippocampal neurogengBigimmelte and Galea, 2010a, 2018hYJ results in similar
CORT concentrations in respge to a physiological stressor in lactating ¢#tzh, 1984)
Injections began on PD 2 and lasted until PD 23 and were administered between 11 a.m. and 2
p.m.
Maternal Observations

Maternal behaviors were scored 3 times per day from PB &t least 1 h after the
previous observation or after injections. Within anfid period, each dam was observed once
every 3 min for the following behaviors: licking pups, licking pups while nursing, afichekl
nursing (ABN), blanket nursing, passive nursing (nursing while supine or on side), retrieving,
nest building (i.e., movingedding and nesting material), eating, drinking, self grooming,

sleeping, and off negMyers et al., 1989; Liu et al., 1997; Champagne et al., 2001)
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FST

Behavioral responses to swim stress were assessed uskigjTtféryan et al., 2005;
Galea et al., 2001; Porsolt et,dl978; Porsolt et al., 197HST was conducted as previously
describedWorkman et al., 2013FST 1 lasted 15 min and FST 2 (24 h later) lasted 5 min. Fecal
boli were counted and wexr was changed between rats. All sessions were recorded and scored
for time spent swimming, climbing, and immobile (making only movements necessary to keep
the head above water) using BEST Collection Software (Educational Consulting, Inc., Hobe
Sound, FLUSA) by an observer unaware of treatment conditions.
Blood and Tissue Collection

Vaginal lavages were conducted daily for 8 days prior to perfusion as previously
describedWorkman, Crozier, Lieblich, & Galea, 201t®) determine whether cycling varied
between treatments and tetdrmine whether estrous phase would alter the proportion of
proliferative cell{Tanapat et al., 1999; Rummel et al., 2040FST performancéokras et al.,
2015) After FST 2, rats were placed back into colony rooms and 90 min later, 100 ul of blood
(to deermine CORT concentrations following swim stress) was collected via tail vein puncture
within 3 min of moving the cage. Blood sampling took place approximately 24 h following the
final injection. Offspring were weaned and used in another gtadlginath et al., 2016After
blood sampling, rats were given an overdose of Euthanyl. Blood was collected via cardiac
puncture to determine serum levels of estradiol and rats weregurfith 60 ml cold
physiological saline followed by 120 ml cold 4% paraformaldehyde. Adrenal glands were
collected and weighed. Brains were extracted and placed in 4% paraformaldehyde at 4 °C

overnight and then transferred to 30% sucrose in phosphate a#féC. Brains were rapidly
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frozen, sectioned coronally using a freezing microtome (Leica, Richmond Hill, ON, Canada) at
40 um, and stored in antifreeze (ethylene glycol/glycerol; Sigm&0atC until processing.
Radioimmunoassays

Blood samples wereelpt at 4 °C for 24 h and centrifuged for 15 min. Serum was stored at
20 AC until radi oi mmunoassay. Samples were
instructions. CORT and estradiol concentrations were detected using a double dhtibody
radoimmunoassay kit (MP Biomedicals, Orangeburg, NY, USA) and Ultrasenitlve
radioimmunoassay kit (Beckman Coulter, Mississauga, Ontario, Canada; respectively). The
intracassay coefficients of variation were less than 5% for CORT and less than 15$6ddiog
Immunohistochemistry

Briefly, between PBS washes, sections were treated with 0.3% hydrogen peroxide (30
min) and transferred into primary antibody solution: 1:1000, goadautblecortin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Twetitr h later, sections were washand
transferred to secondary antibody solution: 1:500, rabbHgaati (\Vector Laboratories,
Burlington, ON, Canada) for 24 h. Then washed sections were incubated in ABC complex (ABC
Elite Kit; 1:1000; Vector) for 4 h and washed in 0.175 M sodium azéitaffer. Finally, sections
were developed using diaminobenzidine in the presence of nickel (DAB Peroxidase Substrate
Kit, Vector), mounted, dehydrated, and coverslipp&orkman et al., 2015a; Workman et al.,
2015b)
Microscopy

All analyses were conducted by an experimenter who was blind to treatment conditions.
To quantify number of immature nens, we selected every"8ection in dorsal and ventral

hippocampal sections within limits previously descrif@dimmelte and Galea, 20108)CX-
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expressing cells were exhaustively counted in @ithese sections at 1000x magnification.
Cells were averaged per section for analysis. BRRpressing cells were also categorized in
developmental stages. A total of 50 cells per rat were randomly selected from the dorsal (n = 25)
and the ventral (n = 2%)ppocampus. Cells were selected if they were relatively isolated (i.e.,
not clumped or overlapping) and if they were within the granule cell layer. Cells were classified
in one of three developmental stages based on morphological attributes: (1)gtiadifi€they
had no processes or short, plump processes; (2) intermediate if they had one process; or (3) post
mitotic if they had branching dendrites reaching the molecular (&y&mpe et al 2006;
Workman, Chan, & Galea, 2015; Workman, Raineki, et al., 2015)
Statistical Analyses

All data (unless specified below) were analyzed using factorial ANOVA with parity
(nulliparous, postpartum), hormone (oil, CORT), and drug (saline, FLX) asdresubjects
factors. Maternal behaviors were averaged and analyzed using ANOVA with hormone and drug
as betweersubjects factors. Adrenal masses were analyzed (as above) both as absolute mass and
relative mass (mg/g body mass). Estradiol concentratiorss averlyzed using ANCOVA with
proestrus (yes, no) as the covariate. B&xressing cells and cell maturity were analyzed using
repeated measures ANOVA with hippocampal region (dorsal, ventral) as the suthéetts
factor and an additional withisubjectdactor for cell maturity (proliferative, intermediate, post
mitotic). Fi sherds protected Elibitedvmairnese conduct
comparisons were conducted based on spexificori hypotheses. Effects are considered
significantwh@P O 0 Pdtld’a n d C alhreincluded for all significant effectall

data were analyzed using Statistica 12 (StatSoft, Inc., Tulsa, OK, USA).

52



2.3 Results
CORT and FLX reduced body mass in offspring; FLX reduced body mass in nulliparae only

CORT reduced body mass in offspring at weaning (main effect of horrRgses 8.93,
P =0.006,h3=0.26). FLX also reduced body mass at weaning (main effect of Brugr 5.73,
P =0.024,h3=0.19). In adults, CORT reduced body mass taken arti®f the study, just
prior to perfusions (main effect of hormork;ss= 15.31,P < 0.001,hZ = 0.22). Additionally,
FLX reduced body mass in nullipard® € 0.012,d = 0.77), but not in dam#$(= 0.51; drug by
parity interactionf1s55= 4.97,P < 0.03,h3 = 0.08). Salindreated dams also weighed less than
salinetreated nulliparae at the end of the studly(0.025,d = 0.82).
FLX reversed CORInduced disruptions in maternal care

CORT reduced arched back nursing (ABN; main effect of hornfene= 5.79,P =
0.02,hz = 0.18; Figure2-1B) but among COR¥reated rats, FLXncreased ABN (planned
comparisonP = 0.005,d = 1.9, main effect of drudf127= 11.16 P = 0.002,h = 0.29). FLX
reduced passive nursing (main effect of difeigiz= 4.14,P = 0.05,h3 = 0.13; Figure2-1C) and
nest building (main effect of dru§i,27=5.24,P = 0.004,h3 = 0.27; Figure-1D). CORT
increased sel§rooming (main effect of hormonEi 7= 4.23,P = 0.05,h3 = 0.13; Figure2-1E),
whereas FLXeduced selfjrooming within CORHreated rats (planned comparisé 0.011,
d=1.63, main effect of drugr127= 7.5,h3=0.22,P = 0.01). CORT increased off nest
frequency in salingreated rats (planned comparisé&w 0.036,d = 1.04), whereas in CORT
treated rats, FLX reduced off nest frequency (planned compaRs00:018,d = 1.11; Figure2-
1F).

53



Culling: PD 1

A

Reproductively i Pregnancy (22 d) | Postpartum (24 d)
-experienced - Mating 1] ry T |
Arrival femalesni=81 Parturition: PDO [ Maternal Lavages: | Tail bleeds, perfusions,
e (Observations: ‘PD’ 17-24| and tissue collection:
Nulliparous PD2-8 | (‘PD’ 24)
females: n = 32
Injections (Oil/ FST: ‘PD’
CORT, FLX/SAL): 23-24
‘PD’2-23
[ oil W CORT
B _c D
45 K3 £18 ) o 3
! ] § £
< S
> S kel 8
%30 €12 S 2 §
< [ el PR
= %
X15 B 6 1
© [ =
’y R
0 > 0 0
SAL FLX SAL FLX SAL FLX
E F
E’ 12 | 3 @
§ P8
S 8 c 2 3
[S) = i
S 4 S 1
3 S
X
0 0
SAL FLX SAL FLX

Figure 2-1 Experimental timeline and effects of maternal postpartum CORT and FLX treatments on
maternal behaviour. A) Timeline of experimental events. One week after arrival, rats were randomly ass
to either parous or nulliparous groups. Half of the rats wezé &nd the other half remained isolated from r
and pups. Injections (either oil or CORT and either saline or FLX) for all rats began on the same day (w
coincided with postpartum day [PD] 2 for parous rats) and occurred daily until PD 23. Matesealations
occurred PD 2 8. Vaginal lavages occurred the last 8 days of the experiment, which coincided withi 212,
The final two days of the experiment, FST was conducted and 90 min following the second FST, blood
collected via tail vein purtare and rats were perfused. B) Mean percent + SEM behaviors during matern:i
observations. CORTeduced archetlack nursing (ABN) in salinr&reated rats (main effect of CORF:= 0.02)
andamongCORT r eat ed rats, FLX incre&®O®Rd ABNI(Ai ® Pk
0.005). C) FLX reduced passive nursing (8 main effect of d?ug0.05) and D) nest building (8§ main effect
drug: P < 0.004). E) CORTincreased selffrooming in salindreated rats (main effect of CORF= 0.05), and
in CORT-treated rats FLX reduced sgffr oomi ng (A effect of drug W®RFt
0.011). F) In salindreated rats, CORT ncr eased off nest (@ effect o
LSD: P=0.036), andmong COR*t r eat ed rats, FLX reduced off n

Fi s her B=s0.0L8pr>7-8/group. Reprinted with permission from Workman et al., 2016.
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CORT increased immobility whereas parity reduced immobility in saleaded rats

In the second FST, CORfcreased time immobile regardless of FLX or parfty<(
0.001; main effect of hormonEzss= 36.5,P < 0.001,h3 = 0.4;Figure2-2A). Regardless of
hormone treatment, parity reduced time immobile in saleated rats(P = 0.018,d = 0.74), but
not in FLX-treated ratsK = 0.55; drug by parity interactiofry,55= 4.91,P = 0.031,h = 0.08).
Compared with saline, FLX did not alter time immobile in either nulliparae or d@srs (0.12).
CORTdecreased swimming regardless of FaXparity (main effect of hormoné&; s5= 38.29,
P <0.001,h3=0.41; Figure2-2B). Among salindreated rats, parity increased swimming
regardless of CORTP = 0.005,d = 0.88) but not in FLXreatel rats P = 0.88; drug by parity
interaction:F155= 4.19,P = 0.046,h3=0.07). CORT decreased the latency to immobility (main
effect of hormoneF1s5=20.96,P < 0.001,hZ = 0.28, Figure-2C), but there were no effects of
drug or parity on latezy to immobility Ps > 0.13). Hormone, drug, and parity did not alter

percentage of climbing behavior in FSTR5 (> 0.26, Tabl@-1).
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Figure 2-2 Effects of postpartum CORT and FLX treatments on FST2 behaviorMean percent + SEM
behaviors in the second FST. BDRTincreased time immobile regardless of FaXparity (* main effect of
CORT:P < 0.001). Additionally, in salinéreated rats parity rested time immobile (8§ effect of parity within
saline condi tP=0005). BICORTeeluced simels\w@irdming regardless of FhKparity (* mair
effect of CORTP < 0.001). Additionally, in salingreated rats, parity increased swimming (8 eftéqiarity
within saline c ofm=di0l).iICXx@RTrefuces thelatehey tolinBnbhility (* main effect o

hormoneP < 0.001).n=7-8/group.Reprinted with permission from Workman et al., 2016.

In the first FST, CORT significantly increasenmobility (main effect of hormonéiy 55
=14.7,P < 0.001,h=0.21) and decreased swimming (main effect of hormeéng= 11.88,P
=0.001,h3=0.18). FLX and parity significantly interacted to alter latency to immobility in the
first FST F1,55= 7.91,P = 0.007,hZ = 0.13). Specifically, among saline treated rats, dams took
longer to reach first immobility compared with nullipar&e<(0.001,d = 1.41). In dams, FLX
reduced the latency to immobility compared with sallhe 0.005,d = 062). CORT also
significantly reduced the latency to first immobility in FST 1 (main effect of hornféing =
12.44,P < 0.001,nz=0.18). Hormone, drug, and parity did not alter percentage of climbing

behavior in FST 1Ks > 0.1, Table-1).
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oL Dam | 7T JgnsT | 38212638 L 57+2.8
| 23242+ | 5523z 10.57 +
. Nulli | <3573 oog | 3664%622/ 81+143| T 2
256.92+ | 54.56 + 739+
Dam | “00s 19 | 3802%513 ° % | 7.77+3.46
| 10645+ | 73.14+ | 20.16% 6.61 ¢
AL Nulli |4 5 g 2.74 3.55* 161 | (0928
am | 24715%| 6383+ | 3052 561% | g.c.a0
CORT 50. 8{ b5.64* 4.79* 1.25 0= 3.
| 156.72+| 69.06+ | 23.48%
. Nulli | 202 2 66+ 3 55+ 7.4%0.72| 8.93%2.23
1781+ | 7146+ | 2442+
Dam | 50575 | 254 A 4.1%1.48| 1.31%0.92

Table 2-1 Effects of CORT and FLX treatments on FST1 behavior and FST2 climbingMean + SEM behaviors

in FST 1

nulliparae; 8 significantly lower than salitieeatel damsReprinted with permission from Workman et al., 2016.

and

climbing in

FST 2. *

signi fi dareated

CORT and parity reduced neurogenesis, wheFdasincreased ventral hippocampal

neurogenesis

Compared with oil, CORTeduced DCXexpressing cells in both the dorsal and the

ventral hippocampusf nulliparae P < 0.001,d = 2.13;P < 0.001,d = 4.97, respectively) and

dams P=0.014,d=1.39;P < 0.001,d = 2.31, respectively; hormone by parity by region

interaction:F154= 10.03,P < 0.003,h3 = 0.16; Figure2-3B&C). Additionally, parity reluced

DCX-expressing cells in the dorsél € 0.003,d = 1.3) and ventral hippocampu® <€ 0.001,d =

1.9) of oil, but not CORTreated ratsKs > 0.34).

FLX increased DCxexpressing cells in the ventral hippocampus of bothaoill CORT

treated rats (ailP = 0.03,d = 0.36; CORTP = 0.04,d = 0.9), but not in the dorsal hippocampus
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(oil: P=0.16; CORTP = 0.1; hormone by drug by region interactiéass= 3.94,P = 0.05,h3
= 0.07). Finally, FLX increased DG¥xpressing cells in the ventral hippocampus in nulliparae

(planned comparisoi® < 0.003,d = 0.34), but not dams (planned compariger: 0.29).

CORT interacted with parity to alter immature neuron maturation; FLe€kmrated immature
neuron maturation

In nulliparae, CORT increased the percent of proliferaft/e 0.001,d = 1.72) and
intermediate cellsR < 0.001,d = 1.54) but reduced the percent of postotic cells P < 0.001,
d = 2.33; hormone by parity by celtage interactiorf2, 102= 5.55,P = 0.005,h3 = 0.1; Figure2-
3D-F). In dams, CORT reduced the percent of {moisotic cells only P = 0.024,d = 1.17).
Among oittreated rats, parity increased percent of proliferative dels{.025,d = 0.87) and
decreased percent of pasttotic cells P = 0.004,d = 0.96).FLX reduced the percent of cells in
the intermediate stagP € 0.027,d = 0.56) and increased the percent of cells in the- mitstic

stage P = 0.027,d = 0.38; drug by cell stage interactid#; 102= 3.42;P = 0.036,h3 = 0.06).
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Figure 2-3 Effects of postpartum CORT and FLX treatments on neurogenesis and maturation of DCX

expressing cellsA) Representative photomicrograph of D&@Xpressing cells in the suprapyramidal blade of the

dorsal dentate gyrus. Mean + SEM D@&Xpressing cells per section of B) the dorsal dentate gyrus and C) the

ventral dentate gyrus. In the dorsal and ventral dentatss g@ORTreduced DCXexpressing cells in both

nulliparae (@ effect of CORT wiPe<i001l) andudbnsi*efiectof CGRTc ondi t |
within postpartum Rs&0.001)tParityralseedicedshe aumbes of DCBMPrSssing cells in

the dorsal and ventral dentate gyrus (#PsefG e0c.tO03f) .par i
Compared with saline, FL¥icreased DCxexpressing cells in the ventral hippocampus in(&tP = 0.03) and

CORTt r e at eRE 0.04. Ceompdredl with saline, FLX increased D&xpressing cells in the ventral

hi ppocampus of nulliparae only (A effect of FLX within
LSD: P<0.001). Di F) Mean + SEM percent of DGExpressing dés in different stages of development.

CORTincreased the percent of cells in the D) proliferative and E) intermediate stages in nulliparae only (* effect of
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CORT within null i par oRss0.@00) CORTeduaedthe péréest bf &)rpdstotic tetbsin:

both nulliparae and dams (* effect ofPsCORU. WR#hi nFrealk|
ot reated rats, parity increased the proportion of prol
LSD:P=0.025)and educed the proportion of postmitotic cells (H#
LSD: P = 0.004). Finally, regardless of drug or hormone exposure or parity, FLX reduced the percent of cells in the
intermediate stage and ieased the percent of cells in the postmitotic stage (8§ effect of FLX within cell stage

compari son, PF=09WmMx78/group.Beprinted with permission from Workman et al., 2016.

FLX reduced CORT concentrations despite increasing relative adrenal mass in nulliparae only;
CORTincreased CORT concentrations and reduced adrenal mass

FLX reduced CORT concentrations in nulliparRe<(0.001,d = 1.1) but not damspP(=
0.87, drugby paity interaction:F152= 6.09,P = 0.017,h3 = 0.1; Figure2-4A). Parity reduced
CORT concentrations in salin@ = 0.003,d = 0.69), but not FLXreated ratsK = 0.54).
Finally, CORTincreased CORT concentrations (main effect of hormbne:= 73.18,P <
0.001,hz=0.58).

CORT decreased relative adrenal mass inHPX< 0.001,d = 3.34) and salinéreated
rats P < 0.001,d = 3.85, hormone by drug interactidfi,ss = 4.81,P = 0.033,h3 = 0.08; Figure
2-4B). FLX increased relative adral mass in oil(P < 0.001,d = 1.54) but not CORTreated
rats P = 0.83). Additionally, FLX increased relative adrenal mass in nullip&rae0(001,d =
0.69) but not damd>(= 0.24; drug by parity interactiofr155=5.7,P = 0.02,h3 = 0.09). CORT
also reduced absolute adrenal mass in both-EBX 0.001,d = 4.52) and salinéreated ratsK
<0.001,d=4.47; hormone by drug interactidf; ss= 7.19,P = 0.009,h3 = 0.12). Additionally,
FLX increased absolute adrenal mass in(@ll< 0.001,d = 1.44), but not COR-Treated ratsK

= 0.74).
60



g 1000+ 0 oil
o l CORT 3
et
i
=
C
()
(8}
C
Qo
(&)
-
o
O
©)
SAL FLX
Nulliparous Postpartum
B 5
0.3+ @
—_~ R 2 @
(2}
n 0 L
iz E
0.2
£ >
T Q
S > o
o
E
0.0-

SAL FLX SAL FLX

Nulliparous Postpartum

Figure 2-4 Effects of postpartum CORT and FLX treatments on serum CORT and adrenal massA\) Mean
+ SEM CORT concentrations 90 min following the FEDRTincreased CORT concentrations regardless of
FLX or parity (* main effect of CORTP < 0.001). Among nulliparae, FLKeduced CORT concentrations
compared withsaliney ef f ect mul IFiLpXa rwd u sh i cno n B« @.001). AdditioRdllys ih e
salinetreated rats, dams h&alver CORT concentrations compared with nulliparae (8 effect of parity within ¢
condi ti on, PEO.G0B).8B)Mean +ISENDrelative adrenal ma&3SRT reduced adrenal mass
regardless of FLXr parity (* main effect of CORTP < 0.001). Compared with saline, FLX increased relative
adrenalmassinetl r eat ed rats (@ effect of PkROOYIFNdly,in oI
nulliparaeF L X i ncreased relative adrenal mass compar

condi ti on, PEO.G0h.e=7-&poudReminted with permission from Workman et al., 2016.
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CORTsuppressed estrous cyclicity in nulliparae; CORT &b altered estradiol
concentrations in dams but not nulliparae

In nulliparae, CORTeduced the proportion of rats displaying normal estrous cycles in
saline (P < 0.001) and FLXreated ratsR = 0.003). In salindreated rats, CORihcreased
estradiol oncentrations in dam®E 0.011,d = 1.25), but not nulliparad’(= 0.41; hormone by
drug by parity interactiorf153= 4.5,P = 0.039,hZ = 0.08; Table2-2). FLX reduced estradiol
concentrations in CORTP < 0.001,d = 1.84) but not oitreated dams (P = 0.58). Proestrus was

not a significant covariate (P = 0.7

Nulliparous Postpartum

Ol CORT Oil CORT
SAL |24.05%3.52 33.34+£3.71 26.87 £4.71* 58.68 +£12.81
FLX |16.29 £ 2.06 176 +1.93 40.43 £19.52 13.09 +3.19*

Table 2-2 Effects of postpartum CORT and FLX treatments on serum estradiolMean + SEM serum estradiol
concentrations (ng/ml) at perfusion. *significantly lower than CQRalinetreated damsReprintal with

permission from Workman et al., 2016.

2.4 Discussion

Here we show that FLXestored maternal behaviors of COR®&ated dams to control
levels but was not sufficient to reduce immobility in the FST. However, FLX increased DCX
expressing cells in the ventral hippocampus of nulliparae, but not dams and re@R&d
concentrations in nulliparae, but not dams. Thus, parity is a significant factor in the effects of
FLX on depressiwike behavior, neuroplasticity, and HPA axis responses following acute
stress. Although dams were less sensitive to FLX, parity redouaobility and CORT

concentrations following the FST and limited the effects of CORT on immature neuron
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maturation, suggesting that the postpartum period may shield females from the detrimental
effects of chronic CORT or acute stress (such as the FSighavior, HPA axis responses, and
neuroplasticity. These data enhance our understanding of how parity modifies responses to

antidepressants and glucocorticoids and are relevant to postpartum mood disorders.

FLX reversed CORinduced decrements in matetmare.

CORT impaired maternal care by reducing arebhadk nursing and increasing -ofést
and seKgrooming behaviors, consistent with prior research using CORT or @messmelte &
Galea, 2010b; Brummelte et al., 2006; Nephew & Bridges, 201itkMémn et al., 2013)0ur
findings also corroborate other studies showing exogenous glucocorticoids also impair maternal
care in marmoset{Saltzman and Abbott, 200@hd reduce nest attendance in birsgelier et
al., 2009) These conserved responses to high glucocorticoids in across maternal animals indicate
that high ducocorticoids may represent a physiological signal to disengage from offspring
investment and engage in survigdlingfield, 2003; love et al., 2013)However, the effects of
CORT on maternal care are dose dependent as lower doses of CORT maintain maternal care
(Casolini et al., 2007)

Although prior studies demonstrate that dexamethasone or chronic stress during the
postpartum period, impair lactational competeféjela and GiustiPaiva, 2011; Carini and
Nephew, 2013)the contributon® f dams 6 abil ity to | actate to
development in this study are unknown. However, both CORT and FLX treatment to dams
significantly attenuated pup body mass gain (although CORT and FLX did not significantly

interact). Thus, CORT arfeLX might interfere with milk letdown, although it is difficult to
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separate the effects of CORT and FLX on lactation versus the effects on pup growth in this
study.

In our study, FLX returnedBN, off-nest behavior, and sejfooming in CORfreated
damsto levels similar to control dams. FLX reduced passive nursing, suggesting that dams
receiving FLX opted for more active as opposed to passive nursing postures. Maternal behaviors
are, in part, dependent on serotonin neurotransmigisesoh-Haner et al., 2008)n a prior
study, FLX (5 mg/kg/day) increased arcHeatk nursing and reduced passive nursing in
postpartum unstressed rats, but not dams that received gestatiess{Pstwluski et al., 2012)
suggesting pregnancy stress may inhibit the effect of lower doses of FLX on maternal care. Our
data indicate that a higher dose of FLX (f@/kg/day) is sufficient to restore decrements in
maternal care associated with concurrent, high CORT, suggesting that higher doses of FLX may
be needed to overcome detrimental effects of either stress or high glucocorticoids during

reproductive time pois in females.

Parity reduced immobility in and CORT concentrations following the FST.

Parity increased swimming and reduced time immobile in the second FST in saline
treated rats. Similarly, parity also extended the latency to immobility in the 8isirFsaline
treated rats. Paritgelated reductions in immobility were not present in Rieated rats.
Although prior research suggests parity does not alter immobility in th€W8&IKker et al.,
1995; MolinaHernandez and Téllexlcantara, 2001; LavAvnon et al., 2005; Craft et al., 2010)
the present data suggest that aspects of the late postjpentioch may protect against a
depressivdike behavioral phenotype. Prior work indicates that the effects of parity on locomotor

behavior are equivocéCraft et al., 2010; Pawluski, Lieblich, & Galea, 2008though we ¢
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not assess locomotor activity in this study and cannot rule out an effecbofotorbehavior on
parity-related changes in immobility, past studies using this same model demonstrate no
difference in locomotor activity following CORT administration.uhlocomotor behavior does
not likely account for CORInduced immobility in the FST.

CORT increased depressilike behavior, consistent with prior studig&lynchuk et al.,
2004; Brummelte et al., 20Q8h males, glucocorticoid signaling mediates immobility in the
FST(Baez and Volosin, 1994; Korte et al., 199Bhus, postpartum reduction in inofility in
the FST may be attributable to hyporesponsiveness of the HPA axis demonstrated in prior studies
(Toufexis et al., 1999; Tu et al., 2005t could also be related to reduced circulating
corticosteroid binding globulin concentratiaiawluski et al., 2009r glucocorticoid receptor
binding in the hippocampus in darfMeaney et al., 1989)

Further, parity reduced CORT concentrations following acute swim stress (FST),
suggesting that parous rats in our study either mounted lower HPA axassespo the stressor
or potentially recovered more quickly, as sampling was done 90 minutes after the second
exposure to the FST. The suppressive effect of parity on the HPA axis, however, was not evident
in FLX-treated dams. Despite having hyporesponkiRé axes, primiparous rats typically have
higher baseline CORT concentrations, which might depend on time of day and postpartum day
(Pawluski et al., 2009)rhus, the precise time course of and relative change in CORT

concentrations following swim stress in the present study is not known.
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FLX reduced CORT concentrations in nulliparae only and inhibited the beneficial effects of
parity in the FST.

FLX reduced CORT concentrations in nulliparae, but not dams folloWwm&$T,
suggesting that FLXould be reducing CORT responses to acute swim stress or facilitating HPA
axis recovery following stress. Prior work indicates that antidepressants facilitate negative
feedback of the HPA axi{¥eck, 2006; Ising et al., 200However, future studies are necessary
to determine whether FLX alters HPA axispesses and negative feedback differently in dams
and nulliparae. In healthy women, the early postpartum is associated with impaired HPA
negative feedback as dexamethasone failed to suppress cortisol levels in the majority of
postpartum womer{Maes et al., 19925urprisingly, FLX inhibited the beneficial effects of
parity in the FST as dams ortiad lower immobility and CORT concentrations if they were
treated with saline. These data suggest that the later postpartum period may render
antidepressants less effective at least on HPA axis responses to acute swim stress, potentially due
to chronicallylow estradiol characteristic of the postpartum period. This stands in contrast to the
early effects of FLX on maternal behavior, and may indicate that differences in the hormonal
milieu at specific postpartum time points may alter the efficacy of SSR¥also did not
significantly alter immobility in the FST in either nulliparous or postpartum females, which is
not entirely surprising given that the effects of antidepressants on immobility in females can
depend on estrous cycle phase and dose of ®Ritas etal., 2015) Treatment regimen (acute,
chronic) may also play a role as well as relative estradiol levels as effectiveness of some SSRIs
appears to wane after 14 d of treatment or with concentrations of es(EedradaCamarena et
al., 2008) Furthermore, in postpartum women, an SSRI alleviated depmnaSsiepression

occurred within 4 weeks after parturitiidantsoo et al., 2014This latter point is intriguing,
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because in the present study postpartum females responded behaviorally to FLX early in the
postpartum (i.e., maternal care) but did not resporide FST that was conducted later
postpartum. This might mirror the findings in a prior study in mice indicating that SSRI
treatment for 5 d reduced immobility in the FST on day 10 postpddum et al., 2015)Thus it
may be the case that FLX alleviates depresi#keebehaviors early in injectioprotocol, but not
after 21 days of exposure perhaps due to hormonal milieu during the postpartum or loss of
efficacy in femalegKokras et al., 2015)

As expected, CORT reduced both absolute and relative adrenal mass. The suppressive
effect of CORT on adrenahass likely represents that high exogenous CORT suppresses
endogenous HPA axis activity via negative feedback mechanisms leading to adrenal atrophy.
Additionally, FLX increased both relative and absolute adrenal masstieaiéd rats,
suggesting changen adrenal mass following CORT or FLX administration are not due to
changes in body mass. Parity increased relative adrenal mass, but not absolute adrenal mass,
suggesting that changes in relative adrenal mass following reproductive experience may reflec
changes in body mass. Indeed, dams lost weight throughout the postpartum period compared
with nulliparae (but only if they were treated with saline) and CORT reduced body mass
regardless of drug or parity. These data also suggest that changes withradssndo not
always reflect stresselated glucocorticoid output, as FLX increased relative adrenal mass but

reduced CORT concentrations in nulliparae.
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CORT and parity reduced neurogenesis and FLX increased neurogenesis in the ventral dentate
gyrus oty in nulliparae.

In the presenstudy,we found that FLX increased DC&xpressing cells in the ventral,
but not dorsal, dentate gyrus of both athd CORFHreated rats. The ventral hippocampus is
involved in stress and anxiefyFans el ow and Dong, 2010Hus, Ob6Lear
regionally specific effects of FLX have greater implications for mood and stress regulation and
indeed, some studies show that antidepressants preferentially increase neurogenesis in the ventral
hippocampug Tant i and Bel zung, 20 EuBher, v@@lkodfaaithat and Cr
FLX increased ventral hippocampal neurogenesis in nulliparae only. These data may explain
why FLX reduced CORT concentrations in nulliparae only, as new neurons buffer HPA axis
responses to stress@¢&nyder et al., 2011b)n the present study, CORT reduced neurogenesis
regardless of parity, consistent with prior wéBcummelte and Galea, 2010a, 2010Bdwever,
we al so de mon sd)tha CEGRT éxerieca latgerleféect i the ventral
hippocampus than the dorsal, suggesting that neurogenesis in the ventral hippocampus is more
sensitive to glucocorticoids. Prior work demonstrates that ghrtiooids regulate cell
proliferation, survival, and differentiation in mal@ameron & Gould, 1994; Gould, Cameron,
Daniels, Woolley, & McEwen, 1992; Wong & Herbert, 2006; Wong & Herbert, 2004}her,
our prior work indicates that chronic high CORT suppresses rcifguation in dams
(Brummelte and Galea, 20100)hus, changes in DCX expression could reflect differences in
cell proliferation, survival, and differentiation, atigh some sex differenc@dillerer et al.,
2013)or differences attributable to reproductive phase might lhertaas well. Finally, parity
independently suppressed both dorsal and ventral hippocampal neurogenesis, consistent with

previous work in primiparous ra(Pawluski & Galea, 2007; Workam, Raineki, et al., 2015)
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CORT interacts with parity to delay immature neuron development, whereas FLX accelerates
immature neuron development.

In nulliparae, CORT shifted the percent of D@&Xpressing cells toward more immature,
proliferative and itermediate cells and away from postmitotic cells. Although dams had a lower
percent of more mature postmitotic cells if they were treated with CORT, there was no
significant effect of CORT on proliferative or intermediate cells. In male rats, CORT aig del
maturation of DCXexpressing cell{Lussier et al., 2013; Workman et al., 20134)wever, the
present data further suggest that parity may praigainst some the deleterious effects of high
CORT on new neuron maturation, as there was no effect of CORT on proliferative cells and
CORT exerted a greater effect on postmitotic cells in nulliparae.

Additionally, FLX shifted DCXxexpressing cells towai@ more mature, postmitotic stage
of development. These data suggest that in females, FLX accelerates the development of
immature neurons, as previously demonstrated in nfélagg et al., 2008)inally, parity
increased the proportion of proliferative and reduced the proportion of postmitotic celés, as w

have previously showfWorkman, Raineki, et al., 2015)

CORT suppressed estrous cyclicity in nulliparae and CORT increased estradiol in dams but not
nulliparae

CORTreduced the proportion of nulliparae displaying normal estrous cycles, consistent
with prior work using high COR{Brummelte and Galea, 2010&)d exposure to chronic
stressorgKonkle et al., 2003; Baker et al., 2006; Herzog et al., 2088p, CORT increased,
but FLX normalized estradiol concentrations in dams, but not nulliparae. Because we collected

blood samples following the FST, it is possible that drug and hormtaracted with stress of
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testing or anesthetic administration leadin@mancrease or different rate of recovery in
estradiol concentrations in some groups. Indeed, acute stressors i(Sheaseet al., 1999;
MartinezMota et al., 2011)whereas chronic stressors decrease estradiol concentrations in
nulliparag(Galea et al., 1997)n pregnatrats and mice, however, chronic stress increased
estradiol concentratior{dlacNiven et al., 1992; Misdrahi et al., 200%jus, parity may also
modify how the hypothalamipituitary-gonadal axis responds to stressors or high CORT.
Notably, FLX blocked CORAnduced increase in estradiol concentrations in dams but
not in nulliparae. Numerous studies point to a bidirectionatioelship between serotonin and
the HPG axis(Matuszczyk et al., 1998; Rehavi et al., 2000; Mennigen et al., 2008; Baith et
2015) Additionally, FLX reduced serum estradiol concentrations in ovariectomized rats treated
with estradiol benzoat@aylor, Farr, Klinga, & Weiss, 2004uggesting that FLX may also
modify metabolic pathways of estrogens. Thus, in our study, FLX may have suppressed

pathways that mediate estradiol synthesis and release or increased estradiol metabolism.

Conclusions

Maternal postpartum CORT reduced mateoaae, neurogenesis, and increased
depressive like behavior. However, FLX reversed deficits in maternal care in-@édad
dams, but was not sufficient to reduce depresidieebehavior in either nulliparae or dams. FLX
increased neurogenesis in thetal hippocampus and promoted recovery of stiredisced
CORT concentrations in nulliparae only, suggesting that dams may be less sensitive to
antidepressants. Notably, parity reduced depredigedehavior and promoted recovery of
CORT following stressdespite reducing neurogenesis. CORT altered immature neuron

development to a greater extent in nulliparae. These data indicate that whereas the postpartum
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confers resilience to chronic glucocorticoids and acute stressors, dams during the postpartum
werealso more resistant to the effects of FLX on neurogenesis and the HPA axis. Taken
together, these data indicate that parity modifies the effects of CORT and FLX on behavior, HPA
function, and the hippocampus. This study suggests it is imperative to caepiceluctive

experience and is essential for understanding susceptibility to and treatment of postpartum

mental illness.
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Chapter 3: Maternal postpartum corticosterone andFLX differentially affect
adult male and female offspring on anxietylike behavior, stressreactivity,

and hippocampal neurogenesfs

3.1 Introduction

According to the DSV, perinatal depression is defined as depression during pregnancy
and the early postpartudAmerican Psychiatric Association, 2013 withMDD, one of the
most common treatments for perinatal depression is pharmacological antidepressants, such as
SSRIs(Oberlander et al., 2006; Kim et al., 201443 more women receive antidepressants to
treat perinatal depression, the population of children who have been exposed toessaep
during the perinatal period also increa@@berlander et al., 2006jloweve, maternal SSRI use
may be problematic as SSRIs such as fluoxetine (Prozac) can cross the placental barrier
(Hendrick et al., 2003nd pass into breast mi{isner et al., 1996; Weissman et al., 2004a)
potentially affecting the developing offspring. Indeed, perinatal SSRI exposure is associated with
adverse outcomes in the infant sashreduced weight ga(Chanbers et al., 1999)evels of
reelin required for normal brain developmé@dtummelte et al., 2013psychomotor scores
during the first yea¢Santucci et al., 2014hbincreased hypertensig@hambers et al., 2006)
cardiac defect@Malm et al., 2011)and risk for autisngCroen et aJ.2011) However, the
negative effects of perinatal fluoxetine may outweigh the detrimental effects of untreated

maternal depression on child development. Specifically, children of mothers with postpartum

2 Gobinath, A.R., Workman, J.L., Chow, C., Lieblich, S.E., Galea, L.A. (2016) Maternal postpartum corticosterone
and fluoxetine differentially affect adult male and female offspring on ankletyoehaviour, stress reactivityna
hippocampal neurogenesideuropharmacologyl01: 16578. Doi: 10.1016/j.neuropharm.2015.09.001.
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depression (PPD) are more likely to develop degion, anxiety, and attention deficits even long
after the mot her 06 éPilovskypet a.,2606; Murrayhetas, 201 Ehog, thet e d
potential therapeutic effect of maternal SSRIs may mitigate thesaveegtitcts on child
development. In fact, maternal SSRI use is associated with enhanced infant readiness to interact
with their mother (3 mo infant§Veikum, Mayes, Grunau, Brain, & Oberlander, 2013)
accelerated perceptual development (6 mo and 10 mo infévegkum, Oberlander, Hensch, &
Werker, 2012), and improved executive function (6 y@Veikum et al., 20133) However, it is
unclea whether the effects of maternal fluoxetine are advantageous in the long term or precede
negative behavioral outcomes that emerge later in life. This study aims to fill this gap.
Preclinical research investigating the long term effects of perinatal flnexan
emotional behavior has yielded mixed results, likely due to methodological differences including
timing and method of administration. For example, direct administration of fluoxetine to pups
during the postnatal period increased anxiggy behavor (Yu et al., 2014)while maternal
exposure to fluoxetine égtation and lactation) resulted in no significant effect on ankiaty
behavior in adult offsprinéLisboa et al., 2007; Freis-Oliveira et al., 2013)Additionally,
direct administration of fluoxetine to pups during the postnatal period decreased defitessive
behavior in adult rat@MendesdaSilva et al., 2002)vhereas maternal fluoxetine (gestation and
postpartum) increased depressiike behavior in adult female but not male mice offspring
(Lisboa et al., 2007)n addition, the current state of research examining neonatal fluoxetine
exposure is hindered by a gendaak of preclinical research investigating maternal fluoxetine
exposure within a model of depression or PPD. Because mothers typically use SSRIs to treat
depression, there is a need for preclinical research to address how maternal fluoxetine influences

offspring within a concurrent model of depression or stress in order to contribute valid
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conclusions regarding the use of SSRIs to treat PPD. To this end, there are a few studies
examining how gestational stress followed by maternal postpartum fluoxetmelrzas
immobility in the forced swim test in adolescent male and female offs(Riagen et al., 2011)
as well as blunts serum corticosterone (CORT; primary glucocorticoid in rats) levels in
adolescent male, but not femabdfspring(Pawluski et al., 2012However, gestational stress
did not result in a depressive phenotype in the dam in this @adyluski et al., 2012¥o0 it is
unclear whether these results can be interpreted as modeling maternal depression. Moreover, it is
unknown how modeling depression and antidepressant treatment occuctugivety in the
postpartum affect offspring development. This is an important problem to investigate because
approximately 40% of perinatal depression arises solely in the postpartum(péisoéret al.,
2013)and treatment and outcome for mother and child differ depending on the timing of
depression onséCooper and Murray, 1995Jhus, there is a need to study postpartum
antidepressant treatment in animal models of depression based on postpartum and antenatal
depression, respectively.

The hippocampus exhibits morphological alteratilmmg after exposure to
developmental streg&orosi et al., 2012; Loi et al., 2014Although maternal depression does
not predict significant changes in hippocampal volume in chilflrepien et al., 2011)
childhood maltreatmerfChaney et al., 2014and low maternal bondin@uss et al., 200@re
associated with reduced hippocampal volume in adulthood, Wwbithmay be present in PPD.
Reduction in hippocampal volume can be attributed to a number of factors such as lower levels
of hippocampal neurogenesis. Broadly speaking, stress reduces adult hippocampal neurogenesis
depending on age at the time of stregsosure and sex of the subj¢Gobinath et al., 2015)

For example, maternal deprivation diminished expression of doublecaortan{epgenous
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protein expressed in immature neurons) in adult male but not female rat of{$poimgn et al.,
2010; Oomen et al., 2011Furthermore, adult hippocampalunegenesis may play an important
role in the etiology of mocdelated disorders such as depres¢ipeCarolis and Eisch, 2010;
Eisch and Petrik, 2012as well as regulation of théPA axis(Snyder et al., 2011bpespite
evidence that antidepressants can normalize HPA axis a¢tsiitg et al., 2007and increase
hippocampal neurogenegMalberg et al., 2000; Santarelli et al., 2003; Boldrini et al., 2009;
Epp et al., 2013)ittle is known about how maternal fluoxetine affects HPA axis and adult
neurogenesis in the hippocampus of offspring beyond the time they are exposed to the drug.
Maternal postpartum fluoxetine reversed the detrimental effects of prenatal stress on
hippo@mpal doublecortin expression in both male and female adolescent rat of{Rayemn et
al., 2011) However, by adulthood, maternal postpartum fluoxetine only diminished doublecortin
expression after prenatal stress expesparticularly in adult male offsprin@ayen et al.,
2015) Thus, hippocampal neurogenesis represents a neurobiological intersection of
developmental exposure to stress, antidepressants, and adult behavioral outcomes and will be
investigated in the present study.

We have previously shown that chronic CORT adstémned to the dam postpartum
increases maternal depressiie behavior and diminishes maternal c@Chapter 2Brummelte
& Galea, 2010b; Brummelte et al., 2006; J. L. Workman et al., 2DL3Vorkman et al., 2016)
Interestingly, maternal postpartum CORT decreases hippocampal cell proliferation in male
offspring at weaningBrummelte et al., @06) and increases anxietike behavior in adolescent
male, but not female, offspri@rummelte et al., 2012However, it is unclear whether these
sex differences or effects on offspring brain and behavior persist whdarthes exposed to

concurrent maternal antidepressant exposure. The present study investigates whether high levels
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of maternal postpartum CORT and concurrent fluoxetine administered to dams differentially
affect adult male and female offspring outcome atlkt@havioral (anxietyand depressichke
behavior, locomotion), endocrine (HPA axis dysregulation), and neural (doublecortin expression)
levels. We hypothesized that maternal postpartum fluoxetine would negatively affect behavior,
HPA axis regulation, ahhippocampal neurogenesis in the affected adult offspring. Further, we
expect that both sexes will be differentially affected by maternal postpartum fluoxetine and
CORT.
3.2 Methods
Animals

Thirty-two adult female Spragti@awley rats (2 3 months old) and6Ladult male
SpragueDawley rats (2 3 months old, Charles River) were initially housed in samepairs in
opaque polyurethane bines (24 x 16 x 46 cm) with aspen chip bedding. Rats were maintained in a
12 h: 12 h light/dark cycle (lights on at 7:00 aany given rat chow (Jamieson's Pet Food
Distributors Ltd, Delta, BC, Canada) and tap water ad libitum. All protocols were in accordance
with ethical guidelines set by Canada Council for Animal Care and were approved by the

University of British Columbia Aimal Care Committee.

Breeding Procedures

For breeding, males were single housed and two females and one male were paired daily
between 5:00 and 7:00 pm. Females were vaginally lavaged each morning between 7:30 and
9:30 am and samples were assessed for the presence of sperm. Upon identifispgam of
females were considered pregnant, weighed, and single housed into clean cages with autoclaved

paper towels and an enrichment tube.
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One day after birth (birth day = postnatal day 0), all litters were culled to 5 males and 5
females. If there wereoh enough males or females in one litter, pups were-tosssred from a
dam that gave birth the same day. If there were not enough pups available to support a 5 male
and 5 female litter, then dams maintained asdexved or smaller litters (this happenette
with both being in the CORT/saline group). Dams were randomly assigned to one of four
treatment groups: 1) CORALX; 2) CORT/saline; 3) OiFLX; 4) Oil/saline. Beginning on
postpartum day 2, dams received two daily injections of either subcutaD@dB (40 mg/kg)
or sesame oil (1 ml/kg) and intraperitoneaX (10 mg/kg) or saline (1 ml/kg) for 22
consecutive dayg.he effects of maternal postpartum CORT/saline on deprelistvbehavior
were verified in the dartChapter 2Workman et al., 2016and data investigating maternal
outcome will be published separatéyorkman et al., 2016PDams received both injections in
succession between 11 A.M. and 2 PRps were weaned on postpartum day 24 and pair
housed with an unrelated, saisex cage mte whose mother received the same treatment. No
more than 2 males and 2 females were taken from each litter for the behavioral tests. Besides
weeklycage changingoffspring remained undisturbed until behavioral testing.

Drug preparation

An emulsion of @RT (SigmaAldrich, St. Louis, MO, USA) was prepared everd 2
days by mixing CORT with ethanol and then adjusting with sesame oil to yield a final
concentration of 40 mg/ml of CORT in oil with 10% ethanol. The dose was chosen because it
reliably induces aepressivdike phenotype in dams, impairs maternal care, and affects
offspring developmenBrummelte et al., 2006, 2011, 2012; Brummelte and Galea, 2010b;
Workman et al., 2013alrluoxetine(Sequoia Research Products, Pangbourne, UK) was prepared

evay 2-3 days by dissolving in dimethyl sulfoxide (DMSO; Sigma Aldrich) and adjusting with
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0.9% saline to yield a final concentration of 10 mg/ml fluoxetine in saline with 10% DMSO.
This dose of fluoxetine was chosen based on work illustrating that thisndosased brain
derived neurotrophic factor and cell proliferation in the hippocampus and amygdala after 21 days

of injections in both male and female rodeisdes et al., 2010 ontrol dams were given two

vehicle injections: Aoil 0 consisted of 10% et
injections, and fAsal i neod ctocostroldottikeedluoxefine 1 0 % DMS
injections.

For the dexamethasone suppression test, a solution of dexamethasone (Sigma Aldrich)
was prepared-2 days prior to the test by dissolving dexamethasone in propylene glycol and
adjusted to yield a final dose of 50/kg dexamethasone in propylene glycol. This dosg
timing of dexamethasone injection wetgosen based on previous studiésle et al., 2000)
Behavioral Testing

Beginning at postnatal day 65 + 2168 male and female rats per group underwent
behavioral testinggPM, OFT,FST, and NS}: Based on the four maternal treatments described
above, rats from each of the following groups (60 rats total) were utilized: Adult male Oil/Saline
offspring, n=8; Adult male OIFLX offspring, n=6; Adult male CORT/Saline offspring, n=6;

Adult male CORTFLX offspring, n=10; Adult female Oil/Saline offspring, n=9; Adult female
OIl/FLX offspring, n=6; Adult female CORT/Saline offspring, n=6; Adult female CHRX/
offspring, n=9.Behavioral tests were conducted in the same order for all thelamimtia 48 h
between each te®dehavioral testing occurred at 9:00 A.M. each day under dim light conditions
(approximately 12 lux)Twenty-four h after the final behavioral test, rats underwent a

dexamethasonsuppression tesinder standard bright ligisbnditions (approximately 180 lux)
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Seventytwo h after dexamethasone suppression test, all rats were perfused and brain tissue was

collected. For an overview of experimental procedures, please réfigute 3-1.

Wean pups _ . Elevated Open Forced Novelty -
Birth Cull & group Eai-house Plus Field Swim Suppressed S DEX . Perfusion
Litters house pups Maze Test 1 Test Feeding MPPIEsSion
i ; { i ................ { ; ; 24 hite I { { I >
PNO PN1 PI\;?. PN24 PN30 PN67 PN69 PN71 PN 72 PN 74 PN 76 PN79
5

8 >
Daily oil or CORT injections PN2-24

£
% >
Daily saline or FLX injections PN2-24

Figure 3-1 Experimental Timeline. Reprinted with permission from Gobinath et al., 2016.

EPM

TheEPMwas used to evaluate anxidiiyge behavior in male and female offspring.
Briefly, the apparatus consists of two open arms bisegtéddclosed arms (arm length: 50 cm;
arm width: 10 cm; arm wall height: 40 cm). Rats were placed into the center of the apparatus,
facing the open arm. Each test session lasted 5 min and was video recorded. The apparatus was
cleaned using a 15% vinegailigmn between each testing session to remove any odors or waste.
The numbers of entries (all four paws entering an arm) into the open arm and closed arm as well
as time (in seconds) spent in the open arm and closed arm were arfdbtredf time speni
the closed arm versus the open arms and center was used as an index of anxiety as previously

describedBrummelte et al., 2012)

OFT
The OFT was used to assess general locomotor activity as previously described
(Brummelte et al., 2006 he apparatus, a 90 x 90 x 40 cm square arena divided into 16 squares

of equal dimension, was placed in a dimly lit room. Rats were placbe spparatus facing the
79



same corner and video recorded for 10 min. The apparatus was cleaned using a 15% vinegar
solution between each testing session to remove any odors or waste. A line crossing was defined
as all four paws crossing a gridlif(@rummelte et al., 2006 otal number of line crossings was
used as an index of general locomotion.
FST

Approximately 48 h afteDFT, rats were tested in the forcediswtest to assess
depressivdike behavior. A glass cylindrical tank (45 x 28 cm) filled to a depth of approximately
30 cm of tap water 25 + 1°C. For the first session, rats were placed into the water for 15 min. The
second session took place 24 h latet @ais were placed into the water for 5 min. Water was
replaced between each rat. An observer blind to treatment conditions scored the sessions for
percent time spent swimming, climbing, or immobile using BEST Collection Software
(Educational Consultingnt., Hobe Sound, FL, USA).
NSF

Approximately 48 h after forced swim test, rats were tested for ariketipehavior in
the novelty suppressed feeding paradigm. In this test, rats must resolve an anxiogenic conflict of
entering the center of arena to aaxa morsel of chow after being food depriy@ddnoff et al.,
1989; Satarelli et al., 2003; Bessa et al., 2009; Leuner et al., 260y was removed from
ratsé cages 16 h prior to testing to incite
placed in a square arena (60 x 60 cm) facing the right cornendyato feed was recorded in
seconds as an index of anxiike behavior. The trial was terminated either after the rat began
to eat or after 10 min if the rat did not eat. Lab chow was added to the cages after testing, and
food consumption was measureccach cage 1 h after test to assess whether feeding behavior

was altered by maternal postpartum CORT or FLX.
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Dexamethasone Suppression Test

Approximately 48 h after novelty suppressed feeding, rats were tested for HPA axis
negative feedback using the dexamethasone suppression test. Dexamethasone was administered
to all rats subcutaneously 90 min prior to a 30 min restraint stressor. Taildaslogdes were
collected at the beginning of restraint (t=0), the end of restraint (t=30), and 1 h after cessation of
restraint (t=90).
Tissue Collection

Approximately 72 h after dexamethasone suppression test, rats were weighed and then
given an overdosef Euthanyl. Rats were perfused with 60 ml cold 0.9% saline followed by 120
ml cold 4% paraformaldehyde. Brains were extracted and postfixed using 4% paraformaldehyde
overnight at 4°C. Brains were then transferred to 30% sucrose in phosphate buffarrdi 4°C
they sank to the bottom. Brains were rapidly frozen with dry ice and sectioned using a freezing
microtome (Leica, Richmond Hill, ON, Canada) at 40 um and collected in series of 10. Sections
were stored in antifreeze (ethylene glycol/glycerol; Sigama) stored a20°C until processing.
CORTAssay

Blood samples were stored overnight at 4°C to allow blood to clot completely. Blood was
then centrifuged at 10,000 g for 15 min. The serum was collected and stét@@@tuntil
radioimmunoassay. Total@RT (bound and free) was measured using the ImmuChem Double
Antibody 125l radioimmunoassay Kit (MP Biomedicals, Solon, OH, USA). The antiserum cross
reacts 100% with CORT, 0.34% with deoxycorticosterone, 0.05% with cortisol, and does not
crossreact with @xamethasone (<0.01%). All reagents were halved and samples run in

duplicate.
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DCXImmunohistochemistry

Sections were rinsed 5 x 10 min in 0.1 M PBS, treated with 0.3% hydrogen peroxide in
dH20 for 30 min, and incubated at 4 °C in primary antibody saluticl000, goat anrtdCX
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) with 0.04% Ttam PBS and 3% normal
rabbit serum for 24 h. Sections were then rinsed 5 x 10 min in 0.1 M PBS and transferred to a
secondary antibody solution with 1:500, rabioiti-goat (Vector Laboratories, Burlington, ON,
Canada) in 0.1 M PBS for 24 h at 4°C. Then, sections were washed 5 x 10 min in 0.1 M PBS and
incubated in ABC complex (ABC Elite Kit; 1:1000; Vector) for 4 h. Sections were then washed
in 0.175 M sodium acetatuffer 2 x 2 min. Finally, sections were developed using
diaminobenzidine in the presence of nickel (DAB Peroxidase Substrate Kit, Vector), mounted on
slides, and dried. Sections were then counterstained with cresyl violet, dehydrated, and
coverslipped wth Permount (Fisher).

DCX-expressing cells were quantified in 3 dorsal sectiéh3§ mm to-4.68mm below
bregma) and 3 ventral section5.62 mm to-6.60 mm below bregma) using the 40x objective
using an Olympus CX22LED brightfield microscope. Aretithese sections were quantified
using ImageJ (NIH, Bethesda, MD, USa&)d used for density calculations (number of cells per
mm?P). To determine the maturity of doublecortirpressing cells, 100 cells positively labeled
for doublecortin were randomly seted in the ventral hippocampus because ventral
hippocampus is associated with stress regulation and affective bel{&ainselow & Dong,

2010) Two hundrectells positively labeled for doublecort{h00 dorsal and 100 ventralere
randomly selected arahtegorized as either proliferatiy@ process or®rt process),

intermediatdmedium process with no branching),postmitotic (strong dendrite branching in
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the molecular layer or delicate dendritic tree branching present in the granule cebésgeon

previously published criterigPlimpe et al., 2006; Workman, ChanG&lea, 2015; see BA-C).

Data Analyses

Data collected from the elevated plus maze test, open field test, and novelty suppressed
feeding task were analyzed using ANOVA with sex, maternal postpartum CORT, and maternal
postpartunFLX as betweersubjects factordBehavior in the elevated plus maze was analyzed
using repeated measures ANOVA with arm of maze (closed and open arm) as thewhifhts
factor. Behavior in open field test was analyzed using repeated measures ANOVAewitti ar
maze (center, periphery) as witksabjects factoBehavior in the forced swim test was analyzed
using repeated measures ANOVA with behavior (percent time climbing, swimming, and
immobile) as the withirsubjects factor. CORT concentrations from dlegamethasone
suppression test were analyzed using repeated measures ANOVA with time (t=0, beginning of
restraint; t=30, end of restraint; t=90, 1 h after restraint ended) as the-suthjects factor. The
density of doublecortiexpressing cells was agakd using repeated measures ANOVA with
region (dorsal, ventral) as the witksbjects factoMorphology of doublecortiexpressing
cells was analyzed using repeated measures ANOVA with region (dorsal, ventral) and type of
cell (proliferative, intermedia, postmitotic) as the withirsubjects factorPost hoc comparisons
used NewmaiKKeuls. Because we had hypotheses that there would be interactions between sex,
CORT, andFLX, a priori comparisons were subjected to Bonferroni corrections. All data were
andyzed using Statistica software (v. 9, StatSoft, Inc., Tulsa, OK, USA). All effects were

considered statistically sigmcDIOicant if p O
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3.3 Results
Maternal postpartunfrLX increased anxietyike behavior in the elevatedyd and novelty
suppressed feeding task in adult male, but not female, offspring
In the elevated plus maze, maternal postpafu increased the ratio of time spent in
the closed arms versus open arms + center in comparison to maternal postpartumaslithe
male @ priori; p=0.023), but not feale offspring (p=0.946; figure-3A). Overall males had a
higher ratio of time spent in the closed arms versus open arms + center compared to females
(main effect of sex; p=0.027). There was a trend for mak@ostpartuni-LX to increase ratio
of time spent in closed arms versus open arms + center compared to maternal saline in adult
male, but not female, offspring (interaction between sextand F(1, 52)=2.78; p=0.099) but
no other significant mainorinterc t i on e f f e ¢ Males §parnit horegirdesintke 0. 1 0) .
closed arms in comparison to females (interaction between arm of maze and sex; F(1, 52)=867.7,
p=0.02; Table3-1). There were no other significant main or interaction effects for time in open
aad cl osed arms (all p6s>0.14) . Femal es had mo
males (interaction between arm of maze and sex; F(1, 52)=13.21; p<0.001) regardless of
maternal postpartum CORT BLX. Maternal postpartum CORT increased clcsed entries
compared to maternal postpartum oil (interaction between arm, maternal postpartum CORT,
maternal postpartum FLX; F(1, 52)=4.76; p=0.034; T&klg within saline exposed offspring
(p=0.05) but noELX exposed offspring (p=0.83). There were tioeo significant main or

interaction effects foarm entrieg a | | p.6s>0. 11
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Mean percent M_ean _perceht Mean open | Mean closed
) . time in the ; .
time in the open arm entries 4 arm entries +
closed arms +
arms + SEM SEM SEM
SEM
Maternal .
OIL/SAL 3.04 +0.95 86.92 +2.73 250+0.73| 8.63+0.68
Maternal . 10.67
ale CORT/SAL 3.94+231 83.44 + 422 1.83+0.40 1 38
Maternal .
OIL/FLX 3.22+1.42 92.44 + 2.37 1.17+0.48| 8.33+0.56
Maternal .
CORT/FLX 6.47 +3.11 86.80 + 3.95 1.60+£0.40| 9.30+0.79
Maternal
OIL/SAL 9.33+3.23 72.26 + 450 2.00+0.55| 10.44 +£0.85
Maternal 12.17 +
CORT/SAL 450+1.61 82.83 +3.13 1.17 £ 0.40 0 95*
Female Maternal
OIL/FLX 4.06 +1.33 78.94 + 2,51 1.33+049| 12.17+1.35
Maternal
CORT/ELX 6.89 + 3.11 79.70 +4.56 1.44+0.34| 11.00+0.41

Table 3-1 Effects of maternal postpartum CORT and FLX exposureon EPM behaviours in adult male and
female offspring. Mean + SEM of additional variables in the elevated plus mdaées overall spent more time in
the closed arms and made fewer closed arm entries (p<0.05). Maternal CORT/saline increased closed arm entries in

comparison to maternal oil/saline (p<0.0Bgprinted with permission from Gobinath et al., 2016.

In the novelty suppressed feeding task, maternal postpé&ttXnncreased latency to
feed compared with maternal postpartum saline in adult ragdedri; p=0.023), but not female
offspring (p=0.801; Figure-2B). Females had longer latencies to feed thales (main effect
of sex; p<0.001) and there was a trend for maternal postp&ittXnto increase latency to feed
in comparison to maternal postpartum saline in adult males only (interaction between maternal
FLX and sex; F(1,52)=3.08; p=0.085). There weweother significant main or interaction effects
(pbs > 0. mal es ate more than fe

086) . Lastl vy,

(main effect of sex; p<0.00Table 32).
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Figure 3-2 Effects of maternal postpartum CORT and FLX exposureon anxiety-like behaviour in

adult male and female offspring.Anxiety-like behavior as measured by (A) ratio of time spent in closed

arms compared to nger and open arms (mean + SERlglevated plus nze and (B) latency to feed (me:
+ SEM)in novelty suppressed feeding task. Maternal postpartum FLX increased ratio of time spent
closed arms versus open arms and center of elevated plus maze and increased latency to feed in n
suppressed feentj task in comparison to maternal postpartum saline in adult male offspring only. Da
line in (B) represents end of test session (600 seconds). * denotes p<0:AB/grobip/sexReprinted with

permission from Gobinath et al., 2016.

Males* Females

Maternal OIL/SAL 23.00 = 3.65 8.40 = 1.97

Maternal CORT/SAL | 22.00 +5.69 7.67 £ 0.67

Maternal OIL/FLX 17.33 +£1.45 4.33 + 2.33

Maternal CORT/FLX | 18.50 + 0.65 8.40 + 0.93

Table 3-2 Mean (+ SEM) food consumption 1 h after noveltysuppressed feeding tasWales overall ate more

than females within an hour of being returned to their home cage (*p<OR&drinted with permission from

Gobinath et al., 2016.
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Maternal postpartum CORT increastdal locomotor activityand peripheral crossings adult
male, but not female, offspring in the open field tdsternal CORTFLX decreased peripheral
crossings.
Maternal postpartum CORT increased total crossings in the open field test compared to
maternal petpartum oil in adult malea(priori; p=0.002), but not female offspring (p=0.383;
Figure 33A). Females made more total crossings than males (main effect of sex; p<0.001) and
maternal postpartum CORT increased total crossings in comparison to matetpettposoil
controls (main effect of maternal postpartum CORT; p=0.003). There were no other significant
main or interaction effects were present for
Maternal postpartum CORT increased peripheral crossings in comptaris@aternal
postpartum oil in adult males (p<0.0001) but not adult females (p=0.40; interaction between
area, sex, and maternal CORT; F(1, 52)=4.28; p=0.04; fig@&) .3~urthermore maternal
postpartunFLX decreased peripheral crossings in comparisoratemmal postpartum saline
(interaction between area, maternal CORT and mateiné] F(1, 52)=4.73; p=0.034; figui
3B) only within the CORTexposed offspring (p=0.032) but not-ekposed offspring (p=0.24).
There were no significant differencesctre nt er crossings (p6s>0.22).
percent time in the periphery of the open field than in the center (main effect of area; p<0.0001).
There were no other statistically significant main or interaction effects for percent time in

peripheryor center (al-3. p6s>0.09; Table 3
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Mean percent time in the Mean percent time in the
periphery = SEM (*) center + SEM
Maternal
OIL/SAL 96.17 +1.34 3.83+£0.47
Maternal
CORT/SAL 95.29 + 3.29 4.71+1.34
Male Mat |
aterna
OIL/ELX 97.45 + 0.66 2.55+ 0.66
Maternal
CORT/ELX 94.30 + 0.86 5.69 + 0.86
Maternal
OIL/SAL 94.79 £ 0.91 5.21+0.91
Maternal
CORT/SAL 94.86 + 0.64 5.14 + 0.64
Female I
Materna
OIL/FLX 96.01 + 1.09 3.99+1.09
Maternal
CORT/FLX 96.20 + 0.62 3.80 £ 0.62

Table 3-3 Effects of maternal postpartum CORT and FLX exposureon OFT behaviour in adult male and

female offspring. All animals spent more time in the periphery than in the center of the open field (*p<0.001).

Reprinted with permission from Gobinath et al., 2016.
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Figure 3-3 Effects of maternal postpartum CORT and FLX exposureon OFT behaviours in adult male and
female offspring. Locomotor behaviorameasured by total crossings (mean + SEM) in open field test (n=6
10/group/sex). Maternal postpartum CORT increased ambulation in adult male offspring only (A). Materna
postpartum o#lexposed males had fewer peripheral crossings in comparison to matstpertum COREXpose!
males and oiexposed females. Maternal postpartum CORT/fluoxetine diminished peripheral crossings in
comparison maternal postpartum CORT/saline (B). There were no significant effects on center crossings (

in B). Reprintedwith permission from Gobinath et al., 2016.

Maternal postpartunfrLX increased time spent swimming in the forced swim test in both adult

male and female offspring

Maternal postparturRLX increased time spent swimming compared with maternal
postpartum saline, regardless of maternal postpartum QGIDRAg day 2 of the forced swim test
(interaction between materralX and behavior type; F(2, 104)=4.497; p=0.013; Fige.
There were nother significant main or interaction effects on any other forced swim test
behavi or s ( dddeterpidesf this efféct oh gwdrming behavior was affected by

day, we further analyzed percent time swimming with a repeated measures ANOVA ysing da

89



