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Abstract
Background: Early life and postpartum represent periods of increased risk for the development
of mental health disorders. Previous studies suggest that stress during these vulnerable periods
can contribute to behavioural and neurobiological disruptions, yet the concurrent effects of
stressors on the mother and offspring remain poorly understood. This study examined stress-
induced disruptions in behaviour and physiological measures using postnatal maternal separation
(MS) in both the dam and offspring. Methods: Eighteen female C57BL/6N mice were randomly
assigned to a control or an MS condition, which consisted of daily 3-hour separations from
postnatal day 2 (P2) to P14. Maternal care behaviour was assessed on P3 and P7. Depressive-
and anxiety-like behaviour was examined on P22-23 in dams and on P42-43 in the offspring,
with food reward-seeking also being evaluated in the latter. Tissue collection was conducted 24
hours after the last behavioural test, during which the medial prefrontal cortex and colon were
collected from dams to assess pro-inflammatory cytokine expression, and the nucleus accumbens
(NAc) from pups to examine mesolimbic-related markers. Results: MS disrupted components of
maternal responsivity but had no effect on depressive- or anxiety-like behaviour or on cytokine
expression in dams. In pups, MS promoted food reward seeking in both sexes but increased
dopamine receptor 2 and neurotrophic receptor tyrosine kinase 2 expression in the NAc of males
only, while not changing anxiety- or depressive-like behaviour. Conclusion: MS induced
disruptions in select behavioural and physiological measures in both pups and dams, providing

insight into the effects of stress during sensitive life periods.
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Chapter 1: Background

The onset and development of depressive disorders have been suggested to result from a
complex interplay of factors, including genetic predispositions, childhood adversity, and stressful
life events, leading to impairments in the stress response, inflammatory processes, and the gut
microbiota, among others (Remes et al., 2021; Medina-Rodriguez et al., 2023). Depressive
disorders disproportionately affect women, with the risk of developing depression being twice as
high in females compared to males (Salk et al., 2017). Women are at a particularly high risk of
developing depression during the postpartum period, given that the hormonal, immune, and
psychosocial changes occurring throughout pregnancy and after birth heighten vulnerability to
mental health concerns (Brummelte & Galea, 2016; Zhao & Zhang, 2020). Postnatal stress,
through its effects on the responsiveness of key stress response systems, is a prominent risk
factor in the development of maternal mental health disturbances, with negative impacts on
maternal care behaviours (Oyetunji & Chandra, 2020; Abrishamcar et al., 2024). Disruptions in
caregiving, including diminished bonding, have been shown to contribute to the development of
adverse physical and mental health outcomes in the offspring (Slomian, 2019), highlighting the
need to better understand the effects of postnatal stress on both maternal mental health and long-
term developmental trajectories.

In rodent models, maternal separation (MS) during the early postnatal period is an
established paradigm for assessing the impact of postnatal stress in the dams and of early life
adversity in the pups (Plotsky & Meaney, 1993). During this stressor, dams are typically
separated from their pups for 3 hours daily from postnatal day 2 (P2) to P14, capturing the early
developmental period in the offspring and the early postpartum period in the mother (Plotsky &

Meaney, 1993; Weber et al., 2008). In rat dams, MS has been associated with increased anxiety-



and depressive-like behaviours, as well as deficits in maternal care, particularly in behaviours
involving maternal responsiveness to pups (Bdliikbas et al., 2020; Rombault et al., 2023;
Zaccarelli-Magalhaes et al., 2023). Similarly, MS-exposed mouse and rat offspring have been
shown to exhibit increased anxiety- and depressive-like behaviour in adulthood, including
impairments in motivation for rewarding stimuli, such as drugs and alcohol (Bian et al., 2015;
Kestering-Ferreira et al.,2021; Moffett et al., 2006). While the consequences of MS on affective
and substance-seeking behaviours have been examined, the effect of the stressor on naturalistic
reward seeking remains incompletely understood. Past studies have shown that MS increased
intake of highly palatable food in rats (de Souza et al., 2018) and effort-based responding for a
food reward in mice (Benoit et al., 2023). However, the effects of MS on palatable food-seeking
in a risky environment have not yet been assessed.

Beyond the more studied hormonal alterations, there is increasing evidence that
disturbances in inflammatory processes could be implicated in postpartum mental health
disorders. In particular, postpartum depression (PPD) has been associated with increases in pro-
inflammatory cytokines in the cerebrospinal fluid and the bloodstream (Sha et al., 2022;
Boufidou et al., 2009; Achtyes et al., 2020), and women with inflammatory bowel disease, an
illness characterized by increased levels of pro-inflammatory cytokines in the intestinal
environment (Strober & Fuss, 2013), have been shown to be at higher risk of new-onset PPD
(Vigod et al., 2019). However, despite postnatal stress being a known risk factor for PPD (Yim et
al., 2015), little is known about how inflammation in the brain and the gastrointestinal (GI) tract
could contribute to the pathogenesis of postpartum mental health disruptions. As such,
examining pro-inflammatory markers in selected regions of the brain and GI tract following MS

may provide novel insight into processes involved in the development of postpartum depressive



and anxiety-like behaviours. In the offspring, MS has been associated with sex-specific changes
related to inflammatory, dopamine, and neurotrophic signalling in the nucleus accumbens (NAc)
(Benoit et al., 2023; Wang et al., 2015; Ganguly et al., 2019), but relatively few studies have
directly examined the expression of dopaminergic and neurotrophic receptors in the mesolimbic
system in the context of risky reward seeking for palatable food.

This thesis examines the effects of MS in both the dam and the offspring. The first
manuscript focuses on maternal care behaviour in the early postpartum period as well as on
anxiety- and depressive-like behaviour and concurrent expression of pro-inflammatory cytokines
in the brain and GI tract shortly after weaning. The second manuscript investigates the long-term
effects of MS on food reward seeking in the context of risk, anxiety- and depressive-like
behaviour, and dopamine and brain-derived neurotrophic factor (BDNF) receptor expression in

the NAc in young adult offspring.



Chapter 2: Literature Review

2.1 Maternal Mental Health
2.1.1 Depression and anxiety during the postpartum period

Postpartum depression refers to major depressive episodes arising up to one year after
giving birth (Stewart & Vigod, 2019). According to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5), major depressive disorder (MDD) is characterized by
the presence of depressed mood or loss of pleasure/diminished interest in everyday activities, in
addition to four other symptoms among weight loss or gain, sleeping too much or too little,
fatigue, feelings of worthlessness or guilt, diminished ability to concentrate, psychomotor
agitation or retardation, and recurrent thoughts of death (American Psychiatric Association,
2013). When occurring during the postpartum period, these symptoms may manifest as difficulty
bonding with the baby and, in severe cases, thoughts related to self-harm or harm to the infant
(Stewart & Vigod, 2019). Similarly, although postpartum anxiety (PPA) is not recognized as a
specific disorder yet, anxiety in the postpartum period is described as the onset of an anxiety
disorder within one year of birth (O’Hara & Wisner, 2013). There are several types of anxiety
and anxiety-related disorders that may develop in the postpartum period, including generalized
anxiety disorder, panic disorder, obsessive-compulsive disorder (OCD), and post-traumatic stress
disorder (O’Hara & Wisner, 2014). Based on the DSM-5, anxiety and related disorders share
several overlapping diagnostic criteria, including excessive fear, distress, and avoidant
behaviours related to a perceived threat (Fairbrother et al., 2025). In a postpartum context, this
may present as heightened fear about pregnancy, birth, or infant safety and include behaviours
such as excessive monitoring, fear of harming the baby, and avoidance of situations related to

caregiving (Somerville et al., 2015; Fairbrother et al., 2025). Both PPD and PPA are highly



prevalent in the Canadian population, with 23% of women reporting symptoms consistent with
these mood disorders in the year after birth (Government of Canada, 2019). Importantly, PPD
and PPA are commonly comorbid, with 8% of postpartum Canadian women having both
(Government of Canada, 2019).
2.1.2 Impact of postpartum depression and anxiety on maternal outcomes

Maternal mental health concerns may have adverse effects on women’s overall well-
being in the short and long term. During the postpartum period specifically, depression has been
linked to lower scores across multiple physical and mental health-related quality of life domains,
including physical functioning, vitality, role limitation due to physical/emotional health, bodily
pain, and social function (Da Costa et al., 2006). Concerningly, suicide is one of the leading
causes of death during the perinatal period in Canada, with the largest number of suicides
occurring within the last trimester of pregnancy and the last quarter of the first postpartum year,
potentially highlighting periods of increased vulnerability (Grigoriadis et al., 2017). Beyond the
short-term effects on maternal health, longitudinal evidence suggests that postpartum mental
health disorders are associated with worse maternal health outcomes beyond one year
postpartum. In a cohort study, Abdollahi and Zarghami (2018) showed that women with PPD
were more than twice as likely to continue to experience depressive symptoms and chronic
health diseases (e.g., diabetes mellitus, hypertension, and heart disease) four years after the birth
of their child. Beyond the detrimental effects on maternal mental health, stress during the
postpartum period, as well as experiencing PPD and PPA, has been associated with negative
effects on the health and development of the child, including physical growth, language

development, and communication skills (Oyetunji & Chandra, 2020).



2.2 Vulnerability to Mental Health Disorders During the Postpartum Period
2.2.1 Risk factors for postpartum depression and anxiety

The development of PPD and PPA is thought to arise from multiple interacting factors.
One of the strongest predictors of PPD is a prior history of mental illness. When assessing
depression and anxiety scores at several time points throughout the perinatal period, including
Weeks 12-14 and 29-30 of gestation and Weeks 4-6 postpartum, Jiménez-Barragan et al. (2024)
found that prior history of depression or anxiety consistently predicted a positive screening
across all time points. Furthermore, having a family history of psychiatric illness is another
potent risk factor for the development of PPD. In a meta-analysis comprising 26 studies and
100,877 participants, it was found that women who had a family history of mental health
disorders were more than twice as likely to develop PPD compared to women with no familial
history (Zacher Kjeldsen et al., 2022), suggesting inherited risk may contribute to vulnerability to
postpartum mental health disturbances. Perceived social support, which is one’s appraisal of
adequate emotional, instrumental, and informational support within their social network
(Drageset, 2021), has consistently been linked to postpartum mental health (Cho et al., 2022;
Agrawal et al., 2022; Ekpenyong & Munshitha, 2023), with low to moderate perceived social
support being associated with increased risk of PPD (Cho et al., 2022). Support from one’s
partner is critical in this context, with low marital satisfaction being a strong predictor of
postpartum mental health concerns (Wei et al., 2025).
2.2.2 Stress in the postpartum period

Acute and chronic stressor exposure during the postnatal period has also been identified
as a key contributor to the development of PPD and PPA. Acute stressors refer to single-time

occurrences, for instance, the death of a loved one, traumatic birth experiences, or natural



disasters, while chronic stressors involve situations that persist over time, such as intimate
partner violence, financial problems, or living in an environment that is not safe (Hammen et al.,
2005). Reid and Taylor (2015) found that acute and chronic stressors that occur during the
perinatal period independently increase PPD risk even when prior depression history as well as
social and demographic factors are accounted for, highlighting perinatal stress as a strong
predictor of postpartum mental health concerns. Psychosocial stress in particular is a consistently
reported factor in the development of PPD (Yim et al., 2015), with stressors related to caregiving
and interpersonal relationships, including childcare stress, decreased social support, marital
relationships, and marital status, found to be associated with disorder development (Beck et al.,
2001; Ojomo et al., 2025). Using a network analysis, which examines how strongly individual
symptoms are related to one another (Borsboom, 2021), Wang et al. (2024) found that
postpartum-specific stressors such as lack of time for oneself, dissatisfaction with physical
appearance after childbirth, and irregular patterns of the baby’s sleep were closely interconnected
with core depressive symptoms, including feeling sad or miserable and crying related to being
unhappy. Notably, studies of incarcerated women separated from their children showed higher
rates of PPD and feelings of emptiness and sadness that were specifically related to being apart
from their child (Chambers et al., 2009; Chawla et al., 2024; Kramer et al., 2025), indicating that
maternal-child separation may be a stressful experience for mothers, with an impact on their
mental health. Similarly, mothers who had their child removed from their custody showed higher
levels of anxiety, depression, and substance use disorders, and visited their physician more often
for mental health concerns compared to mothers who had experienced the death of their child
(Wall-Wieler et al., 2018). Although custody removal-related mental health concerns may not

solely be attributed to the child being removed from the home, these findings highlight the
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profound impact that mother-child separation disruptions may have. These connections between
stressful experiences and mental health symptoms suggest that PPD and PPA may be in part
related to the presence of certain stressors that are unique to this period.
2.3 Adaptations to the Postpartum Period
2.3.1 Behavioural and cognitive adaptations to the postpartum period

The transition following childbirth is characterized by major behavioural and cognitive
changes that support the maternal caregiving role. When a baby is born, mothers experience
heightened preoccupation, exhibiting behaviours such as checking and worrying about the baby’s
well-being (Leckman et al., 2004). In the postpartum period, this is a normal adaptive response
that enables the mother to attend to the infant’s physiological and psychological needs, with
preoccupation peaking after birth and decreasing over subsequent months (Kim, 2016).
However, when this vigilance becomes excessive and disproportionate to risk, this may become
maladaptive and contribute to PPA, specifically postpartum OCD (Ferra et al., 2024).
Conversely, heightened vigilance may represent a manifestation of postpartum OCD, as part of
the disorder’s clinical presentation (Hudepohl et al., 2022). Women experiencing postpartum
OCD often report obsessions related specifically to the well-being of their infant, such as
aggressive intrusive thoughts (e.g., dropping the baby, suffocation) and obsessions about germs
or contamination in the baby’s environment (Ferra et al., 2024). These intrusive thoughts often
lead to compensatory behaviours, including checking, seeking reassurance, and avoidance,
maintaining the anxiety, which in turn compromises maternal well-being (Ali, 2018; Ferra et al.,
2024). Another important adaptation that occurs in the postpartum period involves changes in the
mother’s reward circuits, which become more sensitive to infant-related cues, thereby increasing

motivation for caregiving (Kim, 2016; Rincon-Cortés & Grace, 2020). Disruptions in this regard



may be associated with difficulties in responding to infant needs, which may negatively affect
the mother-child bond as well as maternal and offspring outcomes (Saharoy et al., 2023).
2.3.2 Physiological adaptations during the postpartum period

The perinatal period involves several physiological adaptations that support fetal
development and prepare the mother for the transition from pregnancy to birth and subsequent
caregiving. While the etiology of PPA and PPD is not yet fully understood, it has been observed
that interruptions or alterations in the normal trajectory of hormonal, neurobiological, and
immune adaptations during this period may contribute to the increased vulnerability of women to
mental health disorders during pregnancy and postpartum (Schiller et al., 2015; Abou-Saleh et
al., 1998; Skrundz et al., 2011; Levin & Ein-Dor, 2023; Boufidou et al., 2009; Sha et al., 2022).
A major contributor to the development of postpartum mental health disorders is the rise and
decline of sex hormones in the perinatal period, especially estradiol and progesterone, which
increase drastically during pregnancy, followed by a sharp decline following the birth of the
child (Ducik et al., 2024). In human and animal studies, it has been demonstrated that the
withdrawal of these hormones following birth is related to anxiety- and depressive-like
behaviours in rodents and anxiety and depressive symptoms in humans (Zhang et al., 2016;
Schiller et al., 2015). Importantly, evidence suggests that these associations are not explained
solely by the magnitude of hormone withdrawal contributing to mental health concerns but rather
reflect increased vulnerability to the normal fluctuations of sex hormones in the transition from
pregnancy to the postpartum period (Schiller et al., 2015; Bloch et al., 2000; Brummelte &
Galea, 2016; Eisenlohr-Moul et al., 2023). One potential mechanism underlying this sensitivity is
the influence of fluctuations in estradiol and progesterone on neurosteroid synthesis, neural

responsivity, and the metabolism of neurotransmitter precursors; deviations from their normal



trajectories are therefore thought to contribute to vulnerability to postpartum mental health
disorders (Levin & Ein-Dor, 2023).

In addition to sex hormones, disruptions in postpartum adaptations related to stress
responsivity may represent another key pathway by which postpartum mental illnesses develop.
Notably, during the peripartum period, particularly late pregnancy and into lactation,
hypothalamic-pituitary-adrenal (HPA) axis responsiveness is suppressed to support fetal
development, as high maternal corticosteroid levels can be harmful (Hillerer et al., 2012).
Generally, high stress responsivity has been identified as a risk factor in mental health
disturbances, including depressive and anxiety disorders (Kiecolt-Glaser et al., 2020). However,
in the context of postpartum mental health disorders, it has also been demonstrated that
decreased cortisol is associated with the onset of PPD, potentially reflecting a dysfunction of
HPA axis regulation throughout the peripartum period (Dickens & Pawluski, 2018). Hormones
associated with caregiving behaviours, including oxytocin and prolactin, are increased during the
postpartum period and dampen the response of corticotropin-releasing factor (CRF) neurons in
the paraventricular nucleus, thereby supporting maternal care behaviours while limiting the risk
of stress-related mental health disorders such as anxiety and depression (Slattery & Neumann,
2008). Consistent with this, lower levels of prolactin were associated with an increased incidence
of PPD (Abou-Saleh et al., 1998), while low levels of oxytocin mid-gestation predicted
depression development within the 2 weeks following birth (Skrundz et al., 2011). Furthermore,
a rat model showed that downregulation of prolactin receptors led to higher stress-induced
adrenocorticotropic hormone (ACTH) levels and increased anxiety-like behaviours in lactating
dams (Torner et al., 2002), suggesting a relationship between these stress-regulation processes

and postpartum anxiety-related outcomes.
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Another physiological system implicated in the etiology of postpartum mental health
disorders is the immune system. Gestation and the postpartum period are characterized by
changes in immune function that support fetal development and parturition, with these systems
gradually returning to baseline following birth (Abu-Raya et al., 2020). Changes in pro-
inflammatory cytokines, both central and peripheral, may influence behaviour by altering
inflammatory signalling pathways in the brain, leading to subsequent changes in
neurotransmitter, neuropeptide, and growth factor levels and function (Felger & Lotrich, 2013).
Disruptions in normal immune adaptation in the perinatal period may represent a mechanism
underlying the development of postpartum mental health disorders. Several studies have found
that exaggerated levels of pro-inflammatory cytokines during gestation and postnatally are
associated with postpartum mental health concerns. Plasma levels of interleukin (IL)-1/ and IL-6
were positively associated with depressive symptom severity on the Edinburgh Postnatal
Depression scale at each trimester of pregnancy and at postpartum (Sha et al., 2022). Consistent
with these findings, Achtyes et al. (2020) reported that increased plasma IL-6 and IL-8 levels
measured at 8 weeks postpartum were associated with more severe depressive symptoms.
Similarly, Boufidou et al. (2009) found that levels of IL-6 and tumour necrosis factor (TNF)-a in
the cerebrospinal fluid at delivery were positively associated with depressive symptom severity
at 6 weeks postpartum, providing indirect evidence of a relationship between central immune
processes and postpartum maternal mental health. While circulating pro-inflammatory cytokines
have been associated with PPD, little is known about the involvement of inflammatory factors in
postpartum mental health in brain regions implicated in emotional regulation, such as the
prefrontal cortex (PFC) (Dixon et al., 2017), although in the general population there is evidence

that IL-1p, IL-6, and TNF-a are elevated in the PFC of individuals with mental health disorders
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who died by suicide (Pandey et al., 2012). It is also unclear how stress during the postnatal
period, a known risk factor in postpartum mental health disorders (Yim et al., 2015), may affect
neuroinflammatory processes involved in depressive and anxiety symptoms.

Additionally, there is evidence that bidirectional communication between the gut and the
brain is involved in the pathophysiology of mental health disorders (Cryan et al., 2019). One of
the pathways by which this may occur is the disruption of inflammatory immune signalling
between the gut and the brain due to increased permeability of the intestinal barrier, allowing the
passage of bacterial fragments into circulation, and/or elevated inflammatory activity at the
intestinal barrier (Cryan et al., 2019; Maes et al., 2008). In relation to stress, chronic social defeat
in mice results in more social avoidance behaviour, increased intestinal permeability, and
elevated levels of pro-inflammatory interferon-gamma (IFNy)-producing cells, while decreasing
levels of anti-inflammatory IL-4-producing cells in the colon (Russo et al., 2023), linking stress-
induced colonic inflammation and barrier permeability to behavioural disruptions. Chronic social
defeat in mice also downregulated the tight junction protein claudin 5 in the NAc, thereby
allowing the passage of IL-6 at that site and promoting depressive-like behaviour (Ménard et al.,
2017). Importantly, neuroinflammation elicited by the bacterial endotoxin lipopolysaccharide
(LPS) has also been related to anxiety- and depressive-like behavioural changes (Gao et al.,
2025; Zhang et al., 2024; He et al., 2025). Taken together, these studies using rodent models
suggest that stressors may simultaneously disrupt permeability of the gut and brain barriers and
promote neuroinflammation, potentially contributing to behavioural alterations. However, it is
not well understood whether gut inflammation may be related to the development of postpartum
mental health disorders. Limited epidemiological evidence suggests that women with

inflammatory bowel disease, characterized by inflammation of the GI tract in part driven by

12



increased cytokines (Neurath, 2014), had a 20% higher risk of developing new-onset mental
illness during the postpartum period compared to women without the disease (Vigod et al.,
2019). Collectively, these findings highlight the need for further investigation into the
contribution of inflammatory processes in the gut-brain axis to stress-related behavioural
disruptions in the postpartum period.
2.4 Maternal Separation as a Model of Postnatal Maternal Stress
2.4.1 The maternal separation paradigm

In rodent models, MS is an established paradigm for assessing the impact of early
postnatal stress in both pups and dams (Plotsky & Meaney, 1993). In the classic stressor
paradigm, pups are separated from the dams daily for 3 hours between P2 and P14,
encompassing the early developmental period in the offspring and the mother's early postpartum
period. The MS paradigm has traditionally been used as a model of early life stress (ELS) in
pups, but increasing evidence in mice and rats suggests it may also serve as a stressor for dams
(Boliikbas et al., 2020; Rombaut et al., 2023). In the postpartum context, MS has been shown to
elicit depressive- and anxiety-like behaviours in mouse and rat dams, demonstrating that the
impacts of the stressor extend beyond those observed in the offspring (Mundorf et al., 2022).
Importantly, multiple variations of the MS stressor exist, which involve differences in the
duration of separation sessions, the number of days during which the stressor is performed, and
the setup of the separation itself (e.g., pups separated as a litter versus individually, use of new
cages versus home cages, separation in a different space versus remaining in the same housing
room). These variations in how the stressor is administered have resulted in differences in the
behavioural and physiological effects of MS in mice (Tractenburg et al., 2016), especially in

relation to maternal caregiving. Notably, shorter separations are associated with increased

13



grooming and licking of the pups, whereas separations longer than 3 hours per day are associated
with decreased grooming and licking (Rombaut et al., 2023).
2.4.2 Physiological consequences of maternal separation in dams

At the neurobiological level, MS in dams has been associated with reduced expression of
genes implicated in stress regulation, structural changes in the brain, and disruptions in HPA axis
regulation. Among these changes, rat dams exposed to MS had downregulated expression of
Morcl in the medial PFC (mPFC) (Boéliikbas et al., 2020), a gene previously identified as an
epigenetic brain marker of ELS in adult rats and associated with MDD (Nieratschker et al.,
2014). Exposure to MS in rat dams also increased oxytocin receptor binding in the prelimbic
cortex and the medial preoptic area (Demarchi et al., 2023), a key region implicated in parental
behaviour, potentially suggesting physiological adaptations related to caregiving in response to
the MS stressor (Champagne et al., 2001; Hidema et al., 2024; Demarchi et al., 2023). Prolonged
daily MS also increased corticotropin-releasing hormone (CRH) and reduced neuropeptide Y
(NPY) in the hypothalamus of rat dams (Maniam & Morris, 2010). Increased hypothalamic CRH
expression is suggestive of HPA axis hyperactivity, which is commonly observed in both anxiety
and depressive disorders (Stanton et al., 2023; Tob et al., 2020; Keck & Holsboer, 2001), while
NPY reductions in both humans and animal models have been associated with depressive- and
anxiety-like behaviours (Redrobe et al., 2002; Cohen et al., 2012). Using a paradigm that
combines limited nesting with MS, a recent study by O’Chan et al. (2026) in C57BL/6J mice
showed that this stressor reduced transcriptional changes in the dorsal hippocampal formation,
which they identified as a region supporting the development of cognitive adaptations to
motherhood, particularly in relation to long-term potentiation, dopaminergic synapses, and

oxytocin signalling. Together, these findings demonstrate that postnatal stress, especially in the
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form of MS, may disrupt neurobiological changes associated with motherhood. Despite evidence
suggesting that MS disrupts neurobiological adaptations associated with the postpartum period, it
is not known whether MS results in changes in pro-inflammatory cytokines in the brain and GI
tract.
2.4.3 Behavioural consequences of maternal separation in dams

In addition to physiological effects, MS has been reported to alter behaviour and maternal
care. Studies in rats have found that MS increased learned helplessness and behavioural despair
in the dams, reflective of depressive-like behaviours (Boccia et al., 2007; Bousalham et al.,
2013). Notably, these effects appear to be specific to prolonged MS sessions (3 hours per day or
more), whereas studies employing brief separation paradigms (approximately 15 minutes per
day) more frequently report null findings (Mundorf et al., 2022). In contrast, data on anxiety-like
behaviour are limited to studies predominantly conducted in rats and are highly variable, with
both significant and null effects being observed (Bousalham et al., 2013; Béliikbas et al., 2020;
Stevenson et al., 2009; Maniam & Morris, 2010). This may be attributed to variations in stressor
protocols, as well as to other factors such as rodent strain and whether the dam was primiparous
or multiparous, which have been shown to vary across studies examining these effects (Aguggia
et al., 2019; Mundorf et al., 2022). One of the most consistently reported behavioural
consequences of MS is alterations in maternal care behaviours, although the direction of these
changes varies across studies. Multiple studies examining maternal care in mice and rats
following daily separations of 3 or more hours have found increases in arched-back nursing,
licking, and time spent in the nest (Baracz et al., 2020; de Almeida Magalhaes et al., 2018;
Maniam & Morris, 2010; Zimmerberg et al., 2003), although reductions in maternal caregiving

behaviours have also been reported using this same paradigm (Rombaut et al., 2023; Zaccarelli-
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Magalhaes et al., 2023; Boccia et al., 2007; Bailoo et al., 2014). Given variability in rodent
strain, separation duration, postnatal days included in the separation period, and the day testing
was conducted, differences in maternal care behaviours across studies may reflect
methodological variation in how the stressor was implemented.
2.5 Early Life Stress and Developmental Trajectories
2.5.1 Exposure to stressors during early life and health outcomes

Early life adversity is a term encompassing stressful events before age 18 (Centers for
Disease Control and Prevention, 2024). These experiences can be related to childhood
maltreatment, including physical, sexual, and/or emotional abuse and/or neglect, witnessing
domestic violence, as well as other circumstances such as war, accidents, and bullying (World
Health Organization, 2024). The developmental origins of health and disease hypothesis suggests
that early life exposures play a key role in the development of chronic health conditions,
including physical problems such as cardiovascular disease, asthma, and certain types of cancers
as well as mental disorders, including depression and anxiety (Centers for Disease Control and
Prevention, 2024; Danielsdottir et al., 2024: Dube et al., 2009; Nelson et al., 2020). Exposure to
ELS is highly prevalent in the Canadian population, with a large national cohort study reporting
that approximately 61.6% of participants experienced at least one adverse childhood experience
(Joshi et al., 2021). Notably, a dose-response relationship has been noted between the number of
these experiences and health outcomes, where exposure to a higher number of adverse events
during childhood was associated with a greater risk of health concerns, including severe obesity,

depressive disorders, suicide attempts, ischemic heart disease, and cancer (Felitti et al., 1998).
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2.5.2 Early life biological development and vulnerability to stress

Early life is a critical period in the development of several key biological systems during
which the brain, immune system, HPA axis, and gut-brain axis undergo rapid maturation
(Shonkoff, 2000; Jena et al., 2020; Palma et al., 2026). In this period, extrinsic factors, including
environmental and social influences such as the physical environment, parenting, caregiving
experiences, and socioeconomic status, may exert profound effects on development (Wallerich et
al., 2023). The influence of these factors may, at least in part, be attributed to developmental
plasticity, which refers to the ability of a genotype to produce various phenotypes by adapting to
environmental conditions (Bateson et al., 2004). While plasticity enables adaptation to one’s
environment, it can also increase vulnerability to adverse experiences, exerting lasting effects on
the development of biological systems (Bateson et al., 2004; Smith & Pollak, 2020). This
vulnerability is particularly important given the extensive neurodevelopment occurring in early
life, including brain regions implicated in emotional regulation and the stress response, such as
the PFC, hippocampus, and amygdala (Leisman et al., 2025). For instance, it has been shown
that healthy young adults with a history of early life emotional abuse had reduced functional
connectivity between the PFC and the amygdala, suggesting lasting alterations in brain function
resulting from ELS (Fan et al., 2014). Early life stress also has enduring effects on brain regions
involved in reward processing, with adolescents who reported adverse experiences in childhood
showing hypoactivity in the NAc, which was associated with greater depression scores (Goff et
al., 2013). Exposure to childhood maltreatment has also been associated with smaller
hippocampal volume in adulthood (Riem et al., 2015). As reduced volume of the hippocampus
has been related to increased vulnerability to multiple mental health disorders, including MDD,

bipolar disorder, and schizophrenia (Brosch et al., 2022), these findings suggest that there may
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be structural changes induced by ELS that may contribute to the development of later mental
health disturbances. Childhood trauma exposure has been associated with HPA axis activation in
some individuals and a blunted response in others, indicating an overall pattern of abnormal
cortisol regulation resulting from traumatic experiences in childhood while the HPA axis is still
developing (Cross et al., 2017; Juruena et al., 2021). Additionally, evidence suggests that
individuals with MDD and a history of ELS have higher serum cytokine levels, particularly IL-6,
compared with controls and those with MDD without a history of ELS (Gill et al., 2020; Pedrotti
Moreira et al., 2018). In individuals with MDD, it has also been shown that childhood sexual
abuse was associated with higher serum levels of IL-6 and TNF-a, whereas this was not
observed with recent events or perceived stress (Grosse et al., 2016). Collectively, these studies
indicate that immune-related changes as a result of ELS may be one of the mechanisms
contributing to the development of mental health disorders, at least depression.
2.5.3 Early life stress and the development of mental health disorders

Childhood adversity has been consistently positioned as a significant risk factor in the
development of mental health disorders, including MDD, anxiety disorders, and substance use
disorders, with maladaptive family functioning such as abuse or neglect being the most
significant predictor (Kessler et al., 2010). In the case of depressive disorders, individuals who
had experienced ELS were approximately 2.5 times more likely to develop MDD before the age
of 18 compared to those who had not (LeMoult et al., 2020). Importantly, individuals with MDD
who reported a history of childhood trauma were 43% less likely to remit or experience
improvement in their symptoms (Nanni et al., 2012). Similarly, ELS increases the risk for
anxiety disorders, particularly sexual and physical abuse (Lindert et al., 2014). Early life stress

has likewise been linked to substance use disorders, in a dose-response manner, where exposure
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to 4 or more adverse childhood experiences was linked to a 7.2-fold increase in the risk for
alcohol use disorder and a 4.5-fold increase in the risk for illicit drug use (Anda et al., 2006).
Disruptions in motivated behaviour and in the ability to experience pleasure, characteristic of
reward-related behaviour, are an overlapping feature of multiple mental health disorders,
including depression, anxiety, and substance use disorders (Scholz et al., 2026; Meyer et al.,
2016), and have been observed in the context of ELS (Eck et al., 2020; Birn et al., 2017).
Evidence from both human and rodent studies suggests that the increased vulnerability to
adverse mental health outcomes may be attributable, at least partly, to the converging effects of
ELS on neurodevelopment, HPA axis function, neurotransmitter systems, and immune responses
(Speranza et al., 2024). Together, these neurobiological and immune changes can result in
impairments in goal-directed behaviour and decision-making, which are also a shared
characteristic of multiple mental health disorders (Puetz & McCrory, 2015; Epstein &
Silbersweig, 2016). Consistent with this, adults who had previously experienced childhood
maltreatment had higher anhedonia and depression scores, perceived rewarding cues as less
positive, and had a dampened response to reward cues in the left globus pallidus, linking ELS to
long-term alterations in reward-related neural activity (Dillon et al., 2009). Birn et al. (2017) also
found that ELS altered the valuation of risk compared to a reward in a gambling task, where
adult individuals who had experienced high levels of childhood stress made more impulsive
decisions, poorer quality decisions, and had more difficulty adjusting their decisions based on
feedback given to them by the test, suggesting that ELS may disrupt reward-related decision-
making and the adaptability of these processes. However, despite the well-established

association between mental health disorders and stress in early life, the mechanisms underlying
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these disorders remain incompletely understood. As such, animal models, including MS, provide
an opportunity to investigate the behavioural and neurobiological consequences of ELS.
2.6 Maternal Separation as a Model of Early Life Stress
2.6.1 Maternal separation in pups: influence of maternal care

As previously described, MS is an established paradigm used to examine the behavioural
and physiological consequences of repeated separation sessions between the dams and their pups
in early life on offspring development (Plotsky & Meaney, 1993). The MS stressor is
hypothesized to be stressful for the pups, largely due to the temporary absence of maternal
stimuli (e.g., tactile stimulation, scent) and care, as well as to alterations in maternal care
behaviour following separation episodes (Meaney et al., 2001; Rombaut et al., 2023). In general,
maternal care behaviours such as licking/grooming and arched-back nursing are essential for pup
development (Meaney et al., 2001). Studies examining variations in maternal care in rats without
a stressor have found that different behavioural phenotypes can emerge depending on the level of
care provided (Liu et al., 1997; Caldji et al., 1998). For instance, Liu et al. (1997) found that
offspring that had received lower levels of grooming during the first 10 days of life showed
higher plasma levels of ACTH and corticosterone in response to a restraint stressor and higher
CRH mRNA expression in the paraventricular nucleus relative to high-grooming dams,
suggesting that maternal care during early life may play a role in the responsivity of the HPA
axis. Further supporting this, Cald;i et al. (1998) found that offspring exposed to low licking,
grooming, and arched-back nursing had increased levels of CRH in the locus coeruleus and
reduced exploratory behaviour in the open field test relative to offspring that received high levels
of these maternal care behaviours. Research examining maternal care behaviour and offspring

outcomes within the same MS paradigm remains limited. When both have been measured, MS in
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the form of 3 hours a day from P2 to P21 in C57BL/6J mice resulted in impairments in maternal
care behaviour relative to shorter bouts of separation or no stressor (Rombaut et al., 2023), while
decreasing affiliative behaviour in adult offspring (Rombaut et al., 2023), Using a similar
paradigm consisting of MS and a limited bedding and nesting environment, simulating the
effects of both separation and resource scarcity in BALB/cJ mice, Orso et al. (2020) found
alterations in caregiving in stressed dams relative to non-stressed controls, as well as pronounced
anxiety-like behaviours and changes in HPA axis markers in the adult offspring. Taken together,
this evidence suggests that disruption in maternal caregiving following MS could play a role in
shaping offspring behavioural and physiological measures, although causation cannot be inferred
from these findings.
2.6.2 Physiological consequences of maternal separation in pups

Maternal separation has been shown to induce changes in several physiological measures
in the offspring, including those related to the HPA axis, neuroinflammation, and mesolimbic
system function. In relation to the HPA axis, elevated hypothalamic CRF levels in response to a
stressor and at baseline (Plotsky & Meaney, 1993), higher basal plasma ACTH, but a blunted
response to a stressor in adulthood (Daniels et al., 2004; Plotsky et al., 2005), as well as higher
basal serum corticosterone levels (Spyrka et al., 2020; Roque et al., 2014) have been observed in
MS rat offspring, the latter having been linked to many mental health disorders such as
depression, anxiety, OCD, and bipolar disorder (George et al., 2025). Alongside HPA axis
dysregulation, MS in mice and rats has been shown to alter the expression of the pro-
inflammatory cytokines IL-1f, IL-6, and TNF-a, with effects differing based on the conditions in
which they were assessed (e.g., basal versus stress-induced) and on sex (Dutcher et al., 2020;

Dong et al., 2024). Jahng et al. (2010) demonstrated that in addition to exhibiting higher basal
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and stress-induced corticosterone levels, adult rat offspring exposed to MS had lower c-Fos
expression in the NAc and midbrain dopamine neurons and downregulated tyrosine hydroxylase
mRNA in the ventral tegmental area and substantia nigra in response to a stressor, demonstrating
that HPA axis dysregulation following MS may be accompanied by changes in mesolimbic
reward circuit functioning. Alterations in the brainstem dopaminergic system have also been
observed in the context of MS, with findings from de Souza et al. (2018) in Wistar rats showing
elevated brainstem dopamine 1 (D1R) and dopamine 2 (D2R) receptor expression only in males,
even if food intake was higher in both sexes. Collectively, these findings indicate that MS
induces long-term alterations in dopaminergic reward-related circuits in multiple brain regions,
with sex being an important factor influencing these changes. Relatedly, male-specific reductions
resulting from corticosterone injections have been reported in rats in the expression of the BDNF
receptor, tropomyosin receptor kinase B (TrkB) (Hill et al., 2014), with TrkB signalling in the
NAc being shown to contribute to the maintenance of reward-seeking behaviour, particularly in
the context of drug seeking (Bahi et al., 2008; Graham et al., 2009). Despite evidence suggesting
that MS affects components of the mesolimbic system in a sex-dependent manner, its effects on
dopamine receptor and TrkB expression within the NAc, and the associated behavioural
consequences for reward-seeking in anxiogenic conditions remain understudied.
2.6.3 Behavioural consequences of maternal separation in pups

The behavioural effects of the MS stressor in adult offspring are variable, with studies
reporting inconsistent findings regarding their presence and directionality. A systematic review
conducted by Tractenberg et al. (2016) examined 94 mouse studies utilizing MS and showed
heterogeneous effects in anxiety- and depressive-like behaviour in C57BL/6 mice. This review

identified several methodological factors that may have contributed to the variability in the
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reported behavioural effects, including separation duration, strain, type of control group used
(i.e., standard rearing, non-handled, early handling), and housing conditions, suggesting that
methodological differences across studies may have driven divergent findings (Tractenberg et
al., 2016). Notably, the genus of rodents (e.g., mouse or rat) may be particularly important in
influencing how they respond, physiologically and behaviourally, to the MS stressor. For
instance, Wistar and Sprague-Dawley rats are more sensitive to the anxiety-like effects of the
stressor than C56BL/6 and BALB/c mice (Wang et al., 2020), whereas cognitive flexibility is
more impaired by the stressor in mice (Ou-Yang et al., 2022), suggesting that genus may be a
key contributor to the variability in behavioural responses to MS.

The effects of MS on anxiety-like behaviours in both mice and rats are particularly
inconsistent, with increases observed in some studies (Cevik et al., 2023; Kestering-Ferreira et
al., 2021) and null effects reported in others (Zoicas & Neumann, 2016; Wang et al., 2011; Bian
et al., 2015). Depressive-like effects of MS have also been reported in both mice and rats (Bian
et al., 2015; Wei et al., 2023; Takabayashi, 2025), alongside others observing no change in
depressive-like behaviour (Millstein & Holmes, 2007; Savignac et al., 2011). In contrast to the
more extensively studied depressive- and anxiety-like behaviour, outcomes related to reward,
particularly in the context of natural rewards such as highly palatable food, remain incompletely
understood. Importantly, depressive-like behaviours and reward seeking can be interrelated, as
anhedonia, the inability to experience pleasure or reward, is a core symptom of MDD (American
Psychiatric Association, 2013). For instance, the sucrose preference test, in which a rodent’s
preference to consume sucrose is examined, is considered an assessment of anhedonia, with
lower sucrose intake being associated with a reduced ability to experience pleasure (Liu et al.,

2018). Reductions in sucrose preference in the context of MS have been reported in multiple
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studies in mice and rats (Novick et al., 2019; Amiri et al., 2016; Hui et al., 2011; Sadeghi et al.,
2016), and while this test provides valuable insight into anhedonia and responsiveness to a
reward, additional behavioural paradigms are necessary to distinguish depressive-like behaviour
from other aspects of reward processing. Research examining reward-seeking behaviour
following MS in mice has found that the stressor increased motivation to seek ethanol on a
progressive ratio schedule (Bertagna et al., 2021) and increased ethanol preference when given a
choice between ethanol and water (Rodolpho et al., 2025; Portero-Tresserra et al., 2018). The
effects of MS on certain aspects of reward seeking may be sex-specific, with stressed C57BL/6J
males showing higher ethanol intake (Talani et al., 2025). Furthermore, MS rats that consumed
more ethanol had higher corticosterone levels in response to a startle stressor and spent less time
spent in the open arms of the elevated plus maze (Huot et al., 2001), suggesting that MS-related
changes in reward seeking may, in part, be driven by HPA axis dysregulation and heightened
anxiety. Parallels from the drug- and ethanol-reward literature can be drawn to naturalistic
rewards, such as highly palatable food, given that MS also increases intake in stressed rat
offspring, irrespective of sex (de Souza et al., 2018). In examining food motivation, Benoit et al.
(2023) found that MS increased motivation to obtain a highly palatable food reward when the
required effort was high (i.e., more lever presses) in C3H/HeN mice but not in C57BL/6J mice.
Transcriptional analysis also revealed that MS induced NAc gene expression changes only in
male C3H/HeN mice, involving glutamatergic and GABAergic signalling pathways, with L-
DOPA, the precursor of dopamine, predicted to be the most significant upstream regulator

(Benoit et al., 2023).
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2.6.4 Sex differences in early life stress and maternal separation

The extent to which the behavioural and physiological effects of MS differ between
females and males is incompletely understood. The study of sex differences in the context of
mental health disorders is highly important due to differences in prevalence, with internalizing
disorders such as anxiety, depression, and OCD being more common in females while
externalizing disorders, including attention deficit hyperactivity disorder, are more common in
males (Kayrouz et al., 2025). Notably, sex differences in stress reactivity have been
demonstrated using fMRI, which showed that during a stressor, women had greater activation in
limbic and striatal regions, whereas men had higher activation in the PFC (Goldfarb et al., 2019).
Sex differences in the stress response are thought to occur in part due to the influence of sex
chromosomes and gonadal factors. A study conducted by Barko et al. (2026) demonstrated that
sex chromosomes were the primary contributors to stress-induced transcriptional changes in the
NAc, whereas in the PFC, both sex chromosomes and gonadal type contributed, suggesting that
the influence of sex chromosomes and gonadal factors on stress responsivity may differ by brain
region. A meta-analysis of 212 animal studies investigating the effects of experimental models of
ELS in offspring showed that anxiety-like behaviour, memory alterations, and decreased social
behaviours were more consistently observed in males exposed to ELS than in females
(Bonapersona et al., 2019). Similarly, male-specific changes resulting from MS have been
observed in mice and rats within neurobiological pathways involved in reward processing,
including decreased glutamatergic transmission in NAc medium spiny neurons (Talani et al.,
2025), increased D1R and D2R expression in the brainstem (de Souza et al., 2018), and

transcriptional changes in the NAc (Benoit et al., 2023). Taken together, these findings suggest
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that sex is a key factor influencing behaviour and physiological measures following ELS
exposure.
2.7 Literature Gaps

Overall, few studies have simultaneously examined the effects of MS on dams and their
pups, and little is known about how the stressor may differentially affect maternal and offspring
outcomes. In dams, pro-inflammatory cytokines in the brain and GI tract following MS exposure
and whether these can be associated with anxiety- and depressive-like behaviour have not been
examined. In pups, it has not been assessed whether MS results in sex-specific differences in
motivation for a food reward in a risky environment, as well as in the expression of dopamine
and neurotrophic factor receptors in the NAc.

2.8 Research Questions, Objectives and Hypotheses

This thesis addresses these knowledge gaps through two manuscripts. Chapter 3
examines the behavioural alterations and inflammatory changes in the brain and colon resulting
from MS in dams during the postpartum period, whereas Chapter 4 addresses the long-term
behavioural and neurobiological consequences of early life exposure to the same stressor in
young adult offspring.

Chapter 3 addresses three objectives related to the effects of MS in dams. The first
objective assessed whether the stressor induced alterations in maternal care during the early
postpartum period and whether these effects were consistent across time points. The second
objective determined whether MS-induced anxiety- and depressive-like behaviours were present
shortly after weaning. Finally, a third objective quantified the expression of IL-6, IL-1p, and
TNF-a in the mPFC and colon to examine if the behavioural alterations at weaning were

associated with changes in pro-inflammatory cytokines.
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Consistent with previous evidence, it was hypothesized that dams would exhibit
disruptions in maternal care behaviours compared with non-separated controls (Alves et al.,
2020; Maniam & Morris, 2010; Rombaut et al., 2023). The stressor was also anticipated to
increase depressive-like behaviours (Boccia et al., 2007; Bousalham et al., 2013), but not
anxiety-like behaviours, given the inconsistent findings regarding anxiety-related outcomes in
postpartum dams (Bousalham et al., 2013; Boliikbas et al., 2020; Stevenson et al., 2009; Maniam
& Morris, 2010). Although the effects of MS on pro-inflammatory cytokines have not previously
been examined in dams, it was expected that it would increase the expression of IL-6, IL-1f3, and
TNF-a in the mPFC and colon, based on evidence linking circulating inflammation to PPD
(Achtyes et al., 2020; Boufidou et al., 2009; Sha et al., 2022), IBD to PPD (Vigod et al., 2019),
and behavioural alterations following chronic stressors to gut and brain inflammatory and barrier
disruptions (Audet et al., 2011; Nie et al., 2018; Russo et al., 2023; Ménard et al., 2017; Doney et
al., 2023).

Chapter 4 addresses three objectives on the effects of MS in pups. The first objective
assessed whether MS altered the motivation to obtain a food reward within a risky environment,
as well as depressive- and anxiety-like behaviour in young adulthood. The second objective
examined whether behavioural alterations were accompanied by changes in the expression of
dopamine (D1R, D2R) and BDNF (TrkB) receptors. The third objective examined the sex-
specific effects of MS on these behavioural and physiological outcomes.

Previous reports suggest that MS alters anxiety- (Cevik et al., 2023; Kestering-Ferreria et
al., 2021) and depressive-like (Bian et al., 2015; Wei et al., 2023; Takabayashi et al., 2025)
behaviours as well as increases reward-seeking in the context of drugs and palatable food in

adulthood (Bertagna et al., 2021; Rodolpho et al., 2025; Portero-Trasserra et al., 2018; Benoit et
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al., 2023; de Souza et al., 2018). As such, it was expected that offspring would exhibit changes in
anxiety- and depressive-like behaviour in young adulthood and an increase in the motivation for
a food reward in a risky environment. Relatedly, MS has been associated with changes in
markers related to dopamine and BDNF in the NAc (Wang et al., 2015; Meaney et al., 2002;
Romano-Lopez et al., 2016; Sasagawa et al., 2017), and therefore it was anticipated that stressor
exposure would result in alterations in D1R, D2R, and TrkB in the NAc of young adult
offspring. Finally, given that MS has been shown to have sex-specific effects on both
behavioural and physiological measures (Wigger & Neumann, 1999; Dong et al., 2024; de Souza
et al., 2018; Hill et al., 2014), it was hypothesized that affective and reward-related behaviour as
well as expression of D1R, D2R, and TrkB in the NAc would be differentially affected by the

stressor.

28



Chapter 3: Could postpartum behavioural disturbances resulting from postnatal stress be
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3.1 Abstract

Background: Stressors experienced during the postpartum period may increase vulnerability to
mental health disorders, including postpartum depression and anxiety. Previous studies suggest
that stress-induced inflammation in the brain and gastrointestinal system contributes to
behavioural and neurobiological disruptions, although this remains understudied in the
postpartum context. This study examined the effects of maternal separation (MS), an established
model of postnatal stress in dams, on maternal care, depressive-and anxiety-like behaviours, as
well as on changes in pro-inflammatory cytokines in the brain and colon. Methods: Female
C57BL/6N mice were randomly assigned to a control or an MS condition that consisted of 3-
hour separation sessions from postnatal days (P) 2 to 14. Maternal care behaviour was assessed
on P3 and P7. Anxiety- and depressive-like behaviour was assessed on P22 and P23, followed by
collection of the medial prefrontal cortex (mPFC) and colon on P24 to determine mRNA
expression of interleukin (IL)-6, IL-1p, and tumour necrosis factor (TNF)-a. Results: Exposure
to MS altered maternal care behaviour, with differences observed on P3 and P7. Although
behaviours and pro-inflammatory cytokines assessed in the brain and gut shortly after weaning
remained unchanged after MS, TNF-a expression in the mPFC was positively correlated with
grooming time in the splash test. Conclusion: These findings suggest that MS induces a transient
change in caregiving behaviours during the early postpartum period, with no lasting changes in
behavioural or pro-inflammatory cytokine expression after weaning.

Keywords: Anxiety, Depression, Gut-Brain Axis, Inflammation, Maternal Care, Maternal

Separation, Mouse Model, Postpartum
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3.2 Introduction

Postpartum depression and anxiety are prevalent mental health conditions in the
Canadian population, with 23% of women reporting symptoms consistent with either of these
disorders in the year after birth and 8% of women experiencing comorbid symptoms
(Government of Canada, 2019). Both can disrupt the mother-infant relationship, with harmful
consequences for the mother and the child (Stewart & Vigod, 2019; Somerville et al., 2015;
Fairbrother et al., 2025), highlighting the need to advance our understanding of the mechanisms
that may contribute to their pathophysiology. The postpartum period is characterized by
extensive behavioural and physiological adaptations that support the caregiving role and child
development (Kim, 2016; Rincon-Cortés & Grace, 2020; Levin & Ein-Dor, 2023). Alongside the
dysregulations in the normal fluctuations of sex hormones and/or changes in hypothalamic-
pituitary-adrenal axis function that may occur during the perinatal period (Hillerer et al., 2012;
Schiller et al., 2015; Levin & Ein-Dor, 2023), psychosocial stressors have been consistently
reported as a major risk factor in both postpartum depression and anxiety development (Reid &
Taylor, 2015; Yim et al., 2015). To examine how stressors experienced during the period
following parturition may contribute to the development of these disorders, animal models
including maternal separation (MS), which can act both as an early life stressor for the offspring
and as a postnatal stressor for the dam, are being used (Plotsky & Meaney, 1993).

Studies using MS in rodents have reported alterations in maternal care behaviours, such
as arched-back nursing, grooming, licking, and pup retrieval (Baracz et al., 2020; de Almeida
Magalhaes et al., 2018; Rombaut et al., 2023) as well as increases in depressive- and anxiety-like
behaviours in stressed dams (Boccia et al., 2007; Bousalham et al., 2013; Maniam & Morris et

al., 2010). However, comparatively little is known about the physiological mechanisms
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underlying these postpartum behavioural phenotypes. Elevated levels of pro-inflammatory
cytokines in the plasma and cerebrospinal fluid of women have been associated with the severity
of postpartum depressive symptoms (Sha et al., 2022; Achtyes et al., 2020; Boufidou et al.,
2009), suggesting that disturbances in inflammatory processes, both in circulation and the central
nervous system, could be implicated in postpartum mental health disorders. Women with
inflammatory bowel disease, which involves increased pro-inflammatory cytokines in the
gastrointestinal tract (Strober & Fuss, 2011), are at a higher risk of a new-onset mental health
disorder during the postpartum period (Vigod et al., 2019), raising the possibility that intestinal
inflammatory disturbances may also contribute to postpartum mental health disorders.
Supporting this, perturbations to the signalling of inflammatory molecules between the intestinal
environment and the brain are increasingly recognized as an important factor in the pathogenesis
of mental health disorders (Cryan et al., 2019). In non-postpartum contexts, chronic stressors in
mice increased barrier permeability and pro-inflammatory factors in selected intestinal and brain
regions, contributing to behavioural impairments (Russo et al., 2023; Nie et al., 2018; Ménard et
al., 2017; Doney et al., 2023; Szyszkowicz et al., 2017). However, whether these processes are
disrupted in the context of postpartum mental health disturbances remains unknown.

Here, we examined the effects of repeated postnatal stress in the form of MS on maternal
caregiving during the early postpartum period and on anxiety- and depressive-like behaviours
shortly after weaning. To determine whether behavioural alterations were accompanied by
inflammatory changes in the gut-brain axis, the mRNA expression of pro-inflammatory

cytokines in the medial prefrontal cortex (mPFC) and colon was quantified.
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3.3. Methods
3.3.1 Animals

Eighteen female and nine male C57BL/6N mice, aged 6 to 8 weeks at their arrival, were
used for breeding purposes (Charles River Laboratories, Montréal, Canada). All mice were
housed in 27 cm x 21 cm x 14 cm polypropylene cages with a cardboard house, a cotton nestlet,
and standard bedding, and maintained on a 12-h light-dark cycle, with the light on from 0700 to
1900 h, at 23°C and 63% humidity, with food (Envigo, 2014 Teklad global 14% protein rodent
maintenance diet) and water provided ad libitum. The University of Ottawa’s Animal Care
Committee approved all experimental procedures (#4170), in compliance with the Canadian
Council on Animal Care guidelines.
3.3.2 Experimental timeline

The study consisted of two experimental groups, one that experienced MS (n = 9) and
another that remained undisturbed under standard housing conditions (n = 9; Control). After their
arrival, mice were housed individually and habituated to their new housing conditions for at least
a week. Once this period had elapsed, soiled bedding from a male’s cage was placed in the cages
of two females for 48 hours to induce estrus, after which the two females and the male were
placed in the male’s home cage for mating. Upon the detection of a copulation plug, indicating
Embryonic Day 0.5 (E0.5), female mice were returned to their home cages. Following the birth
of the pups on postnatal day 0 (P0), litters were randomly assigned to the MS or the Control
groups. The MS stressor was conducted from P2 to P14, after which all litters remained in
standard housing conditions until weaning on P21. Behavioural testing (splash, open field,

elevated plus maze, and tail suspension tests) was completed on P22 and P23. Mice were
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euthanized on P24, approximately 24 hours after the last behavioural test, for the collection of

the mPFC and colon.
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Figure 1: Timeline depicting the sequence of experimental manipulations from mice arrival to
post-behavioural sample collection. BW: body weight; P: postnatal day, E: embryonic day.

3.3.3 Maternal separation procedures

Half of the litters underwent MS from P2 to P14, with the dams and their pups being
separated for 3 hours each day (9:00 am to 12:00 pm), as described previously (Lippmann et al.,
2007; Plotsky & Meaney, 1993). Briefly, pups were placed together in a new cage containing
fresh bedding, a nestlet, and a cardboard house within the same housing room, with a 30°C
heating pad placed underneath the cage to reduce the risk of hypothermia. Dams were also
placed in a new cage containing fresh bedding, a nestlet, a cardboard house, water, and chow,
and transported to a different, empty housing room. After each daily MS session, pups were
reunited with their dam in their regular home cage until the next session. The other half of the
litters remained in standard housing conditions, where dams and their pups always remained in
their home cage in the housing room and were only handled for the purpose of recording body
weight or weekly scheduled home cage changes.
3.3.4 Body weight measurements

The body weight of the dams was assessed at birth (P0), before the stressor (P2), mid-
stressor (P7), at the end of the stressor (P14), and at weaning (P21) to examine the weight

trajectory of the dams throughout different phases of the postpartum period. The percentage
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change in weight from P2 to P14 was also calculated by dividing the difference between the two
values by the body weight at P2 and multiplying by 100.
3.3.5 Behavioural testing

Maternal care behaviour was assessed on P3 and P7. The elevated plus maze and open
field tests were administered on P22 to assess anxiety-like behaviours, while the splash and tail
suspension tests were performed on P23 to assess depressive-like behaviours, following an order
from least stressful to most stressful. Prior to behavioural testing, mice were habituated for
approximately one hour in the room where the test would occur.
3.3.5.1 Maternal care behaviour

Assessment of maternal care behaviour occurred approximately 2 hours after the
termination of the MS stressor or at equivalent times for non-stressed mice. Following
habituation to the testing room, dams were placed in a new cage in a room different from the one
where testing was conducted, while their pups remained in the home cage, which was placed in a
soundproof box. After 5 minutes, dams were reunited with their pups in their home cage, and
their behaviour was recorded on video for another 5 minutes. The latency to first sniff the pups,
the time spent sniffing and carrying pups, and the time spent moving nesting material were
manually scored by a trained observer unaware of the experimental conditions. A second
observer, also blinded to the experimental conditions, scored 25% of the videos to assess
interrater reliability. The total time invested in maternal care behaviour was determined by
combining the time spent sniffing and carrying pups and moving nesting material.
3.3.5.2 Elevated plus maze

The elevated plus maze was completed on P22 to assess time mice spent in the open (6

cm % 75 cm) and closed (6 cm x 75 cm % 20 cm) perpendicular arms of a black opaque acrylic
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plastic apparatus raised 74 cm above the floor. More time spent in the open arms is suggestive of
decreased anxiety-like behaviour (Komada et al., 2008; Walf & Frye, 2007). Mice were placed
facing the intersection of the open and closed arms and allowed to explore the space for 5
minutes. The test was conducted under room lighting set at approximately 300 lux, and the
apparatus was cleaned with a Quato solution between trials. A video-tracking software
(EthoVision XT, Noldus) was used to determine the time spent in the open and closed arms and
the total distance travelled.
3.3.5.3 Open field test

The open field test was also conducted on P22, at least two hours after the elevated plus
maze, to examine the time mice spent at the periphery compared to the center of a 45 cm x 45 cm
x 45 cm opaque white acrylic plastic apparatus. Increased time spent in the center is suggestive
of decreased anxiety-like behaviour (Seibenhener & Wooten, 2015). Mice were placed in the
bottom-right corner of the apparatus and allowed to explore for 10 minutes. The test was
completed under approximately 300 lux of light, and the apparatus was cleaned between trials
with a Quato solution. Video tracking software (EthoVision XT, Noldus) was used to determine
the number of times the mouse entered and the time spent in the center (15 cm x 15 cm) and the
corners (10 cm x 10 cm) of the open field, as well as the total distance travelled.
3.3.5.4 Splash test

The splash test was conducted on P23 to examine grooming behaviours (Isingrini et al.,
2010). Reduced time spent grooming is reflective of a decreased motivation for self-care
behaviours, as seen in human depression (Cathomas et al., 2015), whereas increased grooming
time is indicative of hyperarousal (Kalueff et al., 2016). Mice were sprayed twice on their dorsal

coat with a 10% sucrose solution, placed in an empty housing cage, and grooming behaviours
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were videotaped for 10 minutes. The test was conducted in a room with lighting at approximately
530 lux, using a new cage for each trial. Videos were scored manually by a trained observer
unaware of experimental conditions to determine the total time the mouse spent grooming, the
time spent in grooming sessions lasting over 3 seconds (termed sustained), and the total number
of grooming sessions. An independent observer blinded to the experimental conditions scored
25% of videos to assess interrater reliability.
3.3.5.5 Tail suspension test
The tail suspension test was performed last on P23, at least two hours after the splash test,

to examine how long a mouse remains immobile in an inescapable situation. Increased
immobility time is thought to be an indicator of passive coping responses to stress, a symptom
found in human depression (Cryan et al., 2005; Steru et al., 1985). The tail suspension test was
conducted using an apparatus that includes an interface cabinet, user interface software, and
load-cell amplifier hardware (Tail Suspension Test Cubicle [SOF-821], Med Associates Inc).
Mice were attached to an aluminum bar at the end of their tail with surgical tape to prevent them
from escaping the suspended position. Testing was conducted under approximately 100 lux of
light, and the apparatus was cleaned with a Quato solution between trials. The mice remained
attached to the aluminum bar for 6 minutes, and their movements were recorded. The aluminum
bar was attached to a strain gauge, and data were recorded by software (Tail Suspension SOF -
821), allowing examination of immobility time.
3.3.6 Brain and intestinal tissue collection

On P24, approximately twenty-four hours after the last behavioural test, mice were
euthanized using rapid decapitation. Immediately afterward, whole brains were removed and

placed on a cold stainless-steel matrix (2.5 cm x 3.75 cm x 2.0 cm, with slots spaced at
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approximately 500 pm) on an ice plate. The brain was sectioned coronally to collect the mPFC,
which was placed in nuclease-free tubes positioned on dry ice and subsequently stored at -80°C.
In parallel, the GI tract was removed from the abdominal cavity and placed on a nuclease-free
surface on top of an ice plate. The whole colon was dissected and placed in nuclease-free tubes
on dry ice, and then stored at -80°C.

3.3.7 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from homogenized mPFC and colon samples using the
manufacturer’s instructions (EZ-10 Spin Column Total RNA Miniprep Kit, Bio Basic Inc). RNA
quality was assessed in a representative subset of samples from each group using the Agilent
Fragment Analyzer (Stem Core, University of Ottawa). All evaluated samples demonstrated high
RNA quality, with an average RNA integrity number score of 9.8. Concentration and purity were
then assessed using a NanoDrop™ One Spectrophotometer (Thermo Fisher Scientific). Only
RNA samples with 260/280 ratios between 1.80 and 2.20 were included. The total RNA was
converted into complementary DNA (¢cDNA) using iScript™ Reverse Transcription Supermix
(BioRad) and a T100 Thermal Cycler (BioRad). cDNA samples were analyzed by RT-qPCR
with SsoAdvanced Universal SYBR Green Supermix (BioRad) and a CFX96 Touch Real-Time
PCR Detection System (BioRad). Samples were analyzed in triplicate, and glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) was used as a reference gene. Fold changes in the mRNA
expression of genes of interest in the mPFC and colon were determined using the -224¢ method
(Livak and Schmittgen, 2001, 2008), relative to the non-stressed group. Primer sequences are

included in Supplementary Table 1.
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3.3.8 Statistical analyses

Statistical analyses were conducted in R (version 4.5.0), and graphs were plotted in
GraphPad Prism (version 10.6.0). All data were tested for normality using the Shapiro-Wilk test
and homogeneity of variance using Levene’s test. Potential outliers were assessed using the
robust regression and outlier removal (ROUT) method (Q = 1%), but none were identified in
either the behavioural or RT-qPCR data. A limited number of samples were excluded from
analyses due to either technical difficulties with the equipment used for behavioural testing or
poor RNA concentrations and/or purity, and thus the sample size and degrees of freedom may
differ between outcomes. A repeated two-way analysis of variance (ANOVA) with Stressor
(Control versus MS) as a between-group factor and Time (PO, P2, P7, P14, P21) as the within-
group factor was used to compare body weights across postpartum time points. When a
significant main effect or interaction was detected, follow-up analyses were conducted using
Bonferroni’s multiple comparisons test. Differences between the MS and Control groups in all
other outcomes were assessed using independent t-tests for normally distributed data, Mann-
Whitney U tests for data that did not meet the assumption of normality, or Welch’s t-tests for
data that did not have the same variance. Spearman correlation analyses were conducted to
examine associations between behavioural and biological measures. The alpha level for

significance was 0.05 for all analyses.
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3.4 Results
3.4.1 Body weight

As seen in Figure 2A, changes in body weight across the postpartum period were
comparable in MS and non-stressed dams (Time: F(3.08, 49.26) = 56.19, p < 0.0001; Stressor
and Stressor X Time: p> 0.05). Follow-up comparisons indicate a significant increase in body
weight between PO and P14 (p < 0.0001), followed by a decrease from P14 to P21 (p < 0.0001),
approximately returning to levels observed on PO (p > 0.05) irrespective of the stressor condition.
The weight gained between P2 and P14, encompassing the duration of the MS stressor, did not

differ between stressed and non-stressed dams (Figure 2B; p > 0.05).
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Figure 2: Body weight assessed in non-stressed control (CNTRL) and maternally separated
dams (MS). Measures include body weight at time points during the postpartum period,
including postnatal day 0 (P0), 2 (P2), 7 (P7), 14 (P14), and 21 (P21) (A), and the percentage
change in body weight across the stressor period from P2 to P14 (B). Dots represent individual
dams, and horizontal lines represent the median. CNTRL (n=9), MS (n =9). ****p < 0.0001

between postnatal days.
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Latency Sniffing Pups P3 (s)

Latency Sniffing Pups P7 (s)

3.4.2 Maternal care behaviour

On P3, MS dams took more time to go sniff their pups after a 5-minute separation than
non-stressed dams (Figure 3A; #10) = 2.828, p = 0.018), an effect that was no longer apparent on
P7 (Figure 3E; p > 0.05). In contrast, the reductions in the time carrying pups (Figure 3G; U =
8.500, p = 0.020) and in overall maternal care (Figure 3H; U= 12.000, p = 0.072) in MS dams
were observed on P7 but not on P3 (Figures 3C, D; p’s > 0.05). The time spent sniffing the pups

did not differ between MS and non-stressed dams at P3 and P7 (Figures 3B, F; p’s > 0.05).
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Figure 3: Maternal care behaviours assessed on postnatal days 3 (P3) and 7 (P7) in non-stressed
control (CNTRL) and maternally separated (MS) dams upon reunion with their pups following a
5-minute separation session. Behaviours include the latency to first sniff their pups (A, E), the
total time spent sniffing their pups (B, F), the total time carrying their pups (C, G), and the total
time engaged in maternal care behaviours (D, H). Dots represent individual dams and bar plots,
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and error bars represent means = SEM. P3: CNTRL (n = 6), MS (n = 6); P7: CNTRL (n = 8), MS
(n=17). *p <0.05 relative to CNTRL.

3.4.3 Anxiety-like behaviours

No differences were detected between the MS and non-stressed dams in both tests
assessing anxiety-like behaviours. As shown in Figure 4A-C, the time spent in the open arms and
closed arms, as well as the total distance moved by the mouse in the elevated plus maze, were
similar across groups (p’s > 0.05). Likewise, the time spent in the center and in the corners in the
open field, as well as the total distance travelled throughout the arena were unaffected by the MS

stressor (Figure 4D-F; p’s > 0.05).
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Figure 4: Anxiety-like behaviours were assessed on P22. time in the open arms (A), time spent
in the closed arms (B), and the total distance travelled (C) in the elevated plus maze as well as
time spent in the center (D), time spent in the corners (E), and total distance travelled (F) in the
open field test as well as in non-stressed control (CNTRL) and maternally separated (MS) dams.
Dots represent individual dams, and bar plots and error bars represent means + SEM. CNTRL (n
=9), MS (n =9).
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Frequency Grooming

3.4.4 Depressive-like behaviours

In the splash test, the two groups did not differ in the number of grooming bouts initiated
and the total time spent grooming (Figures 5A, B; p’s > 0.05). However, MS dams tended to
spend more time in sustained grooming bouts, defined as grooming episodes lasting longer than
3 seconds (Figure 5C; #(16) = 1.947, p = 0.0693). The total time spent immobile during the tail

suspension test did not differ between MS dams and non-stressed dams (Figure 5D, p > 0.05).
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Figure 5: Depressive-like behaviours were assessed on P23. Frequency of grooming episodes
(A), total time spent grooming (B), and time engaged in grooming episodes longer than 3
seconds (C) in the splash test, as well as immobility time in the tail suspension test (D), in non-
stressed control (CNTRL) and maternally separated (MS) dams. Dots represent individual dams,
and bar plots and error bars represent means £ SEM. CNTRL (n =9), MS (n =9).

3.4.5 Gene expression of pro-inflammatory cytokines in the medial prefrontal cortex and the
colon

No differences were observed between the MS and non-stressed groups in the mRNA
expression of the pro-inflammatory cytokines IL-6 and TNF-a in the mPFC (Figure 6A, B; p’s >
0.05). In the colon, the expression of IL-6 and TNF-a was not altered by the MS stressor (Figure
6C, D; p> 0.05), but MS dams showed a non-significant tendency towards having a lower IL-1f3

expression (Figure 6E; #(14) = 1.849, p = 0.0858).
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Figure 6: Fold changes in the mRNA expression of interleukin (IL)-6 (A) and tumour necrosis
factor (TNF)-a (B) in the medial prefrontal cortex (mPFC) and of IL-6 (C), TNF-a (D), and IL-
1B (E) in the colon of non-stressed control (CNTRL) and maternally separated (MS) dams. Dots
represent individual dams, and bar plots and error bars represent means + SEM. mPFC: CNTRL
(n =5-6), MS (n = 6); Colon: IL-6: CNTRL (n = 6-8), MS (n = 6-9).

3.4.6 Correlations between behaviour and pro-inflammatory cytokine expression in the colon
and mPFC

To determine whether behavioural measures were associated with prefrontal and colonic
pro-inflammatory cytokine expression among the full sample of dams (including all mice from
the MS and Control groups), Spearman correlations were used to assess relationships among
behavioural measures in the tail suspension, splash, open field, and elevated plus maze tests, and
fold changes in the mRNA expression for IL-6, TNF-q, and IL-1f in the colon and mPFC. As

depicted in Figure 7, strong positive correlations were observed between the expression of TNF-

44



o in the mPFC and the time spent in total and sustained grooming (» = 0.72, p = 0.007 and r =

0.73, p = 0.006, respectively). No other statistically significant correlations between behavioural

and mRNA expression measures were identified (all p-values> 0.05).
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Figure 7: Correlations between behaviours in the tail suspension (TST), open field (OF),
elevated plus maze (EPM), and splash tests and fold changes in the mRNA expression of

interleukin (IL)-6, tumour necrosis factor (TNF)-a, and IL-1f in the colon and medial prefrontal

cortex (mPFC). *p=0.007 for total grooming time, p=0.006 for sustained grooming
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3.5. Discussion

Stress during the postnatal period is a major risk factor in the development of postpartum
mental health disorders (Reid & Taylor, 2015; Yim et al., 2015), yet the potential contribution of
stress-induced inflammatory activation in the brain and GI tract remains understudied, despite
evidence showing the involvement of gut and brain pro-inflammatory increases and barrier
disruptions in the development of behavioural disturbances following chronic stressors in non-
postpartum contexts (Audet et al., 2011; Nie et al., 2018; Russo et al., 2023; Ménard et al., 2017;
Doney et al., 2023). The present study examined whether MS impacted maternal care behaviour
as well as anxiety- and depressive-like behaviour and whether these were accompanied by
differences in the expression of pro-inflammatory cytokines in the mPFC and the colon. Our
findings demonstrate that MS resulted in impairments in maternal care behaviours that differed
across the postpartum period, with MS dams taking more time to approach their pups on P3 and
less time physically moving them on P7 relative to non-stressed dams. Although anxiety- and
depressive-like behaviours and pro-inflammatory cytokines assessed in the mPFC and colon
shortly after weaning remained unchanged by MS, higher prefrontal TNF-o was associated with
increased grooming time in the splash test.

Maternal care findings suggest that daily separation in the early postpartum period in
mice does not result in a general disruption of maternal care behaviour, but rather that specific
components of caregiving may differ in their susceptibility to MS at different stages of the
postpartum period, in agreement with previous reports (Orso et al., 2018). Generally, disruptions
in maternal caregiving behaviours are among the most consistently reported findings in dams
following repeated separation from their pups, although the directionality of these changes vary

across studies, with both increases and reductions being reported in mice and rats (Mundorf et
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al., 2022). Consistent with the increased latency to approach pups observed at P3 in our study,
Aggugia et al. (2013), Demarchi et al. (2023), and Maghami et al. (2018) reported that MS-
exposed rat dams took more time to retrieve the first pup in the pup retrieval test on P3,
supporting the finding that maternal responsiveness towards the pups is altered by MS in the
early postpartum period. Consistent with evidence that MS disrupts the initiation of maternal
care behaviours beyond P3, Rombaut et al. (2023) found that the time to initiate engagement in
maternal behaviour was delayed throughout the postpartum period (P2-P14) in C57BL/6J mice.
Notably, studies using rats have also observed increases in maternal care, with MS promoting
licking, grooming, and arched-back nursing (de Almeida Magalhaes et al., 2018; Maniam &
Morris, 2010; Baracz et al., 2020). While it is not entirely clear what may be driving these
differences, variations in the duration, location, and postnatal timing of observation sessions used
to examine maternal behaviour may, in part, contribute to inconsistencies reported across studies,
making it challenging to compare these outcomes directly. Similar to our finding that maternal
care impairments vary within the first postnatal week, stressed mouse dams engaged less in
maternal care on P2 to P4 but more on P6 and P7 relative to controls (Orso et al., 2018),
suggesting that MS may disrupt the normal trajectory of maternal care behaviour. With regard to
the temporal variation in maternal care impairments from P3 to P7, it is important to consider
that maternal behaviour in rodents is highly organized, with certain behaviours, such as nursing
and nesting, varying with the developmental stage of the pups (Weber et al., 2008). As maternal
care behaviour adapts to the developmental needs of the pups (Olazabal et al., 2013), the effects
of stress on caregiving may differ depending on the postpartum stage at which the behaviour is

assessed.
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In contrast to the effects observed on maternal care, depressive- and anxiety-like
behaviours were not affected by MS, at least when examined shortly after weaning, indicating
that the behavioural consequences of MS in the dams may not persist beyond the early
postpartum period. These findings are in line with other studies in mice and rats that did not
observe alterations in anxiety- (Boliikbas et al., 2020; Stevenson et al., 2009) and depressive-like
behaviours (Wu et al., 2021; Aguggia et al., 2013) as a result of MS following weaning, although
other studies have reported such effects (Bousalham et al., 2013; Boccia et al., 2007; Maghami et
al., 2018). Again, methodological differences may, in part, account for the variability observed in
depressive- and anxiety-like behaviours in MS dams across studies, including variation in the
length of daily separation, the number of days on which the stressor occurs, the rodent genus
and/or strain used, and the type of behavioural test (Alves et al., 2020). It is also possible that MS
alone does not result in lasting behavioural alterations but instead increases vulnerability to
subsequent stressor exposure. A study conducted by Wu et al. (2021) did not observe depressive-
and anxiety-like behaviours at weaning with MS alone, but upon a lipopolysaccharide (LPS)
injection as a second “hit”, elevations in depressive- and anxiety-like behaviour were apparent,
potentially pointing towards enhanced stress reactivity in the dams rather than lasting overt
behavioural effects. Although there is limited evidence on the timing of mental health symptoms
during the postpartum period, women appear to be most susceptible to developing depressive and
anxiety disorders during the first 6 weeks after birth (Kettunen et al., 2014), with symptom onset
in the first 8 weeks being associated with more severe depressive symptoms (Putnam et al.,
2017), suggesting that mental health symptoms may be most pronounced during the early

postnatal period.
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Similar to the behavioural outcomes, MS did not alter the expression of IL-6, IL-18, or
TNF-a in the mPFC or colon. To our knowledge, changes in pro-inflammatory cytokines
following MS in the brain and colon have not been examined previously. Pro-inflammatory
cytokine elevations in the cerebrospinal fluid and the plasma have been reported in women with
PPD (Sha et al., 2022; Achtyes et al., 2020; Boufidou et al., 2009), but whether postnatal
stressors promote these effects remains incompletely understood. The lack of alterations
in prefrontal and colonic IL-6, IL-1B, and TNF-a after weaning is consistent with the absence of
anxiety- or depressive-like effects at that time, indicating that MS may not induce prolonged
behavioural or physiological consequences in the dam. Given that tissue collection occurred on
P24, 10 days following the end of the stressor and three days after weaning had been completed,
it cannot be excluded that changes in pro-inflammatory cytokines occurred earlier in the
postpartum period but were no longer detectable at that time.

Interestingly, despite the lack of persistent behavioural effects, MS dams exhibited a non-
significant trend toward spending more time in grooming episodes of 3 seconds or greater,
despite no change in grooming time overall, suggesting that the stressor may have exerted subtle
effects on the structure of grooming behaviour. Increases in grooming after acute stressor
exposure have been reported in several studies (Stone et al., 2003; Jia et al., 2023; Zhang et al.,
2011), which is in line with one of the proposed roles of grooming being an adaptive
displacement behaviour involved in de-arousal (Kalueff et al., 2016). While the effects of acute
stressors on grooming have been well-characterized in non-postpartum contexts, comparatively
less is known regarding the impact of stressors during the postnatal period on these behaviours.
Using a chronic social defeat stressor, Denmark et al. (2010) found that measures capturing

grooming overall, such as the total duration of grooming and number of grooming bouts, were
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not affected by the stressor, but differences were observed in the patterning of grooming,
suggesting that chronic stress may affect certain qualities of grooming behaviour rather than its
overall presentation. While our study did not evaluate the microstructure of grooming, which
consists of a repeated chain of stereotyped movements organized in distinct phases (Kalueff et
al., 2016), the trend toward the stressed group spending more time in grooming episodes of 3
seconds or more, despite no overall difference in grooming time, may similarly reflect changes in
specific grooming characteristics in the context of MS. Alteration in grooming patterns may be
suggestive of stress-related anxiety-like behaviour, as grooming microstructure is disrupted by
anxiogenic agents and normalized by anxiolytic compounds (Kalueff & Tuohimaa, 2005).

The strong positive association between prefrontal TNF-o and grooming time measures
suggests a potential role for TNF-a in this brain region in modulating grooming behaviours,
irrespective of stressor exposure. While the exact mechanisms by which TNF-a could potentially
contribute to grooming alterations remain unclear, transgenic mice with a central nervous
system-specific overexpression of TNF-a showed increased grooming behaviour, and this was
accompanied by reduced immunoreactivity of tyrosine hydroxylase (Aloe & Fiore, 1997), which
may suggest the involvement of dopamine in this behavioural phenotype. This is consistent with
the observation that drug-induced antagonism of TNF-a in depressed patients results in greater
motivation and willingness to exert effort for a reward (Treadway et al., 2024). Given that
grooming is in part regulated by the striatum and limbic circuitry involved in motivation,
affective state, and motor sequencing (Kalueff et al., 2016), evidence suggesting that TNF-a is
implicated in effort-based motivation may further support our finding that TNF-a influences

grooming behaviour.
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A limitation of this study is that the assessment of depressive- and anxiety-like
behaviours was conducted shortly after weaning, approximately 10 days following the
completion of the stressor, by which time the postpartum period could have concluded. This was
done primarily to avoid introducing the potential confound of additional prolonged separations
from the litter during behavioural testing but limited the ability to observe postpartum-specific
depressive- and anxiety-like effects. As such, it cannot be excluded that changes in these
behaviours may have been present throughout the early postpartum period but had resolved by
the time behavioural testing was conducted. Likewise, tissue collection occurred on P24, and it
may also be possible that pro-inflammatory cytokine transcription was no longer affected beyond
the early postpartum period. Furthermore, maternal care behaviours were evaluated only at P3
and P7 following a 5-minute reunion, thereby limiting the assessment of dynamic changes in
maternal caregiving throughout the postpartum period. While this allows observation of acute
reunion behaviours, it may not be representative of broader disruptions in maternal care
behaviour observed in other studies using longer recordings (Rombaut et al., 2023). Another
consideration is that dams were singly housed during the habituation and gestational periods and
post-weaning, which in itself can promote anxiety-like behaviour, elevated corticosterone levels,
and altered maternal care behaviour (Khayat et al., 2025; McDonald et al., 2023). While single
housing during gestation is standard procedure to accurately determine the date and time of
parturition as well as the identification of dam-pup units, it cannot be excluded that social
isolation during pregnancy may have introduced an additional source of stress for the dams.

3.6 Conclusion
Overall, MS had selective effects on parameters of maternal caregiving that varied by the

postnatal day assessed, suggesting dynamic changes in disruptions to maternal care behaviours in
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the early postpartum period. Changes in anxiety- and depressive-like behaviours and in pro-
inflammatory cytokine expression in the mPFC and colon were not observed, which may be
reflective of the methodological implementation of the MS stressor or may be due to transient
effects not observed due to the use of a single endpoint. Future studies should examine the
temporal progression of maternal care behaviours throughout the postpartum period and employ
multiple cohorts to assess whether there are transient changes in affective behaviours and pro-
inflammatory cytokine expression in the brain and colon.
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4.1 Abstract

Background: Stressors experienced during early life may disrupt the developmental trajectory
of several systems, including the hypothalamic-pituitary-adrenal axis and the mesolimbic system,
and contribute to mental health disorder vulnerability. Using maternal separation (MS), this
study examined the long-term behavioural and mesolimbic consequences of early life stress, as
well as sex differences in these effects. Methods: C57BL/6N litters were assigned to a Control
or an MS condition, which consisted of daily 3-hour separations between dams and their pups
from postnatal day 2 (P2) to P14. Food reward-related motivation as well as depressive- and
anxiety-like behaviours were assessed on P42 and P43 in female and male offspring, and the
nucleus accumbens (NAc) was collected on P44 to determine the expression of dopamine
receptor D1 (Drdl), Drd2, and neurotrophic receptor tyrosine kinase 2 (N77k2). Results: Males
gained more weight and consumed more food than females post-weaning, irrespective of the
stressor condition. MS increased approaches to and time spent with a palatable food reward
within an anxiogenic environment in both sexes, whereas the stressor upregulated the expression
of Drd2 and NTrk2 in the NAc of male mice only. No differences were detected in anxiety- or
depressive-like behaviours. Conclusion: These findings suggest that reward-related processes
may be preferentially affected by MS and that its effects on the mesolimbic system are sex-
specific.

Keywords: Dopamine Receptors, Early Life Stress, Mesolimbic System, Nucleus Accumbens,

Palatable Food, Reward-Seeking, Sex Differences
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4.2 Introduction

Early life stress (ELS) refers to stressful events occurring before the age of 18, including
childhood maltreatment, physical, sexual, or emotional abuse, neglect, and witnessing domestic
violence, among others (Centers for Disease Control and Prevention, 2024; World Health
Organization, 2024). Early life exposure to stressors has been shown to promote the development
of depressive, anxiety, and substance use disorders, particularly when the stressor arises from
disrupted family functioning, such as abuse and neglect (Kessler et al., 2010). The long-term
behavioural and physiological consequences of ELS are thought to result from its disruptive
effects on the maturation of several key biological systems, including but not limited to the
immune system, the hypothalamic-pituitary axis, the gut-brain axis, and the mesolimbic system
(Jena et al., 2020; Nakama et al., 2023; Danese & Lewis, 2017; Agorastos et al., 2019).

Maternal separation (MS) is an established ELS paradigm used in rodents to model the
experience of caregiver neglect (Plotsky & Meaney, 1993). Findings related to depressive- and
anxiety-like behaviours in the context of MS are heterogeneous, likely attributable to
methodological differences in the MS protocols across studies (Tractenberg et al., 2016), with
some observing changes in behaviour (Cevik et al., 2023; Kestering-Ferreira et al., 2021; Bian et
al., 2015; Wei et al., 2023; Takabayashi, 2025), whereas others report null effects (Zoicas &
Neumann, 2016; Wang et al., 2011; Millstein & Holmes, 2007; Savignac et al., 2011). Exposure
to MS has also been shown to alter reward-related behaviours, particularly in the context of
ethanol seeking, with the stressor increasing motivation for ethanol consumption (Bertagna et al.,
2021), preference for the substance (Rodolpho et al., 2025; Portero-Tresserra et al., 2018) and its
intake (Talani et al., 2025). However, whether MS influences motivation for naturalistic rewards,

such as highly palatable food, remains understudied.
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Limited evidence indicates that MS increases basal intake of highly palatable food in
female and male rats (de Souza et al., 2018) and effort-based responding to obtain this type of
food in both female and male mice (Benoit et al., 2023). Although these findings suggest that
MS alters motivation for a food reward, potential sex differences in these effects remain poorly
understood, and food reward seeking has yet to be assessed in an anxiogenic environment.
Reward-related behaviour primarily recruits the mesolimbic dopamine system, composed of the
ventral tegmental area and the nucleus accumbens (NAc) (Lewis et al., 2021). ELS in humans
and in rodent models has been shown to alter the developmental trajectory of the mesolimbic
system and interconnected brain regions, including the amygdala and prefrontal cortex (PFC),
resulting in lasting changes in reward processing (Novick et al., 2019; Birnie et al., 2020). In
particular, adult MS rodents exhibited lower brain-derived neurotrophic factor (BDNF)
expression in the medial PFC, as well as reduced dopamine transporter levels, altered dendritic
morphology, and decreased dopamine receptor expression in the NAc, with some effects
differing between males and females (Wang et al., 2015; Meaney et al., 2002; Romano-Lopez et
al., 2016; Sasagawa et al., 2017).

In order to assess the effects of MS on motivation in the context of risk-taking, distinct
from previous literature examining reward approach and effort-based responding for a food
reward, our study utilized a modified open field task, where a highly palatable food was placed
in the center of an open field, which is an anxiogenic environment for mice. We also quantified
the expression of genes encoding the dopamine 1 receptor (Drdl), dopamine 2 receptor (Drd?2),
and neurotrophic receptor tyrosine kinase 2 (N#rk2) in the NAc to assess whether reward-related
behavioural impairments were accompanied by changes in the mesolimbic system. Depressive-

and anxiety-like behaviour was also assessed to determine if MS was related to changes in non-
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rewarded behaviours. Additionally, all measures were compared between males and females to
determine whether the stressor had sex-specific effects on these outcomes.
4.3 Methods
4.3.1 Animals

Eighteen female and nine male C57BL/6N mice, aged 6 to 8 weeks at their arrival, were
used for breeding purposes (Charles River Laboratories, Montréal, Canada) All mice were
housed in 27 cm x 21 ¢cm x 14 cm polypropylene cages with a cardboard house, a cotton nestlet,
and standard bedding, and maintained on a 12-h light-dark cycle, with the light on from 0700 to
1900 h, at 23°C and 63% humidity, with food (Envigo, 2014 Teklad global 14% protein rodent
maintenance diet) and water provided ad libitum. The University of Ottawa’s Animal Care
Committee approved all experimental procedures (#4170), in compliance with the Canadian
Council on Animal Care guidelines.
4.3.2 Experimental timeline

The study consisted of two experimental groups, one that experienced MS and another
that remained undisturbed under standard housing conditions (Control). After their arrival, mice
were housed individually and habituated to their new housing conditions for at least a week.
Once this period had elapsed, soiled bedding from a male’s cage was placed in the cages of two
females for 48 hours to induce estrus, after which the two females and the male were placed in
the male’s home cage for mating. Upon the detection of a copulation plug, indicating Embryonic
Day 0.5 (E0.5), female mice were returned to their cages. Following the birth of the pups on
postnatal day 0 (P0), mice were randomly assigned to the MS (n = 28) or the Control (n = 23)
groups, with each experimental condition containing 9 litters. The MS stressor was conducted

from P2 to P14, after which all litters remained in standard housing conditions until weaning on
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P21. Body weight and food intake were assessed at different times pre- and post-weaning.
Behavioural testing (elevated plus maze, modified open field, and tail suspension tests) was
completed on P42 and P43. Mice were euthanized on P44, approximately 24 hours after the last

behavioural test, for the collection of the NAc.
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Figure 1: Timeline depicting the sequence of experimental manipulations from habituation to
post-behavioural sample collection. BW: body weight; P: postnatal day, E: embryonic day

4.3.3 Maternal separation procedures

Half of the litters underwent MS from P2 to P14, with the dams and their pups being
separated for 3 hours each day (9:00 am to 12:00 pm), as described previously (Lippmann et al.,
2007; Plotsky & Meaney, 1993). Briefly, pups were placed together in a new cage containing
fresh bedding, a nestlet and a cardboard house within the same housing room, with a 30 °C
heating pad placed underneath the cage to reduce the risk of hypothermia. Dams were also
placed in a new cage containing fresh bedding, a nestlet, a cardboard house, water, and chow,
and transported to a different, empty housing room. After each daily MS session, pups were
reunited with their dam in their regular home cage until the next session. The other half of the
litters remained unmanipulated in standard housing conditions, except for body weight
measurements or weekly scheduled home cage changes.
4.3.4 Body weight and food intake

Body weight was assessed on P2, P7, P21, and P44. The measurements for P2 and P7
were recorded without knowing sex, and the percentage change in weight across these time

points was calculated by dividing the difference between the two values by the body weight at P2
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and multiplying by 100. Food intake was measured over a 24-hour period between P39 and P40.
In each home cage containing 2 same-sex littermates, 100 grams of chow (Envigo, 2014 Teklad
global 14% protein rodent maintenance diet) was provided at approximately 0900 am on P39,
with water provided ad libitum. At 0900 am on P40, the food was removed and weighed to
determine the amount of chow consumed over a 24-hour period.
4.3.5 Behavioural testing

The elevated plus maze and modified open field tests were administered on P42 to assess
anxiety-like behaviours, while the tail suspension test was performed on P43 to assess
depressive-like behaviours, following an order from least stressful to most stressful. Prior to
behavioural testing, mice were habituated for approximately one hour in the room where the test
would occur.
4.3.5.1 Elevated plus maze

The elevated plus maze was completed on P42 to assess time mice spent in the open (6
cm x 75 cm) and closed (6 cm x 75 cm % 20 cm) perpendicular arms of a black, opaque acrylic
plastic apparatus raised 74 cm above the floor. More time spent in the open arms is suggestive of
decreased anxiety-like behaviour (Komada et al., 2008; Walf & Frye, 2007). Mice were placed
facing the intersection of the open and closed arms and allowed to explore the space for 5
minutes. The test was conducted under room lighting set at approximately 300 lux, and the
apparatus was cleaned with a Quato solution between trials. A video-tracking software
(EthoVision XT, Noldus) was used to determine the time spent in the open and closed arms and

the total distance travelled.
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4.3.5.2 Modified open field test

The modified open field test was also conducted on P42, at least two hours after the
elevated plus maze test, to examine the behaviour of mice in the presence of a food reward rich
in sugars and fats (Hershey's Chipits Reese's Peanut Butter Baking Chips) placed in a metal dish
positioned in the center of a 45 cm x 45 cm x 45 cm opaque white acrylic plastic open field. As
open spaces are anxiogenic for mice, the modified open field test examines whether they
approach a highly palatable food despite the risk posed by the environment (Lockie et al., 2017).
More time spent in the interaction zone, defined as the 10 cm x 10 cm space taken up by the food
bowl, and more frequent approaches to this zone suggest increased reward-driven motivation
(Lockie et al., 2017). To minimize novelty effects, mice were habituated to the food reward two
days prior to testing, with approximately 10 peanut butter chips placed in each home cage on
P40. Mice were placed in the bottom-right corner of the apparatus and allowed to explore for 10
minutes. The test was completed under approximately 300 lux of light, and the apparatus was
cleaned between trials with a Quato solution. Video tracking software (EthoVision XT, Noldus)
was used to determine the total time spent and the number of times the mouse entered the
interaction zone (10 cm x 10 cm), as well as the total distance travelled within the 45 cm x 45 cm
arena.
4.3.5.3 Tail suspension test

The tail suspension test was performed last on P43 to examine how long a mouse remains
immobile in an inescapable situation. Increased immobility time is thought to be an indicator of
passive coping responses to stress, a symptom found in human depression (Cryan et al., 2005;
Steru et al., 1985). The tail suspension test was conducted using an apparatus that includes an

interface cabinet, user interface software, and load-cell amplifier hardware (Tail Suspension Test
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Cubicle [SOF-821], Med Associates Inc). Mice were attached to an aluminum bar at the end of
their tail with surgical tape to prevent them from escaping the suspended position. Testing was
conducted under approximately 100 lux of light, and the apparatus was cleaned with a Quato
solution between trials. The mice remained attached to the aluminum bar for 6 minutes, and their
movements were recorded. The aluminum bar was attached to a strain gauge, and data were
recorded by software (Tail Suspension SOF-821), allowing examination of immobility time.
4.3.6 Brain tissue collection

On P44, approximately twenty-four hours after the last behavioural test, mice were
euthanized using rapid decapitation. Immediately afterward, whole brains were removed and
placed on a cold stainless-steel matrix (2.5 cm x 3.75 cm x 2.0 cm, with slots spaced at
approximately 500 um) on an ice plate. The brain was sectioned coronally to collect the NAc,
which was placed in nuclease-free tubes positioned on dry ice and subsequently stored at -80°C.
4.3.7 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from homogenized NAc samples using the manufacturer’s
instructions (EZ-10 Spin Column Total RNA Miniprep Kit, Bio Basic Inc). RNA quality was
assessed in a representative subset of samples from each group using the Agilent Fragment
Analyzer (Stem Core, University of Ottawa). All evaluated samples demonstrated high RNA
quality, with an average RNA integrity number score of 9.8. Concentration and purity were then
assessed using a NanoDrop™ One Spectrophotometer (Thermo Fisher Scientific). Only RNA
samples with 260/280 ratios between 1.80 and 2.20 were included. The total RNA was converted
into complementary DNA (cDNA) using iScript™ Reverse Transcription Supermix (BioRad)
and a T100 Thermal Cycler (BioRad). cDNA samples were analyzed by RT-qPCR with

SsoAdvanced Universal SYBR Green Supermix (BioRad) and a CFX96 Touch Real-Time PCR
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Detection System (BioRad). Samples were analyzed in triplicate, and glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) was used as a reference gene. Fold changes in the mRNA
expression of genes of interest in the NAc were determined using the -2t method (Livak &
Schmittgen, 2001, 2008), relative to the non-stressed group of the same sex. Primer sequences
are included in Supplementary Table 1.
4.3.8 Statistical analyses

Statistical analyses were conducted in R (version 4.5.0), and graphs were plotted in
GraphPad Prism (version 10.6.0). All data were tested for normality using the Shapiro-Wilk test
and homogeneity of variance using Levene’s test. Outliers were assessed using the robust
regression and outlier removal (ROUT) method (Q = 1%), but none were identified. A limited
number of samples were excluded from analyses due to either technical difficulties with the
equipment used for behavioural testing or poor RNA concentrations and/or purity, and thus the
sample size and degrees of freedom may differ between outcomes. Differences between the MS
and Control groups in body weight changes from P2 to P7 (Control versus MS) and in gene
expression at P44 (Control versus MS within each sex) were assessed using independent t-tests,
as the data were normally distributed for each outcome. When examining the effects of the
Stressor (MS versus Control) and Sex (Male versus Female) on body weight changes, food
intake, and behavioural measures in the adult offspring, a series of two-way analyses of variance
(ANOVA) was used. When significant interactions were identified between Stressor and Sex,
follow-up analyses were conducted using Bonferroni's multiple comparisons tests to examine

simple effects between groups. The alpha level for significance was 0.05 for all analyses.
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4.4. Results

4.4.1 Body weight changes and food consumption

In the early postnatal period, the percentage of body weight gained by the pups between

P2 and P7 did not differ between the MS and non-stressed groups (Figure 2A, p > 0.05).

However, when examining the percentage of weight gain from weaning at P21 to P44, there was

a main effect of Sex, with males gaining more weight than females during this period, regardless

of whether they had experienced MS (Figure 2B, F(1 46)= 32.36, p < 0.0001). Males also

consumed more food, irrespective of the stressor condition, when measured over 24 hours

between P40 and P41 (Figure 2C, F(121)= 10.93, p = 0.0034).
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Figure 2: Percentages of body weight change (%) from postnatal day 2 (P2) to P7 (A) and from
P21 to P44 (B), as well as food consumption in grams over 24 hours from P40 to P41 (C) in male
and female offspring. Bars represent mean = SEM. For body weight change, each dot represents
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Time Spent with Reward (s)

the recorded weight of an individual mouse (A, B). For food intake, each dot represents the food
intake per cage, representing the intake of 2 same-sex siblings within the cage (C). Body weight
P2-P7: CNTRL (n = 24); MS (n = 26). Body weight P21-P44: Female CNTRL (n = 12), Female
MS (n = 14), Male CNTRL (n = 12), Male MS (n = 12). Food intake: Female CNTRL (n = 6),
Female MS (n = 7), Male CNTRL (n = 6), Male MS (n = 6). ##p<0.01 and ####p<0.0001,
relative to females (main effect of Sex).

4.4.3 Modified open field test

The MS stressor and sex had independent effects on the behaviours assessed in the
modified open field test. As shown in Figure 3A and B, MS offspring spent more time with the
food reward located in the center of the arena (£(145 = 12.01, p = 0.0012) and approached the
interaction zone, which is comprised of the area covered by the 10 x 10 cm food dish, more
frequently (F(.46) = 8.515, p = 0.0054) compared to non-stressed controls, irrespective of their
sex. As well, female offspring spent more time with the food reward (Figure 3A, F(145)=7.781,
p =0.0077) and travelled a greater distance in the arena (Figure 3C, F(146) = 18.43, p <0.0001)

compared to males, irrespective of whether they experienced MS.
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Figure 3: Time spent with the food reward (A), number of times reaching the food reward (B),
and total distance travelled in the open field in centimetres (C) in the modified open field test in
non-stressed control (CNTRL) and maternally separated (MS) pups. Dots represent individual
mice, and bar plots and error bars represent means + SEM. Female CNTRL (»n = 12), Female MS
(n=14), Male CNTRL (n = 12), Male MS (n = 12). **p<0.01, main effect of Stressor; ##p<0.01
and ####p<0.0001, main effect of Sex.
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4.4.4 Other behaviours

As shown in Figure 4, the time spent in the open and closed arms and the distance
travelled in the elevated plus maze did not differ between groups, with no main effect of Stressor
or Sex or their interaction being identified as non-significant across all measures (Figure 4A-C,
p’s > 0.05). Likewise, the time spent immobile in the tail suspension test was not affected by the

MS stressor or sex, and no interaction between Stressor and Sex was observed (Figure 4D, p’s >

0.05).
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Figure 4: Time in the open arms (A), time in the closed arms (B), and total distance travelled (C)
in the elevated plus maze as well as immobility time (D) in the tail suspension test in the non-
stressed control (CNTRL) and maternally separated (MS) pups. Dots represent individual mice,
and bar plots and error bars represent means £ SEM. Elevated plus maze: Female CNTRL (n =
12), Female MS (n = 15), Male CNTRL (n = 12), Male MS (n = 12). Tail suspension test:
Female CNTRL (n = 12), Female MS (n =9), Male CNTRL (n = 12), Male MS (n = 7).
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4.4.5 Dopamine and BDNF receptors in the nucleus accumbens

The MS stressor had a significant effect on the mRNA expression of Drd?2 in the NAc in
male offspring, with stressed males showing a higher expression relative to non-stressed controls
(Figure 5A, #10) =2.230, p = 0.0498), while this effect was not observed in females (Figure 5D,
p > 0.05). Similarly, stressed male pups exhibited a higher expression of Ntrk2 in the NAc
compared to male offspring that were not stressed (Figure 5C, #10) = 2.381, p =0.0386), an
effect that was not observed in females (Figure S5F, p > 0.05). Finally, the expression of Drd1

was not affected by MS in either female or male offspring (Figure 6B, E).
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Figure 5: Fold changes in the mRNA expression of dopamine receptor 2 (Drd2) (A, D),
dopamine receptor 1 (Drdl) (B, E) and neurotrophic receptor tyrosine kinase 2 (Ntrk2) (C, F) in
the nucleus accumbens (NAc) of non-stressed control (CNTRL) and maternally separated (MS)
pups. Dots represent individual mice, and bar plots and error bars represent means £ SEM. Drd?2:
(n=5-10); Drdl: (n=4-8) Ntrk2: (n=5-10) *p<0.05 compared to same-sex CNTRL.
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4.5. Discussion

Early life exposure to stressors has been identified as a key risk factor in the development
of substance use disorders (Kirsch & Lippard, 2022; Anda et al., 2006), with evidence suggesting
that the increased vulnerability to these conditions could be in part due to stress-induced
alterations in reward-related circuitry, particularly the mesolimbic system (Rodrigues et al.,
2011). As an animal model of ELS, MS has been shown to induce persistent alterations in
reward-seeking behaviours, commonly assessed using drug and alcohol paradigms (Bertagna et
al., 2021; Rodolpho et al., 2025; Portero-Tresserra et al., 2018; Talani et al., 2025). However, the
effects of MS on reward-seeking in the context of palatable food rewards and how these may
differ by sex remain incompletely understood. To address this gap, we examined the impact of
MS on the motivation to obtain a food reward in an anxiogenic environment, thereby assessing
willingness to take risks to obtain rewards. We additionally assessed depressive- and anxiety-like
behaviours and the expression of Drdl, Drd2, and Ntrk2 in the NAc to determine whether
changes in food reward motivation occurred alongside altered non-rewarded behaviour and
mesolimbic dopaminergic and neurotrophic markers.

Our findings demonstrate that MS increased motivation toward a food reward in a risky
environment in both females and males without alterations in depressive- and anxiety-like
behaviours. In contrast, MS increased the expression of Drd2 and Ntrk2 in the NAc of males but
not of females. The finding that MS increased motivation toward a highly palatable food reward
is consistent with other studies that demonstrated increased palatable food intake in rats (de
Souza et al., 2018) and increased motivation to obtain a food reward in female and male mice
(Benoit et al., 2023) exposed to MS. Whereas Benoit et al. (2023) assessed effort-based

motivation for a food reward on a progressive ratio schedule, to our knowledge, our study is the
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first to assess food motivation in an anxiogenic environment in the context of MS. Although
effort-based response differs from the risk of entering an anxiogenic open space in terms of the
barrier to acquiring the reward (e.g., effort versus risk) (Bailey et al., 2016), these findings
suggest that MS may affect cost-benefit decision-making regarding motivation by a highly
palatable food reward. Disrupted risk-reward decision-making has also been observed in humans
with a history of ELS, with individuals who experienced high levels of ELS showing
impairments in a risk-reward gambling paradigm, making poorer-quality decisions, and
exhibiting greater impulsivity (Birn et al., 2017). Together with our study results, these animal
and human findings suggest that ELS may affect reward-related decision-making when risks are
involved.

We also observed that females spent more time with the food reward, in line with other
studies (Sinclair et al., 2017), without sex interacting with the stressor, indicating that exposure
to MS did not result in sex-specific changes in motivation for the highly palatable food. Our
findings are generally consistent with those of a recent meta-analysis by Dory et al. (2025) on
post-weaning behaviours following MS exposure, which showed that while the stressor had a
robust effect on palatable food intake, sex did not influence this effect. While our study
examined the motivation for the food reward, this may suggest an increased hedonic valuation of
palatable food irrespective of sex. In contrast to Dory et al. (2025), who observed increased
regular chow intake as a result of MS exposure, we did not observe a main effect of stress, but
males consumed more food than females. The observation that females travelled more in the
open field does not, however, allow us to conclude that locomotion alone explained females'
increased time with the food, since sex did not influence the number of food approaches.

Furthermore, the absence of sex differences in the distance travelled in the elevated plus maze
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suggests that this increased locomotion was specific to the modified open field test. It is also
important to acknowledge that the modified open field test shares similarities with the novelty-
suppressed feeding test (Bondoff et al., 1988; Santarelli et al., 2003), in which the latency to
approach a chow food pellet placed in the center of an open field is measured in food-restricted
rodents. As this test primarily assesses approach-avoidance conflict between a novel anxiogenic
environment and the drive to consume food in a hungry state, a greater latency to approach the
center of the open field despite physiological hunger is commonly interpreted as being
representative of increased anxiety-like behaviour, as avoidance of the anxiogenic environment
overrides the homeostatic drive to eat (Santarelli et al., 2003). Conversely, in the present study,
mice were not food-restricted and did not have a physiological need to eat at the time of testing.
Therefore, the increased food-approach behaviour in MS offspring may be more representative
of increased reward-seeking or hedonic valuation of the food reward within the context of a
novel anxiety-provoking environment.

Despite the robust effects of MS on motivation toward a food reward, no changes in
depressive- and anxiety-like behaviours were apparent in the elevated plus maze and tail
suspension tests, indicating that the behavioural effects of the MS stressor used in this study were
specific to reward-related processes. Overall, similar to the literature pertaining to MS outcomes
in dams, findings related to depressive- and anxiety-like effects in the offspring are highly
heterogeneous. Our findings are comparable to other studies, with null effects reported following
repeated 3- or more-hour separations in terms of anxiety- (Zoicas & Neumann, 2016; Wang et
al., 2011; Bian et al., 2015) as well as depressive-like behaviour (Millstein & Holmes, 2007;
Savignac et al., 2011). In contrast, several studies reported increased anxiety-like (Cevik et al.,

2023; Kestering-Ferreira et al., 2021) and depressive-like behaviour (Bian et al., 2015; Wei et al.,
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2023; Takabayashi, 2025). While it is not possible to determine with certainty what underlies this
variability, methodological differences likely contribute to these inconsistent findings. A
systematic review by Tractenberg et al. (2016) compared behavioural and physiological
outcomes across 96 MS mouse studies, highlighting the heterogeneity of the literature and
showing that MS protocols differed in the chronicity/duration and contact of pups while
separated (individual versus isolation from littermates), temperature control of pups when away
from the dam, separation environment (home cage versus novel cage) and strain, among other
variations. As such, methodological differences should be considered when comparing
behavioural and physiological outcomes in studies. Interestingly, a study utilizing a highly
similar protocol design to the one in this study, consisting of 3-hour separations from P1 and P14
in C57BL/6J mice, found that MS did not affect depressive- and anxiety-like behaviours in the
elevated plus maze, splash, or open field tests but that the stressor increased ethanol intake on
P28. Together, these findings suggest that under comparable conditions, MS may selectively
affect reward-related behaviour without observable changes in anxiety- and depressive-like
behaviours. Further reinforcing the reward-related behavioural findings of this study, selected
mesolimbic markers, including Drd2 and NTrk2, were upregulated in the NAc of stressed males,
with no differences in Drdl. Our data are in alignment with those of Benoit et al. (2023), who
observed that MS increased effort-based responding for a highly palatable food and that there
were transcriptional changes associated with glutamatergic and GABAergic signalling pathways
only in MS males, with computational analysis predicting L-DOPA as being the most significant
upstream regulator related to these changes. Collectively, our findings and those of Benoit et al.

(2023) provide converging evidence of the effects of MS on sex-specific dopamine-related
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signalling in the NAc of males, as well as alterations in motivation for food reward irrespective
of sex.

This pattern has also been observed in other brain regions, with dopamine receptors D1
and D2 being selectively upregulated in the brainstem of males separated in the dark cycle,
suggesting a contribution of both sex and circadian rhythm to dopamine receptor alterations,
while palatable food intake was higher in the stressed group independent of sex and separation
timing (de Souza et al., 2018). The dopamine D2 receptor has been implicated in reward-related
impulsive behaviour and in the regulation of feeding, and its disruption has been associated with
compulsive eating (Kim et al., 2018; Baik, 2013). Given the observed upregulation of the D2
receptor in the current study, it is possible to think that this receptor may be a mesolimbic system
alteration contributing to changes in motivation for a highly palatable food reward. It has also
been shown that TrkB-BDNF expression in D2-expressing medium spiny neurons in the NAc
contributes to stress susceptibility following chronic social defeat stress (Pagluisi et al., 2022).
As such, the simultaneous upregulation of Drd2 and Ntrk2 may reflect an interconnected
mechanism influenced by MS stress. Potentially, the lack of change in Drdl expression may
indicate that the MS stressor's effects on the NAc are receptor-specific. Taken together, these
findings demonstrate that MS during the early postnatal period induces sex-specific changes in
components of the mesolimbic system.

A limitation of this study is that behavioural testing was conducted at a single time point
on P42 and P43. Therefore, it cannot be excluded that alterations in depressive- and anxiety-like
behaviour were transient but were no longer present at P42 or that they could have developed
afterward during adulthood. The assessment of Drd1, Drd2, and NTrk2 was also conducted

based on tissue collected on P44, thereby preventing examination of dynamic changes in
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behavioural and physiological alterations in the offspring. Additionally, only one test was
utilized to assess motivation for a food reward. While our study introduces a novel aspect to the
MS literature by using the modified open field test, it is not possible to determine whether the
increased food reward approach is due to a general increase in reward responsivity to food or
reflects altered valuation of risk versus the motivation to obtain the food. Comparing the
modified open field test to another test that does not introduce a cost (e.g., effort or risk), as well
as to general palatable food intake, would make it possible to distinguish whether the MS
stressor results in global disruptions of motivation or whether this is a reflection of reward-
motivation in the context of risk-taking.
4.6 Conclusion

Collectively, the findings of this study suggest that exposure to MS preferentially
affected reward-driven food-approach behaviour in the modified open field task, with sex
differences in certain parameters. Specifically, females travelled a greater distance and spent
more time with the food reward compared to males, irrespective of the stressor condition. Sex
differences were also observed in the expression of Drd?2 and Ntrk2 in the NAc, with their
expression being elevated in males relative to same-sex non-stressed controls, but no differences
were observed between stressed and non-stressed females. Depressive- and anxiety-like
behaviours were not observed at the time behavioural tests were conducted on P42 and P43,
which may reflect the specific methodology used in this study or transient effects at earlier or
later timepoints that were not captured by the timing of behavioural testing and endpoint used in
this study. Future studies should use more than one behavioural test related to motivation for a

food reward to further assess which dimension of reward-related behaviour is affected by the
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stressor, and multiple cohorts to assess how the stressor's effect on behavioural and
neurobiological outcomes may vary over time.
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Chapter 5: General Discussion

5.1 Discussion

Stress during the early postnatal period, which is considered a sensitive window for both
the offspring (early life) and the mother (postpartum), can have particularly potent effects on the
development of mental health disorders due to the extensive behavioural and physiological
adaptations that characterize these stages (Jamil et al., 2025; Pechtel & Pizzagalli, 2011; Numan
& Woodside, 2010). ELS is a well-recognized risk factor in the development of several mental
health disorders (Carr et al., 2013), with disruptions in family function such as abuse and neglect
being most predictive of disorder development (Kessler et al., 2010). Likewise, psychosocial
stress is a consistently reported predictor of mental health disturbances during the postnatal
period, including PPD (Yim et al., 2015). Importantly, maternal mental health and child
outcomes are interrelated, with PPD being related to disruptions in cognitive and emotional
development in the child, and alterations in maternal caregiving thought to contribute to these
effects (Slomian et al., 2019). Maternal separation is an animal stress model that simulates
neglect in offspring and forced separation stress in dams. As such, MS captures the effects of
stress during the vulnerable early life period in offspring and simultaneously the postpartum
period for the mother. While the consequences of MS are often studied in terms of its outcomes
in dams or pups independently, this thesis assessed the behavioural and physiological
consequences of the stressor in both postpartum dams and their offspring during the early
developmental period.

Overall, our findings show that MS produced selective and distinct behavioural and
physiological disruptions in the dams and offspring. In postpartum dams, MS resulted in time-

dependent maternal care alterations: those exposed to the stressor took longer to initiate maternal
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behaviour on P3, while on P7 they spent less time transporting pups than non-stressed dams,
indicating that impairments in caregiving were not consistent throughout the postpartum period.
In contrast, MS did not induce lasting behavioural alterations in dams, as evidenced by the
absence of depressive- and anxiety-like behaviours after weaning and by no changes in the
expression of IL-6, IL-1p, and TNF-a in the colon and mPFC. In young adult offspring, MS
increased motivation to obtain a food reward in an anxiogenic context in both sexes and in males
upregulated Drd2 and Ntrk2 expression in the NAc. Similar to the dams, no depressive- or
anxiety-like effects were observed in MS offspring. One overarching conclusion from these data
is that MS did not result in any generalized behavioural disruptions but instead induced subtle
alterations in caregiving in dams during the postpartum period and pronounced changes in food-
reward seeking in pups during young adulthood. Potentially, these findings may suggest that
some behaviours may be more vulnerable to the MS stressor depending on the sensitive life stage
during which it is experienced. In dams, a possible explanation for maternal care behaviours
being affected is that the MS stressor specifically challenged their ability to interact with their
pups, which is in line with other studies conducted in rats (de Almeida Magalhaes et al., 2018;
Maniam & Morris, 2010; Baracz et al., 2020), including those demonstrating a delay in initiating
maternal care behaviour on P3 (Aggugia et al., 2013; Demarchi et al., 2023; Maghami et
al.,2018). Maternal care behaviours in rodents are, in part, maintained by a range of cues from
the pups, including ultrasonic vocalizations emitted by the pups and olfactory cues (Smotherman
et al., 1978; McRae et al., 2023). Even outside the context of postpartum physiological
adaptations, exposure to pups in virgin female rats induced maternal care behaviours such as
crouching, licking, and grooming (Martin-Sanchez et al., 2015; Seip & Morell, 2008), suggesting

that physical interaction with pups is a crucial factor in initiating and maintaining maternal care
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behaviour, independently of hormonal, neurobiological, and immune changes normally occurring
during the perinatal period that prime the maternal brain for caregiving. As such, the stressor-
induced disruption of maternal care behaviour in the current study could reflect the impact of
repeated interruptions to reciprocal interactions between the dam and her pups, which are
important for maternal caregiving in the postpartum period. Parallels can be drawn with evidence
from the human literature supporting the notion that stress may interrupt caregiving behaviours.
For example, breastfeeding is a maternal behaviour that is highly sensitive to infant-related cues,
in which the baby’s saliva and suckling can influence breast milk production and composition,
and alter maternal immune responses and hormones in response to infant cues (Guillén-Morales
et al., 2025). It has been shown that higher levels of psychological distress are related to
breastfeeding impairments, including delays in secretory activation (Nagel et al., 2021), linking
stress to delays in maternal responsivity.

Importantly, following weaning, there were no changes in anxiety- or depressive-like
behaviours, potentially indicating that the effect of MS in dams is transient, primarily affecting
maternal caregiving. However, these findings should be interpreted in the context of the
experimental paradigm utilized in this study, given that the literature on depressive- and anxiety-
like behaviour is heterogeneous and some studies in rats have reported these behaviours being
present at weaning (Bousalham et al., 2013; Boccia et al., 2007; Maghami et al., 2018), with
methodological differences potentially contributing to this variability (Mundorf et al., 2022).
The lack of depressive- and anxiety-like behaviour after weaning may also help explain why no
changes were observed in IL-6, IL-1pB, and TNF-a expression in the mPFC and colon. Given
animal and human evidence that pro-inflammatory cytokines in the bloodstream and brain are

associated with depressive- and anxiety-related outcomes, within and outside of the postpartum
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context (Pandey et al., 2019; Sha et al., 2022; Achtyes et al., 2020; Boufidou et al., 2009), the
absence of changes in these cytokines is in line with the lack of affective behavioural alterations
after weaning. However, it cannot be excluded that there were transient changes in IL-6, IL-1J,
and TNF-a, and in depressive- and anxiety-like behaviours in stressed dams that were not
captured during the behavioural tests and at the time of euthanasia.

In offspring, the MS stressor resulted in an increased motivation to obtain a food reward
in an anxiogenic environment, without significant changes in anxiety- or depressive-like
behaviour. Additionally, stressed males had increased Drd2 and Ntrk2 mRNA expression in the
NACc relative to their non-stressed counterparts, whereas no differences were observed in females
or in Drdl expression in the NAc. These findings suggest that the effect of MS on pups may be
selective for specific behavioural processes and induce sex-specific changes in the NAc.
Potentially, systems involved in motivation and reward are particularly susceptible to disruption
by ELS. The mesolimbic system, including the ventral tegmental area (VTA) and NAc, and
interconnected brain regions, including the amygdala and PFC, begin their development during
gestation and continue their maturation from the early postnatal period and into adolescence
(Birnie et al., 2020; Galvan, 2010). As this system is highly plastic throughout development,
exposure to stress during this period may disrupt its maturation, resulting in lasting changes in
reward processing (Novick et al., 2019). Animal and human studies have shown that ELS may
influence developmental trajectories through changes in dopaminergic signalling, connectivity
between components of the mesolimbic system, altered synaptic plasticity in key regions such as
the NAc, and epigenetic modifications, among others (Birnie et al., 2020; Hanson et al., 2021).
In our study, we observed MS-related physiological alterations only in males, suggesting that the

neurobiological consequences of ELS may differ between sexes. While the precise
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neurobiological mechanisms underlying these sex-specific responses remain unclear, they are
thought to arise in part from interactions among gonadal hormones, connectivity,
neurotransmitters, receptors, and regulatory factors within reward-related circuitry (Turner et al.,
2025; Orsini et al., 2022). Evidence for sex-specific neurobiological responses to ELS has been
demonstrated by other studies. In particular, when examining the transcriptional changes across
several components of reward circuitry following an early life stressor consisting of MS and
limited bedding, Pefia et al. (2019) found that transcriptional changes in markers of plasticity
were increased in the male NAc, but not the female NAc or VTA and PFC in either sex,
suggesting some of the changes induced by ELS may be specific to sex and brain regions.
Similarly, Benoit et al. (2023) reported transcriptional changes following MS in the NAc of male
mice associated with glutamatergic and GABAergic signalling pathways, with the precursor of
dopamine (L-DOPA) predicted to be the most significant upstream regulator. Collectively, these
findings are consistent with the NAc being a region with increased vulnerability to the
consequences of ELS.

The behavioural alterations observed following MS also provide important insight into
the effects of ELS on reward processing. The modified open field, as described in Lockie et al.
(2017), involves placing palatable food, in this case sweetened peanut butter chips, in the center
of the arena of the open field test. As open spaces are anxiogenic for mice, this test creates an
approach-avoidance conflict, assessing the motivation towards the food against the risk of
entering an exposed environment. To our knowledge, this is the first study to examine the effects
of MS on the motivation for a highly palatable food in an anxiogenic environment. This provides
novel insight into how ELS influences reward-related decision-making in the context of a

naturalistic reward. Previous studies have demonstrated that exposure to MS influences
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responsiveness to food reward, particularly in the context of the sucrose preference test (Novick
et al., 2019; Amiri et al., 2016; Hui et al., 2011; Sadeghi et al., 2016). However, while the
sucrose preference test assesses the perceived hedonic value of the reward, it does not evaluate
motivation to obtain a food reward when competing factors, such as effort or risk, are present. A
study by Benoit et al. (2023) found that effort-based motivation is affected by MS, as evidenced
by performance on the progressive ratio task, with increasing amounts of effort being required to
obtain the food reward. It was demonstrated that mice exposed to MS had greater motivation
than those not stressed to obtain highly palatable milk when high effort was required (Benoit et
al., 2023). Interestingly, these effects were specific to C3H/HeN mice but were not observed in
C57BL/6J mice, pointing to strain-specific differences in susceptibility to reward-related
behavioural changes following MS. Our study extends the literature by demonstrating that MS
also alters reward-seeking behaviour for food under conditions of approach-avoidance conflict,
in which approaching the highly palatable food entails overcoming the risk of crossing into an
open space. Together, findings on reward responsiveness, effort-based motivation, and reward
seeking in the presence of risk show that MS alters multiple dimensions of food reward
processing. In the context of our study, the selective effects on reward-related behaviour without
any anxiety- or depressive-like behaviours being observed may suggest that these processes are
preferentially affected by the MS stressor. It is also important to acknowledge that variations in
experimental methodology across studies may result in a range of behavioural phenotypes due to
differences in stress timing/duration, housing conditions, rodent strain used, and separation
environment, among other factors (Tractenburg et al., 2016). Disruptions in risk-reward
decision-making have also been observed in humans following exposure to ELS. Using a

gambling task in which participants had to decide on different options with varying probabilities
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of winning and losing, it was found that individuals with high levels of childhood stress made
poorer quality choices by placing higher bets on choices with a low probability of winning and
made their decision more quickly, suggesting disruptions in the evaluation of risk and a
propensity toward impulsive behaviour (Birn et al., 2017). While the involvement of ELS in
altering reward processing has been examined in the context of substance use disorders (Kirsch
& Lippard, 2023), our findings, together with prior literature, suggest that these effects also
extend to naturalistic rewards. Importantly, the behavioural consequences of ELS may also have
implications for disorders involving disruptions in food-related behaviours such as eating
disorders. Eating disorders such as anorexia nervosa, bulimia nervosa, and binge eating disorder
have been associated with a history of ELS, including physical and emotional neglect (Ali &
Turgoose, 2025; Amiri & Sabzehparvar, 2025). While it is not clear how ELS contributes to this
process, changes in approach-avoidance processing of food stimuli have been shown in
individuals with binge eating disorder (Leehr et al., 2016), highlighting that the modified open
field task may have translational relevance to food-related psychopathology.

Although this study does not provide causal evidence that maternal care behaviour
influences the relationship between MS and offspring outcomes, the concurrent effects of the
stressor on caregiving behaviours in dams and reward-related outcomes in offspring suggest that
these outcomes may be interrelated through disruptions in mother-offspring interactions. It has
previously been shown that variations in key maternal care behaviours, including licking,
grooming and arched-back nursing, resulted in differential offspring behavioural phenotypes and
physiological measures, where low levels of maternal care were associated with increased HPA
axis reactivity, including elevated CRH and ACTH in the paraventricular nucleus, and

disturbances in behaviour such as reduced time spent in the center of an open field and increased
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closed arm time in the elevated plus maze (Pedersen et al., 2011; Liu et al., 1997; Caldji et al.,
1998). A study by Pefia et al. (2014) demonstrated that natural variations in licking and
grooming resulted in differences in the expression of Drdl and Drd?2 in the NAc, increased
immunoreactivity of tyrosine hydroxylase in the VT A, and differences in the preference for
highly palatable food in the offspring of high and low grooming dams, providing evidence that
maternal care behaviour can influence the development of components of the mesolimbic
dopamine system and reward-directed behaviour. It has also been demonstrated that gestational
stress can alter maternal caregiving and subsequent offspring behaviour, in which previously
high-grooming stressed dams exhibited maternal care behaviours similar to those of non-stressed
and low-grooming stressed dams, with their offspring exhibiting reduced open-field exploration
relative to high-grooming controls (Champagne & Meaney, 2006). Although the specific
maternal care behaviours assessed differed from those used in our study, collectively these
papers provide evidence that disrupted maternal care is a plausible mechanism by which
offspring outcomes may be affected by the MS stressor.

One explanation for how maternal caregiving may influence reward-related outcomes in
offspring has been proposed by Opendak et al. (2025), who suggested that early-life caregiving
interactions are the primary source of reward appropriate to that developmental stage, through
stimuli such as maternal milk, tactile stimulation, and odour, thereby promoting maturation and
scaffolding of the mesolimbic system. As a result, disruptions in caregiving and, therefore, in
access to stimuli that serve as sources of reward in early life may influence the developmental
trajectory of the mesolimbic reward system, providing a potential explanation for how stress-
induced disruptions in maternal behaviour may contribute to offspring reward-related outcomes.

Although future studies are required to establish a causal relationship between maternal care
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behaviour and reward-seeking in offspring following MS, our findings that these disruptions
occur concurrently highlight the need for further investigation.

While this study provides novel insights into the effects of MS on the mother-offspring
dyad, several limitations should be considered when interpreting these findings. One limitation is
that behavioural tests and tissue collection occurred at a single time point. Given that early life
and the postpartum period are inherently dynamic, characterized by behavioural and
physiological adaptations, it is plausible that MS-related disruptions in affective behaviour and
cytokine expression may not have been captured at the time points used in this study. This
confirms that, in this context, these behaviours do not persist beyond the postpartum period in
the dams and into young adulthood in the pups, but it is not possible to determine whether there
were changes during the acute period following the stressor. In particular, for dams, post-
weaning was selected as the endpoint to avoid confounding by additional separation periods in
the MS group or by introducing separations in the control group. It has been shown that even
short separation periods, such as 15 minutes per day, induce changes in both maternal and
offspring behaviour (Rombaut et al., 2023). Consequently, it is not possible to know whether
changes in depressive- and anxiety-like behaviour or in prefrontal and colonic pro-inflammatory
cytokines occurred during the early postpartum period. This is important to consider in terms of
translatability given that the risk of postpartum mental health disorders fluctuates throughout the
postpartum period, with the first 6-8 weeks following childbirth emerging as a time of increased
risk for postpartum depression and anxiety (Kettunen et al., 2014; Putnam et al., 2017).
Potentially, this may be mitigated in future studies by using multiple cohorts, with behavioural
testing and tissue collection occurring throughout early life and the postpartum period, thereby

capturing the evolution of these measures across these sensitive periods. Another limitation of
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this study is that the type of maternal care assessment used may not reflect overall maternal care
behaviour. Our study used a modified version of the pup retrieval test, in which the dam was
removed from the home cage for 5 minutes and then returned to the corner of the cage to
examine how maternal care behaviour is affected upon reunion. This allows for the assessment
of maternal responsiveness toward her litter following a removal, including behaviours such as
latency to first sniff pups, total time spent sniffing, carrying behaviour, and passive contact with
pups, among others. However, this test reflects the dam’s acute response to a brief separation,
not necessarily the overall patterns of maternal care behaviour. For instance, this test does not
capture some of the maternal behaviours including licking/grooming and arched back nursing,
which are known to contribute to the behavioural phenotype and physiological measures in pups
(Pedersen et al., 2011; Liu et al., 1997; Caldji et al., 1998; Pena et al., 2014), and in MS studies
examining stress-induced changes in maternal behaviour by using prolonged naturalistic
observation have found that these behaviours are altered by the stressor (de Almeida Magalhaes
et al., 2018; Maniam & Morris, 2010; Baracz et al., 2020; Romabaut et al., 2023). As such, it is
not possible to determine, within the context of our findings, whether acute responsiveness is
specifically the maternal care behaviour disrupted by the MS stressor, or whether this represents
one of several alterations in overall caregiving by dams. Future studies that combine a reunion
task with prolonged observation of maternal behaviour would provide a more comprehensive
understanding of the impacts of long MS on caregiving.

Finally, the modified open field task is a novel contribution of our study to the MS
literature, showing that exposure to separation stress during early life may lead to changes in
motivation towards a food reward in an anxiogenic environment. However, given that this test

was not compared with other tests related to motivation for a highly palatable food, it cannot be
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determined with confidence whether increased motivation to approach the food reward reflects
altered naturalistic reward responsiveness, risk-taking, or decision-making in the context of an
approach-avoidance conflict. It may therefore be beneficial to conduct the modified open field
test alongside other behavioural tasks that examine different aspects of food motivation, such as
the sucrose preference test or a progressive ratio task with palatable food.
5.2 General Conclusion

Taken together, this thesis demonstrated that MS, in the form of 3-hour daily separations
from P2 to P14, differentially affects mothers and their offspring, with distinct behavioural and
neurobiological consequences observed in both. The effects in dams were limited to selective
disruptions to maternal caregiving, without long-term consequences for affective behaviour or
pro-inflammatory cytokine expression in the mPFC and colon. Although MS did not alter
cytokine expression in dams, the positive association between TNF-a in the mPFC and time
spent grooming suggests a potential relationship between neuroinflammation and grooming
phenotype. In contrast, the offspring showed lasting changes in reward-related behaviour and
sex-specific changes in Drd2 and NTrk2 expression in the NAc. Examining both dams and pups
within the same experiment provides a more comprehensive view of the effects of MS, given its
simultaneous disruption of postnatal and early life environments and highlights that stress during

sensitive windows may have different consequences depending on the context in which it occurs.
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Appendix

Supplementary Table 1 — Primer Sequences

Gene Sequence

Forward: 5°- GGT CGG TGT GAA CGG ATT TG -3’
Mus Gapdh

Reverse: 5°- TGC CGT GAG TGG AGT CAT ACT G -3’

Forward: 5°- ACG GCC TTC CCT ACT TCA CA -3’

Mus 1/-6

Reverse: 5°- TGC CAT TGC ACA ACT CTT TTC TC -3’

Forward: 5°- TGC CAC CTT TTG ACA GTG ATG -3’
Mus [I-15

Reverse: 5°- GTG CTG CTG CGA GAT TTG AA -3’

Forward: 5°- CTC AGC CTC TTC TCA TTCCTG C -3’
Mus Tnf-a

Reverse: 5°- GGC CAT AGA ACT GAT GAG AGG G -3’

Forward: 5°- CAA CCT GCG GCA CAT AAATTTC-3’
Mus Ntrk2

Reverse: 5°- CAG GAG CAC GTG AACGGATTAC-3

Forward: 5°- CTG TCC CAG ATC GGG CATTTG -3’
Mus Drdl

Reverse: 5° - GTC ACT TTT CGG GGA TGC TG -3’

Forward: 5°- GAC ACC ACT CAA GGG CAA CT -3’
Mus Drd?2

Reverse: 5° - TCC ATT CTC CGC CTG TTC AC -3’

85



References

Abdollahi, F., & Zarghami, M. (2018). Effect of postpartum depression on women’s mental and
physical health four years after childbirth. Eastern Mediterranean Health Journal, 24(10),

1002—-1009. https://doi.org/10.26719/2018.24.10.1002

Abou-Saleh, M. T., Ghubash, R., Karim, L., Krymski, M., & Bhai, I. (1998). Hormonal aspects
of postpartum depression. Psychoneuroendocrinology, 23(5), 465-475.

https://doi.org/10.1016/s0306-4530(98)00022-5

Abrishamcar, S., Zhuang, B. C., Thomas, M., Gladish, N., Maclsaac, J. L., Jones, M. J., Simons,
E., Moraes, T. J., Mandhane, P. J., Brook, J. R., Subbarao, P., Turvey, S. E., Chen, E.,
Miller, G. E., Kobor, M. S., & Hiils, A. (2024). Association between maternal perinatal
stress and depression and infant DNA methylation in the first year of life. Translational

Psychiatry, 14, 445. https://doi.org/10.1038/s41398-024-03148-8

Abu-Raya, B., Michalski, C., Sadarangani, M., & Lavoie, P. M. (2020). Maternal Immunological
Adaptation During Normal Pregnancy. Frontiers in Immunology, 11, 575197.

https://doi.org/10.3389/fimmu.2020.575197

Achtyes, E., Keaton, S. A., Smart, L., Burmeister, A. R., Heilman, P. L., Krzyzanowski, S.,
Nagalla, M., Guillemin, G. J., Escobar Galvis, M. L., Lim, C. K., Muzik, M., Postolache, T.
T., Leach, R., & Brundin, L. (2020). Inflammation and kynurenine pathway dysregulation in
post-partum women with severe and suicidal depression. Brain, Behavior, and Immunity, 83,

239-247. https://doi.org/10.1016/].bbi.2019.10.017

Agorastos, A., Pervanidou, P., Chrousos, G. P., & Baker, D. G. (2019). Developmental

Trajectories of Early Life Stress and Trauma: A Narrative Review on Neurobiological

86


https://doi.org/10.26719/2018.24.10.1002
https://doi.org/10.1016/s0306-4530(98)00022-5
https://doi.org/10.1016/s0306-4530(98)00022-5
https://doi.org/10.1038/s41398-024-03148-8
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.1016/j.bbi.2019.10.017

Aspects Beyond Stress System Dysregulation. Frontiers in Psychiatry, 10, 118.

https://doi.org/10.3389/fpsyt.2019.00118

Agrawal, 1., Mehendale, A. M., & Malhotra, R. (n.d.). Risk Factors of Postpartum Depression.

Cureus, 14(10), €30898. https://doi.org/10.7759/cureus.30898

Aguggia, J. P, Sudrez, M. M., & Rivarola, M. A. (2019). Multiparity Dampened the
Neurobehavioral Consequences of Mother-Pup Separation Stress in Dams. Neuroscience,

416, 207-220. https://doi.org/10.1016/j.neuroscience.2019.07.042

Ali, A. H., & Turgoose, D. (2025). A narrative review of childhood neglect and its association

with eating disorders. Discover Psychology, 5(1), 97. https://doi.org/10.1007/s44202-025-

00414-8

Aloe, L., & Fiore, M. (1997). TNF-a expressed in the brain of transgenic mice lowers central
tyroxine hydroxylase immunoreactivity and alters grooming behavior. Neuroscience Letters,

238(1), 65-68. https://doi.org/10.1016/S0304-3940(97)00850-1

Alves, R. L., Portugal, C. C., Summavielle, T., Barbosa, F., & Magalhaes, A. (2020). Maternal
separation effects on mother rodents’ behaviour: A systematic review. Neuroscience &
Biobehavioral Reviews, Prenatal Stress and Brain Disorders in Later Life, 117, 98—109.

https://doi.org/10.1016/j.neubiorev.2019.09.008

Amiri, S., Amini-Khoei, H., Mohammadi-Asl, A., Alijanpour, S., Haj-Mirzaian, A., Rahimi-
Balaei, M., Razmi, A., Olson, C. O., Rastegar, M., Mehdizadeh, M., & Zarrindast, M.-R.
(2016). Involvement of D1 and D2 dopamine receptors in the antidepressant-like effects of

selegiline in maternal separation model of mouse. Physiology & Behavior, 163, 107-114.

https://doi.org/10.1016/;.physbeh.2016.04.052

87


https://doi.org/10.3389/fpsyt.2019.00118
https://doi.org/10.3389/fpsyt.2019.00118
https://doi.org/10.7759/cureus.30898
https://doi.org/10.1016/j.neuroscience.2019.07.042
https://doi.org/10.1007/s44202-025-00414-8
https://doi.org/10.1007/s44202-025-00414-8
https://doi.org/10.1016/S0304-3940(97)00850-1
https://doi.org/10.1016/j.neubiorev.2019.09.008
https://doi.org/10.1016/j.neubiorev.2019.09.008
https://doi.org/10.1016/j.physbeh.2016.04.052
https://doi.org/10.1016/j.physbeh.2016.04.052

Amiri, S., & Sabzehparvar, M. (2025). Childhood maltreatment and the risk of eating disorders:
A meta-analysis of observational studies. Neuropsychiatrie: Klinik, Diagnostik, Therapie

Und Rehabilitation: Organ Der Gesellschaft Osterreichischer Nervenarzte Und Psychiater,

39(1), 36-46. https://doi.org/10.1007/s40211-024-00505-3

Anda, R. F., Felitti, V. J., Bremner, J. D., Walker, J. D., Whitfield, C., Perry, B. D., Dube, S. R.,
& Giles, W. H. (2006). The enduring effects of abuse and related adverse experiences in
childhood. European Archives of Psychiatry and Clinical Neuroscience, 256(3), 174—186.

https://doi.org/10.1007/s00406-005-0624-4

Audet, M.-C., Jacobson-Pick, S., Wann, B. P., & Anisman, H. (2011). Social defeat promotes
specific cytokine variations within the prefrontal cortex upon subsequent aggressive or
endotoxin challenges. Brain, Behavior, and Immunity, 25(6), 1197-1205.

https://doi.org/10.1016/7.bb1.2011.03.010

Bahi, A., Boyer, F., Chandrasekar, V., & Dreyer, J.-L. (2008). Role of accumbens BDNF and
TrkB in cocaine-induced psychomotor sensitization, conditioned-place preference, and
reinstatement in rats. Psychopharmacology, 199(2), 169—182.

https://doi.org/10.1007/s00213-008-1164-1

Baik, J.-H. (2013). Dopamine signaling in food addiction: Role of dopamine D2 receptors. BMB

Reports, 46(11), 519-526. https://doi.org/10.5483/BMBRep.2013.46.11.207
Bailey, M. R., Simpson, E. H., & Balsam, P. D. (2016). Neural Substrates Underlying Effort,
Time, and Risk-Based Decision Making in Motivated Behavior. Neurobiology of Learning

and Memory, 133, 233-256. https://doi.org/10.1016/1.nlm.2016.07.015

Bailoo, J. D., Jordan, R. L., Garza, X. J., & Tyler, A. N. (2014). Brief and long periods of

maternal separation affect maternal behavior and offspring behavioral development in

88


https://doi.org/10.1007/s40211-024-00505-3
https://doi.org/10.1007/s00406-005-0624-4
https://doi.org/10.1007/s00406-005-0624-4
https://doi.org/10.1016/j.bbi.2011.03.010
https://doi.org/10.1016/j.bbi.2011.03.010
https://doi.org/10.1007/s00213-008-1164-1
https://doi.org/10.1007/s00213-008-1164-1
https://doi.org/10.5483/BMBRep.2013.46.11.207
https://doi.org/10.1016/j.nlm.2016.07.015

C57BL/6 mice. Developmental Psychobiology, 56(4), 674—685.

https://doi.org/10.1002/dev.21135

Baracz, S. J., Everett, N. A., Robinson, K. J., Campbell, G. R., & Cornish, J. L. (2020). Maternal
separation changes maternal care, anxiety-like behaviour and expression of paraventricular
oxytocin and corticotrophin-releasing factor immunoreactivity in lactating rats. Journal of

Neuroendocrinology, 32(6), e12861. https://doi.org/10.1111/jne.12861

Barko, K., Shelton, M., & Kropp, D. (2026). Impact of sex chromosomes and gonad type in

stress susceptibility in corticostriatal brain regions.

https://doi.org/10.1073/pnas.2531920123

Bateson, P., Barker, D., Clutton-Brock, T., Deb, D., D’Udine, B., Foley, R. A., Gluckman, P.,
Godfrey, K., Kirkwood, T., Lahr, M. M., McNamara, J., Metcalfe, N. B., Monaghan, P.,
Spencer, H. G., & Sultan, S. E. (2004). Developmental plasticity and human health. Nature,

430(6998), 419-421. https://doi.org/10.1038/nature02725

Beck, C. T. (2001). Predictors of Postpartum Depression: An Update. Nursing Research, 50(5),

275-285. https://doi.org/10.1097/00006199-200109000-00004

Benoit, S., Henry, M., Fneich, S., Mathou, A., Xia, L., Foury, A., Jouin, M., Junien, C., Capuron,
L., Jouneau, L., Moisan, M.-P., Delpierre, C., Gabory, A., & Darnaudéry, M. (2023). Strain-
specific changes in nucleus accumbens transcriptome and motivation for palatable food

reward in mice exposed to maternal separation. Frontiers in Nutrition, 10, 1190392.

https://doi.org/10.3389/fhut.2023.1190392

Bertagna, N. B., Favoretto, C. A., Rodolpho, B. T., Palombo, P., Yokoyama, T. S., Righi, T.,

Loss, C. M., Ledo, R. M., Miguel, T. T., & Cruz, F. C. (2021). Maternal Separation Stress

&9


https://doi.org/10.1002/dev.21135
https://doi.org/10.1002/dev.21135
https://doi.org/10.1111/jne.12861
https://doi.org/10.1073/pnas.2531920123
https://doi.org/10.1073/pnas.2531920123
https://doi.org/10.1038/nature02725
https://doi.org/10.1097/00006199-200109000-00004
https://doi.org/10.3389/fnut.2023.1190392
https://doi.org/10.3389/fnut.2023.1190392

Affects Voluntary Ethanol Intake in a Sex Dependent Manner. Frontiers in Physiology, 12.

https://doi.org/10.3389/fphys.2021.775404

Bian, Y., Yang, L., Wang, Z., Wang, Q., Zeng, L., & Xu, G. (2015). Repeated Three-Hour
Maternal Separation Induces Depression-Like Behavior and Affects the Expression of
Hippocampal Plasticity-Related Proteins in C57BL/6N Mice. Neural Plasticity, 2015,

627837. https://doi.org/10.1155/2015/627837

Birn, R. M., Roeber, B. J., & Pollak, S. D. (2017). Early childhood stress exposure, reward
pathways, and adult decision making. Proceedings of the National Academy of Sciences,

114(51), 13549-13554. https://doi.org/10.1073/pnas. 1708791114

Birnie, M. T., Kooiker, C. L., Short, A. K., Bolton, J. L., Chen, Y., & Baram, T. Z. (2020).

Plasticity of the reward circuitry after early life adversity: Mechanisms and significance.

Biological Psychiatry, 87(10), 875—-884. https://doi.org/10.1016/1.biopsych.2019.12.018
Bloch, M., Schmidt, P. J., Danaceau, M., Murphy, J., Nieman, L., & Rubinow, D. R. (2000).

Effects of gonadal steroids in women with a history of postpartum depression. The American

Journal of Psychiatry, 157(6), 924-930. https://doi.org/10.1176/appi.ajp.157.6.924

Boccia, M. L., Razzoli, M., Vadlamudi, S. P., Trumbull, W., Caleffie, C., & Pedersen, C. A.
(2007). Repeated Long Separations from Pups Produces Depression-like Behavior in Rat
Mothers. Psychoneuroendocrinology, 32(1), 65-71.

https://doi.org/10.1016/j.psyneuen.2006.10.004

Boliikbas, 1., Mundorf, A., & Freund, N. (2020). Maternal separation in rats induces
neurobiological and behavioral changes on the maternal side. Scientific Reports, 10(1),

22431. https://doi.org/10.1038/s41598-020-80087-6

90


https://doi.org/10.3389/fphys.2021.775404
https://doi.org/10.3389/fphys.2021.775404
https://doi.org/10.1155/2015/627837
https://doi.org/10.1073/pnas.1708791114
https://doi.org/10.1016/j.biopsych.2019.12.018
https://doi.org/10.1176/appi.ajp.157.6.924
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1038/s41598-020-80087-6

Bonapersona, V., Kentrop, J., Van Lissa, C. J., van der Veen, R., Joéls, M., & Sarabdjitsingh, R.
A. (2019). The behavioral phenotype of early life adversity: A 3-level meta-analysis of
rodent studies. Neuroscience and Biobehavioral Reviews, 102, 299-307.

https://doi.org/10.1016/j.neubiorev.2019.04.021

Bodnoff, S. R., Suranyi-Cadotte, B., Aitken, D. H., Quirion, R., & Meaney, M. J. (1988). The
effects of chronic antidepressant treatment in an animal model of anxiety.

Psychopharmacology, 95(3), 298-302. https://doi.org/10.1007/BF00181937

Borsboom, D., Deserno, M. K., Rhemtulla, M., Epskamp, S., Fried, E. 1., McNally, R. J.,
Robinaugh, D. J., Perugini, M., Dalege, J., Costantini, G., Isvoranu, A.-M., Wysocki, A. C.,
Van Borkulo, C. D., Van Bork, R., & Waldorp, L. J. (2021). Network analysis of
multivariate data in psychological science. Nature Reviews Methods Primers, 1(1), 58.

https://doi.org/10.1038/s43586-021-00055-w

Boufidou, F., Lambrinoudaki, 1., Argeitis, J., Zervas, 1. M., Pliatsika, P., Leonardou, A. A.,
Petropoulos, G., Hasiakos, D., Papadias, K., & Nikolaou, C. (2009). CSF and plasma

cytokines at delivery and postpartum mood disturbances. Journal of Affective Disorders,

115(1), 287-292. https://doi.org/10.1016/].jad.2008.07.008

Bousalham, R., Benazzouz, B., Hessni, A. E., Ouichou, A., & Mesfioui, A. (2013). Maternal
Separation Affects Mothers’ Affective and Reproductive Behaviors as Well as Second
Offspring’s Emotionality. Journal of Behavioral and Brain Science, 3(5), 409-414.

https://doi.org/10.4236/ibbs.2013.35042

Brosch, K., Stein, F., Schmitt, S., Pfarr, J.-K., Ringwald, K. G., Thomas-Odenthal, F., Meller, T.,
Steinstriter, O., Waltemate, L., Lemke, H., Meinert, S., Winter, A., Breuer, F., Thiel, K.,

Grotegerd, D., Hahn, T., Jansen, A., Dannlowski, U., Krug, A., ... Kircher, T. (2022).

91


https://doi.org/10.1016/j.neubiorev.2019.04.021
https://doi.org/10.1016/j.neubiorev.2019.04.021
https://doi.org/10.1007/BF00181937
https://doi.org/10.1038/s43586-021-00055-w
https://doi.org/10.1038/s43586-021-00055-w
https://doi.org/10.1016/j.jad.2008.07.008
https://doi.org/10.4236/jbbs.2013.35042
https://doi.org/10.4236/jbbs.2013.35042

Reduced hippocampal gray matter volume is a common feature of patients with major
depression, bipolar disorder, and schizophrenia spectrum disorders. Molecular Psychiatry,

27(10), 4234-4243. https://doi.org/10.1038/s41380-022-01687-4

Brummelte, S., & Galea, L. A. M. (2016). Postpartum depression: Etiology, treatment and
consequences for maternal care. Hormones and Behavior, 77, 153—166.

https://doi.org/10.1016/;.yhbeh.2015.08.008

Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., & Meaney, M. J. (1998).
Maternal care during infancy regulates the development of neural systems mediating the
expression of fearfulness in the rat. Proceedings of the National Academy of Sciences, 95(9),

5335-5340. https://doi.org/10.1073/pnas.95.9.5335

Carr, C. P., Martins, C. M. S., Stingel, A. M., Lemgruber, V. B., & Juruena, M. F. (2013). The
Role of Early Life Stress in Adult Psychiatric Disorders: A Systematic Review According to
Childhood Trauma Subtypes. The Journal of Nervous and Mental Disease, 201(12), 1007.

https://doi.org/10.1097/NMD.0000000000000049

Cathomas, F., Hartmann, M., Seifritz, E., Pryce, C. R., & Kaiser, S. (2015). The translational
study of apathy—An ecological approach. Frontiers in Behavioral Neuroscience, 9.

https://doi.org/10.3389/fnbeh.2015.00241

CDC. (2026). About Adverse Childhood Experiences. Adverse Childhood Experiences (ACEs).

https://www.cdc.gov/aces/about/index.html

CDC. (2026). Risk and Protective Factors. Adverse Childhood Experiences (ACEs).

https://www.cdc.gov/aces/risk-factors/index.html

92


https://doi.org/10.1038/s41380-022-01687-4
https://doi.org/10.1016/j.yhbeh.2015.08.008
https://doi.org/10.1016/j.yhbeh.2015.08.008
https://doi.org/10.1073/pnas.95.9.5335
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.1097/NMD.0000000000000049
https://doi.org/10.3389/fnbeh.2015.00241
https://doi.org/10.3389/fnbeh.2015.00241
https://www.cdc.gov/aces/about/index.html
https://www.cdc.gov/aces/about/index.html
https://www.cdc.gov/aces/risk-factors/index.html
https://www.cdc.gov/aces/risk-factors/index.html

Cevik, O. S., Cevik, K., Temel, G. O., & Sahin, L. (2023). Maternal separation increased
memory function and anxiety without effects of environmental enrichment in male rats.

Behavioural Brain Research, 441, 114280. https://doi.org/10.1016/1.bbr.2022.114280

Chambers, A. N. (2009). Impact of forced separation policy on incarcerated postpartum mothers.
Policy, Politics & Nursing Practice, 10(3), 204-211.

https://doi.org/10.1177/1527154409351592

Champagne, F. A., Francis, D. D., Mar, A., & Meaney, M. J. (2003). Variations in maternal care
in the rat as a mediating influence for the effects of environment on development.

Physiology & Behavior, A Tribute to Paul MacLean: The Neurobiological Relevance of

Social Behavior, 79(3), 359-371. https://doi.org/10.1016/S0031-9384(03)00149-5

Champagne, F. A., & Meaney, M. J. (2006). Stress During Gestation Alters Postpartum Maternal
Care and the Development of the Offspring in a Rodent Model. Biological Psychiatry,

59(12), 1227-1235. https://doi.org/10.1016/j.biopsych.2005.10.016

Champagne, F., Diorio, J., Sharma, S., & Meaney, M. J. (2001). Naturally occurring variations in
maternal behavior in the rat are associated with differences in estrogen-inducible central
oxytocin receptors. Proceedings of the National Academy of Sciences, 98(22), 12736—

12741. https://doi.org/10.1073/pnas.221224598

Chawla, A., Bansal, N. L., Liu, C., & Olagunju, A. T. (2024). Postpartum Depression in
Correctional Populations. Journal of Correctional Health Care, 30(2), 65-70.

https://doi.org/10.1089/ichc.23.08.0071

Child maltreatment. (2026). Retrieved June 24, 2026, from https://www.who.int/news-room/fact-

sheets/detail/child-maltreatment

93


https://doi.org/10.1016/j.bbr.2022.114280
https://doi.org/10.1177/1527154409351592
https://doi.org/10.1177/1527154409351592
https://doi.org/10.1016/S0031-9384(03)00149-5
https://doi.org/10.1016/j.biopsych.2005.10.016
https://doi.org/10.1073/pnas.221224598
https://doi.org/10.1089/jchc.23.08.0071
https://doi.org/10.1089/jchc.23.08.0071
https://www.who.int/news-room/fact-sheets/detail/child-maltreatment
https://www.who.int/news-room/fact-sheets/detail/child-maltreatment

Cho, H., Lee, K., Choi, E., Cho, H. N., Park, B., Suh, M., Rhee, Y., & Choi, K. S. (2022).
Association between social support and postpartum depression. Scientific Reports, 12(1),

3128. https://doi.org/10.1038/s41598-022-07248-7

Cohen, H., Liu, T., Kozlovsky, N., Kaplan, Z., Zohar, J., & Math¢, A. A. (2012). The
Neuropeptide Y (NPY)-ergic System is Associated with Behavioral Resilience to Stress
Exposure in an Animal Model of Post-Traumatic Stress Disorder.

Neuropsychopharmacology, 37(2), 350-363. https://doi.org/10.1038/npp.2011.230

Cross, D., Fani, N., Powers, A., & Bradley, B. (2017). Neurobiological development in the
context of childhood trauma. Clinical Psychology: Science and Practice, 24(2), 111-124.

https://doi.org/10.1111/cpsp.12198

Cryan, J. F., Mombereau, C., & Vassout, A. (2005). The tail suspension test as a model for
assessing antidepressant activity: Review of pharmacological and genetic studies in mice.
Neuroscience and Biobehavioral Reviews, 29(4-5), 571-625.

https://doi.org/10.1016/j.neubiorev.2005.03.009

Cryan, J. F., O’Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme,
M., Codagnone, M. G., Cussotto, S., Fulling, C., Golubeva, A. V., Guzzetta, K. E., Jaggar,
M., Long-Smith, C. M., Lyte, J. M., Martin, J. A., Molinero-Perez, A., Moloney, G.,
Morelli, E., Morillas, E., ... Dinan, T. G. (2019). The Microbiota-Gut-Brain Axis.

Physiological Reviews, 99(4), 1877-2013. https://doi.org/10.1152/physrev.00018.2018

Da Costa, D., Dritsa, M., Rippen, N., Lowensteyn, 1., & Khalif¢, S. (2006). Health-related
quality of life in postpartum depressed women. Archives of Women’s Mental Health, 9(2),

95-102. https://doi.org/10.1007/s00737-005-0108-6

94


https://doi.org/10.1038/s41598-022-07248-7
https://doi.org/10.1038/npp.2011.230
https://doi.org/10.1111/cpsp.12198
https://doi.org/10.1111/cpsp.12198
https://doi.org/10.1016/j.neubiorev.2005.03.009
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1007/s00737-005-0108-6

Danese, A., & J Lewis, S. (2017). Psychoneuroimmunology of Early-Life Stress: The Hidden
Wounds of Childhood Trauma? Neuropsychopharmacology, 42(1), 99—114.

https://doi.org/10.1038/npp.2016.198

Daniels, W. M. U., Pietersen, C. Y., Carstens, M. E., & Stein, D. J. (2004). Maternal Separation
in Rats Leads to Anxiety-Like Behavior and a Blunted ACTH Response and Altered
Neurotransmitter Levels in Response to a Subsequent Stressor. Metabolic Brain Disease,

19(1), 3—14. https://doi.org/10.1023/B:MEBR.0000027412.19664.b3

Danielsdottir, H. B., Aspelund, T., Shen, Q., Halldorsdottir, T., Jakobsdottir, J., Song, H., Lu, D.,
Kuja-Halkola, R., Larsson, H., Fall, K., Magnusson, P. K. E., Fang, F., Bergstedt, J., &
Valdimarsdottir, U. A. (2024). Adverse Childhood Experiences and Adult Mental Health
Outcomes. JAMA Psychiatry, 81(6), 586—594.

https://doi.org/10.1001/jamapsychiatry.2024.0039

De Almeida Magalhaes, T., Correia, D., De Carvalho, L. M., Damasceno, S., & Brunialti
Godard, A. L. (2018). Maternal separation affects expression of stress response genes and
increases vulnerability to ethanol consumption. Brain and Behavior, 8(1), €00841.

https://doi.org/10.1002/brb3.841

de Souza, J. A., da Silva, M. C., de Matos, R. J. B., do Amaral Almeida, L. C., Beltrdo, L. C., de
Souza, F. L., de Castro, R. M., & de Souza, S. L. (2018). Pre-weaning maternal separation
increases eating later in life in male and female offspring, but increases brainstem dopamine
receptor 1a and 2a only in males. Appetite, 123, 114-119.

https://doi.org/10.1016/1.appet.2017.12.004

Demarchi, L., Sanson, A., & Bosch, O. J. (2023). Brief versus long maternal separation in

lactating rats: Consequences on maternal behavior, emotionality, and brain oxytocin

95


https://doi.org/10.1038/npp.2016.198
https://doi.org/10.1038/npp.2016.198
https://doi.org/10.1023/B:MEBR.0000027412.19664.b3
https://doi.org/10.1001/jamapsychiatry.2024.0039
https://doi.org/10.1001/jamapsychiatry.2024.0039
https://doi.org/10.1002/brb3.841
https://doi.org/10.1002/brb3.841
https://doi.org/10.1016/j.appet.2017.12.004
https://doi.org/10.1016/j.appet.2017.12.004

receptor binding. Journal of Neuroendocrinology, 35(7), €13252.

https://doi.org/10.1111/jne.13252

Denmark, A., Tien, D., Wong, K., Chung, A., Cachat, J., Goodspeed, J., Grimes, C., Elegante,
M., Suciu, C., Elkhayat, S., Bartels, B., Jackson, A., Rosenberg, M., Chung, K. M., Badani,
H., Kadri, F., Roy, S., Tan, J., Gaikwad, S., ... Kalueff, A. V. (2010). The effects of chronic
social defeat stress on mouse self-grooming behavior and its patterning. Behavioural Brain

Research, 208(2), 553—559. https://doi.org/10.1016/1.bbr.2009.12.041

Dickens, M. J., & Pawluski, J. L. (2018). The HPA Axis During the Perinatal Period:
Implications for Perinatal Depression. Endocrinology, 159(11), 3737-3746.

https://doi.org/10.1210/en.2018-00677

Dillon, D. G., Holmes, A. J., Birk, J. L., Brooks, N., Lyons-Ruth, K., & Pizzagalli, D. A. (2009).
Childhood adversity is associated with left basal ganglia dysfunction during reward
anticipation in adulthood. Biological Psychiatry, 66(3), 206-213.

https://doi.org/10.1016/j.biopsych.2009.02.019

Dixon, M. L., Thiruchselvam, R., Todd, R., & Christoff, K. (2017). Emotion and the prefrontal
cortex: An integrative review. Psychological Bulletin, 143(10), 1033—1081.

https://doi.org/10.1037/bul0000096

Doney, E., Dion-Albert, L., Coulombe-Rozon, F., Osborne, N., Bernatchez, R., Paton, S. E. J.,
Kaufmann, F. N., Agomma, R. O., Solano, J. L., Gaumond, R., Dudek, K. A., Szyszkowicz,
J. K., Cecile Lepage on behalf of Signature Consortium, Lebel, M., Doyen, A., Durand, A.,
Lavoie-Cardinal, F., Audet, M.-C., & Menard, C. (2024). Chronic Stress Exposure Alters

the Gut Barrier: Sex-Specific Effects on Microbiota and Jejunum Tight Junctions. Biological

96


https://doi.org/10.1111/jne.13252
https://doi.org/10.1111/jne.13252
https://doi.org/10.1016/j.bbr.2009.12.041
https://doi.org/10.1210/en.2018-00677
https://doi.org/10.1210/en.2018-00677
https://doi.org/10.1016/j.biopsych.2009.02.019
https://doi.org/10.1016/j.biopsych.2009.02.019
https://doi.org/10.1037/bul0000096
https://doi.org/10.1037/bul0000096

Psychiatry Global Open Science, 4(1), 213-228.

https://doi.org/10.1016/.bpsgos.2023.04.007

Dong, M.-C., Chen, Y.-X., Sun, X.-R., Jiang, N., Chang, Q., Liu, X.-M., & Pan, R.-L. (2024).
One-Week Maternal Separation Caused Sex-Specific Changes in Behavior and
Hippocampal Metabolomics of Offspring Rats. Brain Sciences, 14(12), 1275.

https://doi.org/10.3390/brainscil4121275

Dory, E. K., Hazani, R., Loterstein, Y., Zalsman, G., Lavidor, M., & Weller, A. (2025). Maternal
separation and post-weaning feeding behavior in rodents: A critical review and meta-

analysis. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 142, 111511.

https://doi.org/10.1016/i.pnpbp.2025.111511

Drageset, J. (2021). Social Support. In G. Haugan & M. Eriksson (Eds.), Health Promotion in
Health Care — Vital Theories and Research. Springer.

http://www.ncbi.nlm.nih.gov/books/NBK 585650/

Dube, S. R., Fairweather, D., Pearson, W. S., Felitti, V. J., Anda, R. F., & Croft, J. B. (2009).
Cumulative Childhood Stress and Autoimmune Diseases in Adults. Biopsychosocial Science

and Medicine, 71(2), 243. https://doi.org/10.1097/PSY.0b013e3181907888

Dukic, J., Johann, A., Henninger, M., & Ehlert, U. (2024). Estradiol and progesterone from
pregnancy to postpartum: A longitudinal latent class analysis. Frontiers in Global Women's

Health, 5. https://doi.org/10.3389/fgwh.2024.1428494

Dutcher, E. G., Pama, E. A. C., Lynall, M.-E., Khan, S., Clatworthy, M. R., Robbins, T. W.,
Bullmore, E. T., & Dalley, J. W. (2020). Early-life stress and inflammation: A systematic
review of a key experimental approach in rodents. Brain and Neuroscience Advances, 4,

2398212820978049. https://doi.org/10.1177/2398212820978049

97


https://doi.org/10.1016/j.bpsgos.2023.04.007
https://doi.org/10.1016/j.bpsgos.2023.04.007
https://doi.org/10.3390/brainsci14121275
https://doi.org/10.3390/brainsci14121275
https://doi.org/10.1016/j.pnpbp.2025.111511
https://doi.org/10.1016/j.pnpbp.2025.111511
http://www.ncbi.nlm.nih.gov/books/NBK585650/
http://www.ncbi.nlm.nih.gov/books/NBK585650/
https://doi.org/10.1097/PSY.0b013e3181907888
https://doi.org/10.3389/fgwh.2024.1428494
https://doi.org/10.1177/2398212820978049

Eck, S. R., & Bangasser, D. A. (2020). The effects of early life stress on motivated behaviors: A
role for gonadal hormones. Neuroscience & Biobehavioral Reviews, 119, 86—100.

https://doi.org/10.1016/j.neubiorev.2020.09.014

Eisenlohr-Moul, T., Swales, D. A., Rubinow, D. R., Schiff, L., & Schiller, C. E. (2024).
Temporal dynamics of neurobehavioral hormone sensitivity in a scaled-down experimental
model of early pregnancy and parturition. Neuropsychopharmacology, 49(2), 414—421.

https://doi.org/10.1038/s41386-023-01687-0

Ekpenyong, M. S., & Munshitha, M. (2023). The impact of social support on postpartum
depression in Asia: A systematic literature review. Mental Health & Prevention, 30, 200262.

https://doi.org/10.1016/j.mhp.2023.200262

Epstein, J., & Silbersweig, D. (2016). The Neuropsychiatric Spectrum of Motivational Disorders.

Focus, 14, 499-509. https://doi.org/10.1176/appi.focus.140401

Fairbrother, N., Challacombe, F. L., Green, S. M., & O’Mahen, H. A. (2025). Anxiety and

Related Disorders During the Perinatal Period. Annual Review of Clinical Psychology,

21(1), 465-496. https://doi.org/10.1146/annurev-clinpsy-081423-020126

Fan, Y., Herrera-Melendez, A. L., Pestke, K., Feeser, M., Aust, S., Otte, C., Pruessner, J. C.,
Boker, H., Bajbouj, M., & Grimm, S. (2014). Early life stress modulates amygdala-
prefrontal functional connectivity: Implications for oxytocin effects. Human Brain Mapping,

35(10), 5328-5339. https://doi.org/10.1002/hbm.22553

Felger, J. C., & Lotrich, F. E. (2013). Inflammatory Cytokines in Depression: Neurobiological
Mechanisms and Therapeutic Implications. Neuroscience, 246, 199-229.

https://doi.org/10.1016/j.neuroscience.2013.04.060

98


https://doi.org/10.1016/j.neubiorev.2020.09.014
https://doi.org/10.1016/j.neubiorev.2020.09.014
https://doi.org/10.1038/s41386-023-01687-0
https://doi.org/10.1038/s41386-023-01687-0
https://doi.org/10.1016/j.mhp.2023.200262
https://doi.org/10.1016/j.mhp.2023.200262
https://doi.org/10.1176/appi.focus.140401
https://doi.org/10.1146/annurev-clinpsy-081423-020126
https://doi.org/10.1002/hbm.22553
https://doi.org/10.1016/j.neuroscience.2013.04.060
https://doi.org/10.1016/j.neuroscience.2013.04.060

Felitti, V. J., Anda, R. F., Nordenberg, D., Williamson, D. F., Spitz, A. M., Edwards, V., Koss,
M. P., & Marks, J. S. (1998). Relationship of childhood abuse and household dysfunction to
many of the leading causes of death in adults. The Adverse Childhood Experiences (ACE)
Study. American Journal of Preventive Medicine, 14(4), 245-258.

https://doi.org/10.1016/s0749-3797(98)00017-8

Ferra, 1., Braganca, M., & Moreira, R. (2024). Exploring the clinical features of postpartum
obsessive-compulsive disorder- a systematic review. The European Journal of Psychiatry,

38(1), 100232. https://doi.org/10.1016/j.ejpsy.2023.100232

Galvan, A. (2010). Adolescent Development of the Reward System. Frontiers in Human

Neuroscience, 4, 6. https://doi.org/10.3389/neuro0.09.006.2010

Ganguly, P., Honeycutt, J. A., Rowe, J. R., Demaestri, C., & Brenhouse, H. C. (2019). Effects of
early life stress on cocaine conditioning and AMPA receptor composition are sex-specific
and driven by TNF. Brain, Behavior, and Immunity, 78, 41-51.

https://doi.org/10.1016/j.bbi.2019.01.006

Gao, Y., Pan, K., Zhang, Y., Qi, Y., Chen, W., Zhou, T., Zong, H., Guo, H., Zhao, J., Liu, X.,
Cao, Z., Chen, Z., Yin, T., Zang, Y., & Li, J. (2025). Tofacitinib prevents depressive-like
behaviors through decreased hippocampal microgliosis and increased BDNF levels in both
LPS-induced and CSDS-induced mice. Acta Pharmacologica Sinica, 46(2), 353-365.

https://doi.org/10.1038/s41401-024-01384-8

George, M. Y., Abdel Mageed, S. S., Mansour, D. E., & Fawzi, S. F. (2025). The cortisol axis
and psychiatric disorders: An updated review. Pharmacological Reports, 77(6), 1573—1599.

https://doi.org/10.1007/s43440-025-00782-x

99


https://doi.org/10.1016/s0749-3797(98)00017-8
https://doi.org/10.1016/s0749-3797(98)00017-8
https://doi.org/10.1016/j.ejpsy.2023.100232
https://doi.org/10.3389/neuro.09.006.2010
https://doi.org/10.1016/j.bbi.2019.01.006
https://doi.org/10.1016/j.bbi.2019.01.006
https://doi.org/10.1038/s41401-024-01384-8
https://doi.org/10.1038/s41401-024-01384-8
https://doi.org/10.1007/s43440-025-00782-x
https://doi.org/10.1007/s43440-025-00782-x

Gill, H., El-Halabi, S., Majeed, A., Gill, B., Lui, L. M. W., Mansur, R. B., Lipsitz, O., Rodrigues,
N. B., Phan, L., Chen-Li, D., McIntyre, R. S., & Rosenblat, J. D. (2020). The Association
Between Adverse Childhood Experiences and Inflammation in Patients with Major
Depressive Disorder: A Systematic Review. Journal of Affective Disorders, 272, 1-7.

https://doi.org/10.1016/j.jad.2020.03.145

Goft, B., Gee, D. G., Telzer, E. H., Humphreys, K. L., Gabard-Durnam, L., Flannery, J., &
Tottenham, N. (2013). Reduced nucleus accumbens reactivity and adolescent depression
following early-life stress. Neuroscience, Stress and the Adolescent Brain, 249, 129—-138.

https://doi.org/10.1016/j.neuroscience.2012.12.010

Goldfarb, E. V., Seo, D., & Sinha, R. (2019). Sex differences in neural stress responses and
correlation with subjective stress and stress regulation. Neurobiology of Stress, 11, 100177.

https://doi.org/10.1016/7.ynstr.2019.100177

Government of Canada, S. C. (2019a, June 24). Maternal Mental Health in Canada.

https://www150.statcan.gc.ca/nl/pub/11-627-m/11-627-m2019041-eng.htm

Government of Canada, S. C. (2019b, June 24). The Daily—Maternal Mental Health in Canada,

2018/2019. https://www150.statcan.gc.ca/nl/daily-quotidien/190624/dq190624b-eng.htm

Graham, D. L., Krishnan, V., Larson, E. B., Graham, A., Edwards, S., Bachtell, R. K., Simmons,
D., Gent, L. M., Berton, O., Bolanos, C. A., DiLeone, R. J., Parada, L. F., Nestler, E. J., &
Self, D. W. (2009). Tropomyosin-Related Kinase B in the Mesolimbic Dopamine System:
Region-Specific Effects on Cocaine Reward. Biological Psychiatry, 65(8), 696—701.

https://doi.org/10.1016/1.biopsych.2008.09.032

Grigoriadis, S., Wilton, A. S., Kurdyak, P. A., Rhodes, A. E., VonderPorten, E. H., Levitt, A.,

Cheung, A., & Vigod, S. N. (2017). Perinatal suicide in Ontario, Canada: A 15-year

100


https://doi.org/10.1016/j.jad.2020.03.145
https://doi.org/10.1016/j.jad.2020.03.145
https://doi.org/10.1016/j.neuroscience.2012.12.010
https://doi.org/10.1016/j.neuroscience.2012.12.010
https://doi.org/10.1016/j.ynstr.2019.100177
https://doi.org/10.1016/j.ynstr.2019.100177
https://www150.statcan.gc.ca/n1/pub/11-627-m/11-627-m2019041-eng.htm
https://www150.statcan.gc.ca/n1/pub/11-627-m/11-627-m2019041-eng.htm
https://www150.statcan.gc.ca/n1/daily-quotidien/190624/dq190624b-eng.htm
https://doi.org/10.1016/j.biopsych.2008.09.032
https://doi.org/10.1016/j.biopsych.2008.09.032

population-based study. CMAJ, 189(34), E1085-E1092.

https://doi.org/10.1503/cmaj.170088

Grosse, L., Ambrée, O., Jorgens, S., Jawahar, M. C., Singhal, G., Stacey, D., Arolt, V., & Baune,
B. T. (2016). Cytokine levels in major depression are related to childhood trauma but not to

recent stressors. Psychoneuroendocrinology, 73, 24-31.

https://doi.org/10.1016/j.psyneuen.2016.07.205

Guillén-Morales, D. de J., Cruz-Cortés, 1., Sosa-Velazco, T. A., & Aquino-Dominguez, A. S.
(2025). The Mother—Infant Symbiosis: A Novel Perspective on the Newborn’s Role in
Protecting Maternal Breast Health. Hygiene, 5(4), 46.

https://doi.org/10.3390/hygiene5040046

Hammen, C. (2005). Stress and Depression. Annual Review of Clinical Psychology, 1(Volume 1,

2005), 293-319. https://doi.org/10.1146/annurev.clinpsy.1.102803.143938
Hanson, J. L., Williams, A. V., Bangasser, D. A., & Pefia, C. J. (2021). Impact of Early Life
Stress on Reward Circuit Function and Regulation. Frontiers in Psychiatry, 12.

https://doi.org/10.3389/fpsyt.2021.744690

He, D., Guo, S.-Y., Yang, Y.-C., Wang, H.-Y., Zhang, Y., Mo, X.-L., Liu, L.-X., Qin, Z.-H., &
Xie, P. (2025). NADPH alleviates LPS-induced neuropathology and depression-like
behaviors by suppressing microglial inflammatory response. Translational Psychiatry,

16(1), 12. https://doi.org/10.1038/s41398-025-03761-1

Hidema, S., Sato, K., Mizukami, H., Takahashi, Y., Maejima, Y., Shimomura, K., & Nishimori,
K. (2024). Oxytocin Receptor-Expressing Neurons in the Medial Preoptic Area Are
Essential for Lactation, whereas Those in the Lateral Septum Are Not Critical for Maternal

Behavior. Neuroendocrinology, 114(6), 517-537. https://doi.org/10.1159/000535362

101


https://doi.org/10.1503/cmaj.170088
https://doi.org/10.1503/cmaj.170088
https://doi.org/10.1016/j.psyneuen.2016.07.205
https://doi.org/10.3390/hygiene5040046
https://doi.org/10.3390/hygiene5040046
https://doi.org/10.1146/annurev.clinpsy.1.102803.143938
https://doi.org/10.3389/fpsyt.2021.744690
https://doi.org/10.3389/fpsyt.2021.744690
https://doi.org/10.1038/s41398-025-03761-1
https://doi.org/10.1159/000535362

Hill, R. A., Kiss Von Soly, S., Ratnayake, U., Klug, M., Binder, M. D., Hannan, A. J., & van den
Buuse, M. (2014). Long-term effects of combined neonatal and adolescent stress on brain-
derived neurotrophic factor and dopamine receptor expression in the rat forebrain.
Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease, 1842(11), 2126-2135.

https://doi.org/10.1016/j.bbadis.2014.08.009

Hillerer, K. M., Neumann, I. D., & Slattery, D. A. (2012). From stress to postpartum mood and

anxiety disorders: How chronic peripartum stress can impair maternal adaptations.

Neuroendocrinology, 95(1), 22—38. https://doi.org/10.1159/000330445

Hillerer, K. M., Reber, S. O., Neumann, I. D., & Slattery, D. A. (2011). Exposure to chronic
pregnancy stress reverses peripartum-associated adaptations: Implications for postpartum
anxiety and mood disorders. Endocrinology, 152(10), 3930-3940.

https://doi.org/10.1210/en.2011-1091

Hudepohl, N., MacLean, J. V., & Osborne, L. M. (2022). Perinatal Obsessive-Compulsive
Disorder: Epidemiology, Phenomenology, Etiology, and Treatment. Current Psychiatry

Reports, 24(4), 229-237. https://doi.org/10.1007/s11920-022-01333-4

Hui, J., Zhang, Z., Liu, S., Xi, G., Zhang, X., Teng, G.-J., Chan, K. C., Wu, E. X., Nie, B., Shan,
B., Li, L., & Reynolds, G. P. (2011). Hippocampal neurochemistry is involved in the
behavioural effects of neonatal maternal separation and their reversal by post-weaning

environmental enrichment: A magnetic resonance study. Behavioural Brain Research,

217(1), 122-127. https://doi.org/10.1016/1.bbr.2010.10.014

Huot, R. L., Thrivikraman, K., Meaney, M. J., & Plotsky, P. M. (2001). Development of adult

ethanol preference and anxiety as a consequence of neonatal maternal separation in Long

102


https://doi.org/10.1016/j.bbadis.2014.08.009
https://doi.org/10.1016/j.bbadis.2014.08.009
https://doi.org/10.1159/000330445
https://doi.org/10.1210/en.2011-1091
https://doi.org/10.1210/en.2011-1091
https://doi.org/10.1007/s11920-022-01333-4
https://doi.org/10.1016/j.bbr.2010.10.014

Evans rats and reversal with antidepressant treatment. Psychopharmacology, 158(4), 366—

373. https://doi.org/10.1007/s002130100701

Iob, E., Kirschbaum, C., & Steptoe, A. (2020). Persistent depressive symptoms, HP A -axis
hyperactivity, and inflammation: The role of cognitive-affective and somatic symptoms.

Molecular Psychiatry, 25(5), 1130-1140. https://doi.org/10.1038/s41380-019-0501-6

Isingrini, E., Camus, V., Le Guisquet, A.-M., Pingaud, M., Devers, S., & Belzung, C. (2010).
Association between Repeated Unpredictable Chronic Mild Stress (UCMS) Procedures with
a High Fat Diet: A Model of Fluoxetine Resistance in Mice. PLoS ONE, 5(4), €10404.

https://doi.org/10.1371/journal.pone.0010404

Jahng, J. W., Ryu, V., Yoo, S. B., Noh, S. J., Kim, J. Y., & Lee, J. H. (2010). Mesolimbic
dopaminergic activity responding to acute stress is blunted in adolescent rats that

experienced neonatal maternal separation. Neuroscience, 171(1), 144—152.

https://doi.org/10.1016/j.neuroscience.2010.08.063

Jamil, S., Raza, M. L., Moradikor, N., & Haghipanah, M. (2025). Chapter Three - Early life
stress and brain development: Neurobiological and behavioral effects of chronic stress. In N.
Moradikor & C. Orish (Eds.), Stress and the Brain: Evidence from Molecular Mechanisms
to Interventions and Therapies (Vol. 291, pp. 49-79). Elsevier.

https://doi.org/10.1016/bs.pbr.2025.01.004

Jena, A., Montoya, C. A., Mullaney, J. A., Dilger, R. N., Young, W., McNabb, W. C., & Roy, N.
C. (2020). Gut-Brain Axis in the Early Postnatal Years of Life: A Developmental

Perspective. Frontiers in Integrative Neuroscience, 14.

https://doi.org/10.3389/fnint.2020.00044

103


https://doi.org/10.1007/s002130100701
https://doi.org/10.1038/s41380-019-0501-6
https://doi.org/10.1371/journal.pone.0010404
https://doi.org/10.1016/j.neuroscience.2010.08.063
https://doi.org/10.1016/j.neuroscience.2010.08.063
https://doi.org/10.1016/bs.pbr.2025.01.004
https://doi.org/10.1016/bs.pbr.2025.01.004
https://doi.org/10.3389/fnint.2020.00044
https://doi.org/10.3389/fnint.2020.00044

Jia, T., Chen, J., Wang, Y., Xiao, C., & Zhou, C. (2023). A subthalamo-parabrachial
glutamatergic pathway is involved in stress-induced self-grooming in mice. Acta

Pharmacologica Sinica, 44(11), 2169-2183. https://doi.org/10.1038/s41401-023-01114-6

Jiménez-Barragan, M., Falguera-Puig, G., Curto-Garcia, J. J., Monistrol, O., Coll-Navarro, E.,
Tarrag6-Grima, M., Ezquerro-Rodriguez, O., Ruiz, A. C., Codina-Capella, L., Urquizu, X.,
& Pino Gutierrez, A. del. (2024). Prevalence of anxiety and depression and their associated
risk factors throughout pregnancy and postpartum: A prospective cross-sectional descriptive
multicentred study. BMC Pregnancy and Childbirth, 24, 500.

https://doi.org/10.1186/s12884-024-06695-6

Joshi, D., Raina, P., Tonmyr, L., MacMillan, H. L., & Gonzalez, A. (2021). Prevalence of
adverse childhood experiences among individuals aged 45 to 85 years: A cross-sectional
analysis of the Canadian Longitudinal Study on Aging. CMAJ Open, 9(1), E158—E166.

https://doi.org/10.9778/cmajo.20200064

Juruena, M. F., Bourne, M., Young, A. H., & Cleare, A. J. (2021). Hypothalamic-Pituitary-
Adrenal axis dysfunction by early life stress. Neuroscience Letters, 759, 136037.

https://doi.org/10.1016/j.neulet.2021.136037

Kalueff, A. V., Stewart, A. M., Song, C., Berridge, K. C., Graybiel, A. M., & Fentress, J. C.
(2016). Neurobiology of rodent self-grooming and its value for translational neuroscience.

Nature Reviews. Neuroscience, 17(1), 45-59. https://doi.org/10.1038/nrn.2015.8

Kalueff, A. V., & Tuohimaa, P. (2005). Mouse grooming microstructure is a reliable anxiety

marker bidirectionally sensitive to GABAergic drugs. European Journal of Pharmacology,

508(1), 147-153. https://doi.org/10.1016/j.ejphar.2004.11.054

104


https://doi.org/10.1038/s41401-023-01114-6
https://doi.org/10.1186/s12884-024-06695-6
https://doi.org/10.1186/s12884-024-06695-6
https://doi.org/10.9778/cmajo.20200064
https://doi.org/10.9778/cmajo.20200064
https://doi.org/10.1016/j.neulet.2021.136037
https://doi.org/10.1016/j.neulet.2021.136037
https://doi.org/10.1038/nrn.2015.8
https://doi.org/10.1016/j.ejphar.2004.11.054

Kayrouz, R., Karin, E., Staples, L., Dear, B., Nielssen, O., & Titov, N. (2025). A review of the
257 meta-analyses of the differences between females and males in prevalence and risk,
protective factors, and treatment outcomes for mental disorder. BMC Psychiatry, 25(1), 677.

https://doi.org/10.1186/s12888-025-06848-7

Keck, M. E., & Holsboer, F. (2001). Hyperactivity of CRH neuronal circuits as a target for
therapeutic interventions in affective disorders. Peptides, 22(5), 835-844.

https://doi.org/10.1016/S0196-9781(01)00398-9

Kessler, R. C., McLaughlin, K. A., Green, J. G., Gruber, M. J., Sampson, N. A., Zaslavsky, A.
M., Aguilar-Gaxiola, S., Alhamzawi, A. O., Alonso, J., Angermeyer, M., Benjet, C.,
Bromet, E., Chatterji, S., Girolamo, G. de, Demyttenaere, K., Fayyad, J., Florescu, S., Gal,
G., Gureje, O., ... Williams, D. R. (2010). Childhood adversities and adult psychopathology
in the WHO World Mental Health Surveys. The British Journal of Psychiatry, 197(5), 378—

385. https://doi.org/10.1192/bjp.bp.110.080499

Kestering-Ferreira, E., Tractenberg, S. G., Lumertz, F. S., Orso, R., Creutzberg, K. C., Wearick-
Silva, L. E., Viola, T. W., & Grassi-Oliveira, R. (2021). Long-term Effects of Maternal
Separation on Anxiety-Like Behavior and Neuroendocrine Parameters in Adult Balb/c Mice.

Chronic Stress, 5,24705470211067181. https://doi.org/10.1177/24705470211067181

Kettunen, P., Koistinen, E., & Hintikka, J. (2014). Is postpartum depression a homogenous
disorder: Time of onset, severity, symptoms and hopelessness in relation to the course of

depression. BMC Pregnancy and Childbirth, 14, 402. https://doi.org/10.1186/s12884-014-

0402-2
Khayat, S., Fanaei, H., & Haji Bagheri, K. A. (2025). Social isolation during pregnancy disrupts

maternal behavior and hippocampal neurochemistry in rats: A role for BDNF,

105


https://doi.org/10.1186/s12888-025-06848-7
https://doi.org/10.1186/s12888-025-06848-7
https://doi.org/10.1016/S0196-9781(01)00398-9
https://doi.org/10.1016/S0196-9781(01)00398-9
https://doi.org/10.1192/bjp.bp.110.080499
https://doi.org/10.1177/24705470211067181
https://doi.org/10.1186/s12884-014-0402-2
https://doi.org/10.1186/s12884-014-0402-2

corticosterone, and GABAARal. Comprehensive Psychoneuroendocrinology, 21, 100282.

https://doi.org/10.1016/j.cpnec.2025.100282

Kiecolt-Glaser, J. K., Renna, M. E., Shrout, M. R., & Madison, A. A. (2020). Stress Reactivity:
What Pushes Us Higher, Faster, and Longer — and Why It Matters. Current Directions in

Psychological Science, 29(5), 492—498. https://doi.org/10.1177/0963721420949521

Kim, B., Yoon, S., Nakajima, R., Lee, H. J., Lim, H. J., Lee, Y.-K., Choi, J.-S., Yoon, B.-J.,
Augustine, G. J., & Baik, J.-H. (2018). Dopamine D2 receptor-mediated circuit from the
central amygdala to the bed nucleus of the stria terminalis regulates impulsive behavior.
Proceedings of the National Academy of Sciences, 115(45), E10730-E10739.

https://doi.org/10.1073/pnas.1811664115

Kirsch, D. E., & Lippard, E. T. (2022). Early Life Stress and Substance Use Disorders: The
Critical Role of Adolescent Substance Use. Pharmacology, Biochemistry, and Behavior,

215, 173360. https://doi.org/10.1016/5.pbb.2022.173360

Kirsch, D., Nemeroff, C. M., & Lippard, E. T. C. (2020). Early Life Stress and Substance Use
Disorders: Underlying Neurobiology and Pathways to Adverse Outcomes. Adversity and

Resilience Science, 1(1), 29-47. https://doi.org/10.1007/s42844-020-00005-7

Komada, M., Takao, K., & Miyakawa, T. (2008). Elevated plus maze for mice. Journal of

Visualized Experiments: JoVE, (22), 1088. https://doi.org/10.3791/1088
Kramer, C., Bradley, D., Shlafer, R. J., & Suftrin, C. (2025). Maternal health and incarceration:
Advancing pregnancy justice through research. Health & Justice, 13, 36.

https://doi.org/10.1186/s40352-025-00343-7

Leckman, J. F., Feldman, R., Swain, J. E., Eicher, V., Thompson, N., & Mayes, L. C. (2004).

Primary parental preoccupation: Circuits, genes, and the crucial role of the environment.

106


https://doi.org/10.1016/j.cpnec.2025.100282
https://doi.org/10.1177/0963721420949521
https://doi.org/10.1073/pnas.1811664115
https://doi.org/10.1073/pnas.1811664115
https://doi.org/10.1016/j.pbb.2022.173360
https://doi.org/10.1007/s42844-020-00005-7
https://doi.org/10.3791/1088
https://doi.org/10.1186/s40352-025-00343-7
https://doi.org/10.1186/s40352-025-00343-7

Journal of Neural Transmission, 111(7), 753-771. https://doi.org/10.1007/s00702-003-

0067-x

Leehr, E. J., Schag, K., Brinkmann, A., Ehlis, A.-C., Fallgatter, A. J., Zipfel, S., Giel, K. E., &
Dresler, T. (2016). Alleged Approach-Avoidance Conflict for Food Stimuli in Binge Eating

Disorder. PloS One, 11(4), €0152271. https://doi.org/10.1371/journal.pone.0152271

Leisman, G., Alfasi, R., & D’ Angiulli, A. (2025). Emotional Brain Development:
Neurobiological Indicators from Fetus Through Toddlerhood. Brain Sciences, 15(8), 846.

https://doi.org/10.3390/brainscil 5080846

LeMoult, J., Humphreys, K. L., Tracy, A., Hoffmeister, J.-A., Ip, E., & Gotlib, I. H. (2020).
Meta-Analysis: Exposure to Early Life Stress and Risk for Depression in Childhood and
Adolescence. Journal of the American Academy of Child and Adolescent Psychiatry, 59(7),

842-855. https://doi.org/10.1016/1.jaac.2019.10.011

Levin, G., & Ein-Dor, T. (2023). A unified model of the biology of peripartum depression.

Translational Psychiatry, 13(1), 138. https://doi.org/10.1038/s41398-023-02439-w

Lewis, R. G., Florio, E., Punzo, D., & Borrelli, E. (2021). The Brain’s Reward System in Health
and Disease. Advances in Experimental Medicine and Biology, 1344, 57—69.

https://doi.org/10.1007/978-3-030-81147-1 4

Lindert, J., von Ehrenstein, O. S., Grashow, R., Gal, G., Braehler, E., & Weisskopf, M. G.
(2014). Sexual and physical abuse in childhood is associated with depression and anxiety
over the life course: Systematic review and meta-analysis. International Journal of Public

Health, 59(2), 359-372. https://doi.org/10.1007/s00038-013-0519-5

Lippmann, M., Bress, A., Nemeroff, C. B., Plotsky, P. M., & Monteggia, L. M. (2007). Long-

term behavioural and molecular alterations associated with maternal separation in rats.

107


https://doi.org/10.1007/s00702-003-0067-x
https://doi.org/10.1007/s00702-003-0067-x
https://doi.org/10.1371/journal.pone.0152271
https://doi.org/10.3390/brainsci15080846
https://doi.org/10.3390/brainsci15080846
https://doi.org/10.1016/j.jaac.2019.10.011
https://doi.org/10.1038/s41398-023-02439-w
https://doi.org/10.1007/978-3-030-81147-1_4
https://doi.org/10.1007/978-3-030-81147-1_4
https://doi.org/10.1007/s00038-013-0519-5

European Journal of Neuroscience, 25(10), 3091-3098. https://doi.org/10.1111/1.1460-

9568.2007.05522 x

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A., Sharma, S., Pearson,
D., Plotsky, P. M., & Meaney, M. J. (1997). Maternal care, hippocampal glucocorticoid
receptors, and hypothalamic-pituitary-adrenal responses to stress. Science, 277(5332), 1659—

1662. https://doi.org/10.1126/science.277.5332.1659

Liu, L., Wang, H., Chen, X., Zhang, Y., Zhang, H., & Xie, P. (2023). Gut microbiota and its
metabolites in depression: From pathogenesis to treatment. EBioMedicine, 90, 104527.

https://doi.org/10.1016/j.ebiom.2023.104527

Liu, M.-Y., Yin, C.-Y., Zhu, L.-J., Zhu, X.-H., Xu, C., Luo, C.-X., Chen, H., Zhu, D.-Y., &
Zhou, Q.-G. (2018). Sucrose preference test for measurement of stress-induced anhedonia in

mice. Nature Protocols, 13(7), 1686—1698. https://doi.org/10.1038/s41596-018-0011-z

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2—AACT Method. Methods, 25(4), 402—408.

https://doi.org/10.1006/meth.2001.1262

Lockie, S. H., McAuley, C. V., Rawlinson, S., Guiney, N., & Andrews, Z. B. (2017). Food
Seeking in a Risky Environment: A Method for Evaluating Risk and Reward Value in Food
Seeking and Consumption in Mice. Frontiers in Neuroscience, 11, 24.

https://doi.org/10.3389/tnhins.2017.00024

Maes, M., Kubera, M., & Leunis, J.-C. (2008). The gut-brain barrier in major depression:
Intestinal mucosal dysfunction with an increased translocation of LPS from gram negative
enterobacteria (leaky gut) plays a role in the inflammatory pathophysiology of depression.

Neuro Endocrinology Letters, 29(1), 117-124.

108


https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://doi.org/10.1111/j.1460-9568.2007.05522.x
https://doi.org/10.1126/science.277.5332.1659
https://doi.org/10.1016/j.ebiom.2023.104527
https://doi.org/10.1016/j.ebiom.2023.104527
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fnins.2017.00024
https://doi.org/10.3389/fnins.2017.00024

Maghami, S., Zardooz, H., Khodagholi, F., Binayi, F., Saber, R. R., Hedayati, M., Sahraei, H., &
Ansari, M. A. (2018). Maternal separation blunted spatial memory formation independent of
peripheral and hippocampal insulin content in young adult male rats. PLOS ONE, 13(10),

€0204731. https://doi.org/10.1371/journal.pone.0204731

Maniam, J., & Morris, M. J. (2010a). Long-term postpartum anxiety and depression-like
behavior in mother rats subjected to maternal separation are ameliorated by palatable high
fat diet. Behavioural Brain Research, 208(1), 72—79.

https://doi.org/10.1016/1.bbr.2009.11.005

Maniam, J., & Morris, M. J. (2010b). Palatable cafeteria diet ameliorates anxiety and depression-
like symptoms following an adverse early environment. Psychoneuroendocrinology, 35(5),

717-728. https://doi.org/10.1016/i.psyneuen.2009.10.013

McDonald, R. J., Hong, N. S., Trow, J. S., Kaupp, C., Balog, R. J., Gokarn, L., Falkenberg, E.
A., McCreary, K. J., Soltanpour, N., Witbeck, C., McKenna, A., & Metz, G. A. S. (2023).
Effects of maternal social isolation on adult rodent offspring cognition. Scientific Reports,

13(1), 7748. https://doi.org/10.1038/s41598-023-34834-0

McRae, B. R., Andreu, V., & Marlin, B. J. (2023). Integration of olfactory and auditory cues
eliciting parental behavior. Journal of Neuroendocrinology, 35(7), €e13307.

https://doi.org/10.1111/jne.13307

Meaney, M. J. (2001). Maternal care, gene expression, and the transmission of individual
differences in stress reactivity across generations. Annual Review of Neuroscience, 24,

1161-1192. https://doi.org/10.1146/annurev.neuro.24.1.1161

Meaney, M. J., Brake, W., & Gratton, A. (2002). Environmental regulation of the development

of mesolimbic dopamine systems: A neurobiological mechanism for vulnerability to drug

109


https://doi.org/10.1371/journal.pone.0204731
https://doi.org/10.1016/j.bbr.2009.11.005
https://doi.org/10.1016/j.bbr.2009.11.005
https://doi.org/10.1016/j.psyneuen.2009.10.013
https://doi.org/10.1038/s41598-023-34834-0
https://doi.org/10.1111/jne.13307
https://doi.org/10.1111/jne.13307
https://doi.org/10.1146/annurev.neuro.24.1.1161

abuse? Psychoneuroendocrinology, 27(1), 127—-138. https://doi.org/10.1016/S0306-

4530(01)00040-3

Medina-Rodriguez, E. M., Cruz, A. A., De Abreu, J. C., & Beurel, E. (2023). Stress,
inflammation, microbiome and depression. Pharmacology Biochemistry and Behavior, 227—

228, 173561. https://doi.org/10.1016/].pbb.2023.173561

Menard, C., Pfau, M. L., Hodes, G. E., Kana, V., Wang, V. X., Bouchard, S., Takahashi, A.,
Flanigan, M. E., Aleyasin, H., LeClair, K. B., Janssen, W. G., Labonté, B., Parise, E. M.,
Lorsch, Z. S., Golden, S. A., Heshmati, M., Tamminga, C., Turecki, G., Campbell, M., ...
Russo, S. J. (2017). Social stress induces neurovascular pathology promoting depression.

Nature Neuroscience, 20(12), 1752—1760. https://doi.org/10.1038/s41593-017-0010-3

Meyer, P. J., King, C. P., & Ferrario, C. R. (2016). Motivational Processes Underlying Substance
Abuse Disorder. Current Topics in Behavioral Neurosciences, 27, 473-506.

https://doi.org/10.1007/7854 2015_391

Millstein, R. A., & Holmes, A. (2007). Effects of repeated maternal separation on anxiety- and
depression-related phenotypes in different mouse strains. Neuroscience & Biobehavioral
Reviews, Neurogentics and Behavior, 31(1), 3—17.

https://doi.org/10.1016/j.neubiorev.2006.05.003

Moftett, M. C., Vicentic, A., Kozel, M., Plotsky, P., Francis, D. D., & Kuhar, M. J. (2007).
Maternal separation alters drug intake patterns in adulthood in rats. Biochemical

Pharmacology, 73(3), 321-330. https://doi.org/10.1016/1.bcp.2006.08.003

Mundorf, A., Boliikbas, 1., & Freund, N. (2022). Maternal separation: Does it hold the potential
to model consequences of postpartum depression? Developmental Psychobiology, 64(1),

€22219. https://doi.org/10.1002/dev.22219

110


https://doi.org/10.1016/S0306-4530(01)00040-3
https://doi.org/10.1016/S0306-4530(01)00040-3
https://doi.org/10.1016/j.pbb.2023.173561
https://doi.org/10.1038/s41593-017-0010-3
https://doi.org/10.1007/7854_2015_391
https://doi.org/10.1007/7854_2015_391
https://doi.org/10.1016/j.neubiorev.2006.05.003
https://doi.org/10.1016/j.neubiorev.2006.05.003
https://doi.org/10.1016/j.bcp.2006.08.003
https://doi.org/10.1002/dev.22219

Nagel, E. M., Howland, M. A., Pando, C., Stang, J., Mason, S. M., Fields, D. A., & Demerath, E.
W. (2022). Maternal psychological distress and lactation and breastfeeding outcomes: A

narrative review. Clinical Therapeutics, 44(2), 215-227.

https://doi.org/10.1016/j.clinthera.2021.11.007

Nakama, N., Usui, N., Doi, M., & Shimada, S. (2023). Early life stress impairs brain and mental
development during childhood increasing the risk of developing psychiatric disorders.

Progress in Neuro-Psychopharmacology and Biological Psychiatry, 126, 110783.

https://doi.org/10.1016/1.pnpbp.2023.110783

Nanni, V., Uher, R., & Danese, A. (2012). Childhood maltreatment predicts unfavorable course
of illness and treatment outcome in depression: A meta-analysis. The American Journal of

Psychiatry, 169(2), 141-151. https://doi.org/10.1176/appi.aip.2011.11020335

Nelson, C. A., Scott, R. D., Bhutta, Z. A., Harris, N. B., Danese, A., & Samara, M. (2020).
Adversity in childhood is linked to mental and physical health throughout life. BMJ, 371,

m3048. https://doi.org/10.1136/bmj.m3048

Neurath, M. F. (2014). Cytokines in inflammatory bowel disease. Nature Reviews Immunology,

14(5), 329-342. https://doi.org/10.1038/nri3661

Nie, X., Kitaoka, S., Tanaka, K., Segi-Nishida, E., Imoto, Y., Ogawa, A., Nakano, F., Tomohiro,
A., Nakayama, K., Taniguchi, M., Mimori-Kiyosue, Y., Kaizuka, A., Narumiya, S., &
Furuyashiki, T. (2018). The Innate Immune Receptors TLR2/4 Mediate Repeated Social

Defeat Stress-Induced Social Avoidance through Prefrontal Microglial Activation. Neuron,

99(3), 464-479.e7. https://doi.org/10.1016/1.neuron.2018.06.035
Nieratschker, V., Massart, R., Gilles, M., Luoni, A., Suderman, M. J., Krumm, B., Meier, S.,

Witt, S. H., Nothen, M. M., Suomi, S. J., Peus, V., Scharnholz, B., Dukal, H., Hohmeyer, C.,

111


https://doi.org/10.1016/j.clinthera.2021.11.007
https://doi.org/10.1016/j.clinthera.2021.11.007
https://doi.org/10.1016/j.pnpbp.2023.110783
https://doi.org/10.1016/j.pnpbp.2023.110783
https://doi.org/10.1176/appi.ajp.2011.11020335
https://doi.org/10.1136/bmj.m3048
https://doi.org/10.1038/nri3661
https://doi.org/10.1016/j.neuron.2018.06.035

Wolf, I. A.-C., Cirulli, F., Gass, P., Siitterlin, M. W., Filsinger, B., ... Szyf, M. (2014).
MORCI exhibits cross-species differential methylation in association with early life stress
as well as genome-wide association with MDD. Translational Psychiatry, 4(8), e429—e429.

https://doi.org/10.1038/tp.2014.75

Novick, A. M., Levandowski, M. L., Laumann, L. E., Philip, N. S., Price, L. H., & Tyrka, A. R.
(2018). The Effects of Early Life Stress on Reward Processing. Journal of Psychiatric

Research, 101, 80—103. https://doi.org/10.1016/].jpsychires.2018.02.002

Numan, M., & Woodside, B. (2010). Maternity: Neural mechanisms, motivational processes, and
physiological adaptations. Behavioral Neuroscience, 124(6), 715-741.

https://doi.org/10.1037/a0021548

O’Hara, M. W., & Wisner, K. L. (2014). Perinatal mental illness: Definition, description and
aetiology. Best Practice & Research. Clinical Obstetrics & Gynaecology, 28(1), 3—12.

https://doi.org/10.1016/i.bpobgyn.2013.09.002

Ojomo, O., Atibioke, O., Alesinloye-King, O., Erlandsson, K., Angeby, K., & Envall, N. (2025).
A scoping study of postpartum mental health problems and associated factors: Opportunities
for research and practice. Discover Mental Health, 5(1), 136.

https://doi.org/10.1007/s44192-025-00278-3

Olazébal, D. E., Pereira, M., Agrati, D., Ferreira, A., Fleming, A. S., Gonzélez-Mariscal, G.,
Lévy, F., Lucion, A. B., Morrell, J. I., Numan, M., & Uriarte, N. (2013). Flexibility and
adaptation of the neural substrate that supports maternal behavior in mammals.
Neuroscience & Biobehavioral Reviews, 37(8), 1875—1892.

https://doi.org/10.1016/j.neubiorev.2013.04.004

112


https://doi.org/10.1038/tp.2014.75
https://doi.org/10.1038/tp.2014.75
https://doi.org/10.1016/j.jpsychires.2018.02.002
https://doi.org/10.1037/a0021548
https://doi.org/10.1037/a0021548
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1007/s44192-025-00278-3
https://doi.org/10.1007/s44192-025-00278-3
https://doi.org/10.1016/j.neubiorev.2013.04.004
https://doi.org/10.1016/j.neubiorev.2013.04.004

Opendak, M., Meyer, H., Callaghan, B. L., Abramson, L., John, S. R., Bath, K., Lee, F.,
Tottenham, N., & Sullivan, R. (2025). Understanding the development of a functional brain
circuit: Reward processing as an illustration. Translational Psychiatry, 15(1), 53.

https://doi.org/10.1038/s41398-025-03280-z

Orsini, C. A., Brown, T. E., Hodges, T. E., Alonso-Caraballo, Y., Winstanley, C. A., & Becker,
J. B. (2022). Neural Mechanisms Mediating Sex Differences in Motivation for Reward:

Cognitive Bias, Food, Gambling, and Drugs of Abuse. Journal of Neuroscience, 42(45),

8477-8487. https://doi.org/10.1523/INEUROSCI.1378-22.2022

Orso, R., Creutzberg, K. C., Kestering-Ferreira, E., Wearick-Silva, L. E., Tractenberg, S. G., &
Grassi-Oliveira, R. (2020). Maternal Separation Combined With Limited Bedding Increases
Anxiety-Like Behavior and Alters Hypothalamic-Pituitary-Adrenal Axis Function of Male
BALB/cJ Mice. Frontiers in Behavioral Neuroscience, 14.

https://doi.org/10.3389/fnbeh.2020.600766

Orso, R., Wearick-Silva, L. E., Creutzberg, K. C., Centeno-Silva, A., Glusman Roithmann, L.,
Pazzin, R., Tractenberg, S. G., Benetti, F., & Grassi-Oliveira, R. (2018). Maternal behavior
of the mouse dam toward pups: Implications for maternal separation model of early life

stress. Stress, 21(1), 19-27. https://doi.org/10.1080/10253890.2017.1389883

Ou-Yang, B., Hu, Y., Fei, X.-Y., Cheng, S.-T., Hang, Y., Yang, C., & Cheng, L. (2022). A meta-
analytic study of the effects of early maternal separation on cognitive flexibility in rodent
offspring. Developmental Cognitive Neuroscience, 56, 101126.

https://doi.org/10.1016/].dcn.2022.101126

113


https://doi.org/10.1038/s41398-025-03280-z
https://doi.org/10.1038/s41398-025-03280-z
https://doi.org/10.1523/JNEUROSCI.1378-22.2022
https://doi.org/10.3389/fnbeh.2020.600766
https://doi.org/10.3389/fnbeh.2020.600766
https://doi.org/10.1080/10253890.2017.1389883
https://doi.org/10.1016/j.dcn.2022.101126

Oyetunji, A., & Chandra, P. (2020). Postpartum stress and infant outcome: A review of current
literature. Psychiatry Research, 284, 112769.

https://doi.org/10.1016/j.psychres.2020.112769

Pagliusi, M., Franco, D., Cole, S., Morais-Silva, G., Chandra, R., Fox, M. E., Ihiguez, S. D.,
Sartori, C. R., & Lobo, M. K. (2022). The BDNF-TrkB Pathway Acts Through Nucleus
Accumbens D2 Expressing Neurons to Mediate Stress Susceptible Outcomes. Frontiers in

Psychiatry, 13, 854494. https://doi.org/10.3389/fpsyt.2022.854494

Palma, P., Farber, D. L., Konnikova, L., & Levy, O. (2026). Immune development in early life.

Nature Immunology, 27(6), 1119—1129. https://doi.org/10.1038/s41590-026-02523-5
Pandey, G. N., Rizavi, H. S., Bhaumik, R., & Ren, X. (2019). Innate immunity in the

postmortem brain of depressed and suicide subjects: Role of Toll-like receptors. Brain,

Behavior, and Immunity, 75, 101-111. https://doi.org/10.1016/].bbi.2018.09.024

Pandey, G. N., Rizavi, H. S., Ren, X., Fareed, J., Hoppensteadt, D. A., Roberts, R. C., Conley, R.
R., & Dwivedi, Y. (2012). Proinflammatory cytokines in the prefrontal cortex of teenage
suicide victims. Journal of Psychiatric Research, 46(1), 57—63.

https://doi.org/10.1016/j.jpsychires.2011.08.006

Pechtel, P., & Pizzagalli, D. A. (2011). Effects of Early Life Stress on Cognitive and Affective
Function: An Integrated Review of Human Literature. Psychopharmacology, 214(1), 55-70.

https://doi.org/10.1007/s00213-010-2009-2

Pedrotti Moreira, F., Wiener, C. D., Jansen, K., Portela, L. V., Lara, D. R., Souza, L. D. de M.,
da Silva, R. A., & Oses, J. P. (2018). Childhood trauma and increased peripheral cytokines
in young adults with major depressive: Population-based study. Journal of

Neuroimmunology, 319, 112—116. https://doi.org/10.1016/j.jneuroim.2018.02.018

114


https://doi.org/10.1016/j.psychres.2020.112769
https://doi.org/10.1016/j.psychres.2020.112769
https://doi.org/10.3389/fpsyt.2022.854494
https://doi.org/10.1038/s41590-026-02523-5
https://doi.org/10.1016/j.bbi.2018.09.024
https://doi.org/10.1016/j.jpsychires.2011.08.006
https://doi.org/10.1016/j.jpsychires.2011.08.006
https://doi.org/10.1007/s00213-010-2009-2
https://doi.org/10.1007/s00213-010-2009-2
https://doi.org/10.1016/j.jneuroim.2018.02.018

Pena, C. J., Neugut, Y. D., Calarco, C. A., & Champagne, F. A. (2014). Effects of maternal care
on the development of midbrain dopamine pathways and reward-directed behavior in female
offspring. European Journal of Neuroscience, 39(6), 946—956.

https://doi.org/10.1111/ejn.12479

Pena, C. J., Smith, M., Ramakrishnan, A., Cates, H. M., Bagot, R. C., Kronman, H. G., Patel, B.,
Chang, A. B., Purushothaman, 1., Dudley, J., Morishita, H., Shen, L., & Nestler, E. J.

(2019). Early life stress alters transcriptomic patterning across reward circuitry in male and

female mice. Nature Communications, 10(1), 5098. https://doi.org/10.1038/s41467-019-

13085-6

Pedersen, C. A., Vadlamudi, S., Boccia, M. L., & Moy, S. S. (2011). Variations in Maternal
Behavior in C57BL/6J Mice: Behavioral Comparisons between Adult Offspring of High and

Low Pup-Licking Mothers. Frontiers in Psychiatry, 2, 42.

https://doi.org/10.3389/fpsyt.2011.00042

Plotsky, P. M., & Meaney, M. J. (1993). Early, postnatal experience alters hypothalamic
corticotropin-releasing factor (CRF) mRNA, median eminence CRF content and stress-
induced release in adult rats. Brain Research. Molecular Brain Research, 18(3), 195-200.

https://doi.org/10.1016/0169-328x(93)90189-v

Plotsky, P. M., Thrivikraman, K. V., Nemeroff, C. B., Caldji, C., Sharma, S., & Meaney, M. J.
(2005). Long-Term Consequences of Neonatal Rearing on Central Corticotropin-Releasing
Factor Systems in Adult Male Rat Offspring. Neuropsychopharmacology, 30(12), 2192—

2204. https://doi.org/10.1038/s1.npp.1300769

Portero-Tresserra, M., Gracia-Rubio, 1., Cantacorps, L., Pozo, O. J., Gomez-Gomez, A., Pastor,

A., Lopez-Arnau, R., de la Torre, R., & Valverde, O. (2018). Maternal separation increases

115


https://doi.org/10.1111/ejn.12479
https://doi.org/10.1111/ejn.12479
https://doi.org/10.1038/s41467-019-13085-6
https://doi.org/10.1038/s41467-019-13085-6
https://doi.org/10.3389/fpsyt.2011.00042
https://doi.org/10.1016/0169-328x(93)90189-v
https://doi.org/10.1016/0169-328x(93)90189-v
https://doi.org/10.1038/sj.npp.1300769

alcohol-drinking behaviour and reduces endocannabinoid levels in the mouse striatum and
prefrontal cortex. European Neuropsychopharmacology, 28(4), 499-512.

https://doi.org/10.1016/j.euroneuro.201&.02.003

Puetz, V. B., & McCrory, E. (2015). Exploring the Relationship Between Childhood
Maltreatment and Addiction: A Review of the Neurocognitive Evidence. Current Addiction

Reports, 2(4), 318-325. https://doi.org/10.1007/s40429-015-0073-8

Putnam, K. T., Wilcox, M., Robertson-Blackmore, E., Sharkey, K., Bergink, V., Munk-Olsen,
T., Deligiannidis, K. M., Payne, J., Altemus, M., Newport, J., Apter, G., Devouche, E.,
Viktorin, A., Magnusson, P., Penninx, B., Buist, A., Bilszta, J., O’Hara, M., Stuart, S., ...
Meltzer-Brody, S. (2017). Clinical phenotypes of perinatal depression and time of symptom
onset: Analysis of data from an international consortium. The Lancet. Psychiatry, 4(6), 477—

485. https://doi.org/10.1016/S2215-0366(17)30136-0

Redrobe, J. P., Dumont, Y., & Quirion, R. (2002). Neuropeptide Y (NPY) and depression: From
animal studies to the human condition. Life Sciences, 71(25), 2921-2937.

https://doi.org/10.1016/S0024-3205(02)02159-8

Reid, K. M., & Taylor, M. G. (2015). Stress and Maternal Postpartum Depression: The
Importance of Stress Type and Timing. Population Research and Policy Review, 34(6),

851-875. https://doi.org/10.1007/s11113-015-9368-7

Remes, O., Mendes, J. F., & Templeton, P. (2021). Biological, Psychological, and Social
Determinants of Depression: A Review of Recent Literature. Brain Sciences, 11(12), 1633.

https://doi.org/10.3390/brainscil 1121633

Riem, M. M. E., Alink, L. R. A., Out, D., [jzendoorn, M. H. V., & Bakermans-Kranenburg, M. J.

(2015). Beating the brain about abuse: Empirical and meta-analytic studies of the

116


https://doi.org/10.1016/j.euroneuro.2018.02.003
https://doi.org/10.1016/j.euroneuro.2018.02.003
https://doi.org/10.1007/s40429-015-0073-8
https://doi.org/10.1016/S2215-0366(17)30136-0
https://doi.org/10.1016/S0024-3205(02)02159-8
https://doi.org/10.1016/S0024-3205(02)02159-8
https://doi.org/10.1007/s11113-015-9368-7
https://doi.org/10.3390/brainsci11121633
https://doi.org/10.3390/brainsci11121633

association between maltreatment and hippocampal volume across childhood and
adolescence. Development and Psychopathology, 27(2), 507-520.

https://doi.org/10.1017/S0954579415000127

Rincon-Cortés, M., & Grace, A. A. (2020). Adaptations in reward-related behaviors and
mesolimbic dopamine function during motherhood and the postpartum period. Frontiers in

Neuroendocrinology, 57, 100839. https://doi.org/10.1016/].yfrne.2020.100839

Rodolpho, B. T., Bertagna, N. B., Favoretto, C. A., Moretti, N. S., & Cruz, F. C. (2025).
Maternal separation stress increases alcohol preference regardless of DNA methylation and

histone acetylation or methylation in the amygdala. Physiology & Behavior, 291, 114786.

https://doi.org/10.1016/j.physbeh.2024.114786

Rodrigues, A.-J., Ledo, P., Carvalho, M., Almeida, O. F. X., & Sousa, N. (2011). Potential
programming of dopaminergic circuits by early life stress. Psychopharmacology, 214(1),

107-120. https://doi.org/10.1007/s00213-010-2085-3

Romano-Lopez, A., Mendez-Diaz, M., & Garcia Garcia, F. (2016). Maternal separation and
early stress cause long-lasting effects on dopaminergic and endocannabinergic systems and
alters dendritic morphology in the nucleus accumbens and frontal cortex in rats

Developmental Neurobiology—Wiley Online Library. https://onlinelibrary-wiley-

com.proxy.bib.uottawa.ca/doi/10.1002/dneu.22361

Rombaut, C., Roura-Martinez, D., Lepolard, C., & Gascon, E. (2023). Brief and long maternal
separation in C57Bl6J mice: Behavioral consequences for the dam and the offspring.

Frontiers in Behavioral Neuroscience, 17. https://doi.org/10.3389/fnbeh.2023.1269866

Roque, A., Ochoa-Zarzosa, A., & Torner, L. (2016). Maternal separation activates microglial

cells and induces an inflammatory response in the hippocampus of male rat pups,

117


https://doi.org/10.1017/S0954579415000127
https://doi.org/10.1017/S0954579415000127
https://doi.org/10.1016/j.yfrne.2020.100839
https://doi.org/10.1016/j.physbeh.2024.114786
https://doi.org/10.1007/s00213-010-2085-3
https://onlinelibrary-wiley-com.proxy.bib.uottawa.ca/doi/10.1002/dneu.22361
https://onlinelibrary-wiley-com.proxy.bib.uottawa.ca/doi/10.1002/dneu.22361
https://doi.org/10.3389/fnbeh.2023.1269866

independently of hypothalamic and peripheral cytokine levels. Brain, Behavior, and
Immunity, Microglia, Physiology and Behavior, 55, 39-48.

https://doi.org/10.1016/7.bbi.2015.09.017

Roque, S., Mesquita, A. R., Palha, J. A., Sousa, N., & Correia-Neves, M. (2014). The Behavioral
and Immunological Impact of Maternal Separation: A Matter of Timing. Frontiers in

Behavioral Neuroscience, 8. https://doi.org/10.3389/fnbeh.2014.00192

Russo, S., Chan, K., Li, L., Parise, L., Cathomas, F., LeClair, K., Shimo, Y., Lin, H., Cuttoli, R.
D., Aubry, A., Alvarez, J., Drescher, T., Osman, A., Yuan, C., Fisher-Foye, R., Price, G.,
Schmitt, Y., Kaster, M., Furtado, G. C., ... Araujo, L. de. (2023). Stress-activated brain-gut
circuits disrupt intestinal barrier integrity and social behaviour. Research Square.

https://doi.org/10.21203/rs.3.rs-3459170/v1

Sadeghi, M., Peeri, M., & Hosseini, M.-J. (2016). Adolescent voluntary exercise attenuated
hippocampal innate immunity responses and depressive-like behaviors following maternal
separation stress in male rats. Physiology & Behavior, 163, 177-183.

https://doi.org/10.1016/;.physbeh.2016.05.017

Saharoy, R., Potdukhe, A., Wanjari, M., & Taksande, A. B. (n.d.). Postpartum Depression and
Maternal Care: Exploring the Complex Effects on Mothers and Infants. Cureus, 15(7),

e41381. https://doi.org/10.7759/cureus.41381

Salk, R. H., Hyde, J. S., & Abramson, L. Y. (2017). Gender Differences in Depression in
Representative National Samples: Meta-Analyses of Diagnoses and Symptoms.

Psychological Bulletin, 143(8), 783—822. https://doi.org/10.1037/bul0000102

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub, N., Lee, J.,

Duman, R., Arancio, O., Belzung, C., & Hen, R. (2003). Requirement of Hippocampal

118


https://doi.org/10.1016/j.bbi.2015.09.017
https://doi.org/10.1016/j.bbi.2015.09.017
https://doi.org/10.3389/fnbeh.2014.00192
https://doi.org/10.21203/rs.3.rs-3459170/v1
https://doi.org/10.21203/rs.3.rs-3459170/v1
https://doi.org/10.1016/j.physbeh.2016.05.017
https://doi.org/10.1016/j.physbeh.2016.05.017
https://doi.org/10.7759/cureus.41381
https://doi.org/10.1037/bul0000102

Neurogenesis for the Behavioral Effects of Antidepressants. Science, 301(5634), 805—-809.

https://doi.org/10.1126/science.1083328

Sasagawa, T., Horii-Hayashi, N., Okuda, A., Hashimoto, T., Azuma, C., & Nishi, M. (2017).
Long-term effects of maternal separation coupled with social isolation on reward seeking
and changes in dopamine D1 receptor expression in the nucleus accumbens via DNA

methylation in mice. Neuroscience Letters, 641, 33-39.

https://doi.org/10.1016/j.neulet.2017.01.025

Savignac, H. M., Dinan, T. G., & Cryan, J. F. (2011). Resistance to Early-Life Stress in Mice:
Effects of Genetic Background and Stress Duration. Frontiers in Behavioral Neuroscience,

5. https://doi.org/10.3389/fnbeh.2011.00013

Schiller, C. E., Meltzer-Brody, S., & Rubinow, D. R. (2015). The Role of Reproductive
Hormones in Postpartum Depression. CNS Spectrums, 20(1), 48-59.

https://doi.org/10.1017/S1092852914000480

Schmittgen, T. D., & Livak, K. J. (2008). Analyzing real-time PCR data by the comparative CT

method. Nature Protocols, 3(6), 1101-1108. https://doi.org/10.1038/nprot.2008.73
Scholz, V., Algermissen, J., Kandroodi, M. R., Gillan, C., & Maria den Ouden, H. E. (2026).
Adaptive suppression of motivational biases increases with mood/anxiety traits. Biological

Psychiatry: Cognitive Neuroscience and Neuroimaging.

https://doi.org/10.1016/7.bpsc.2026.06.001

Seibenhener, M. L., & Wooten, M. C. (2015). Use of the Open Field Maze to Measure
Locomotor and Anxiety-like Behavior in Mice. Journal of Visualized Experiments : JoVE,

(96), 52434. https://doi.org/10.3791/52434

119


https://doi.org/10.1126/science.1083328
https://doi.org/10.1016/j.neulet.2017.01.025
https://doi.org/10.1016/j.neulet.2017.01.025
https://doi.org/10.3389/fnbeh.2011.00013
https://doi.org/10.1017/S1092852914000480
https://doi.org/10.1017/S1092852914000480
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.bpsc.2026.06.001
https://doi.org/10.1016/j.bpsc.2026.06.001
https://doi.org/10.3791/52434

Seip, K. M., & Morrell, J. 1. (2008). Exposure to pups influences the strength of maternal
motivation in virgin female rats. Physiology & Behavior, 95(4), 599—-608.

https://doi.org/10.1016/j.physbeh.2008.09.003

Sha, Q., Madaj, Z., Keaton, S., Escobar Galvis, M. L., Smart, L., Krzyzanowski, S., Fazleabas,
A. T., Leach, R., Postolache, T. T., Achtyes, E. D., & Brundin, L. (2022). Cytokines and
tryptophan metabolites can predict depressive symptoms in pregnancy. Translational

Psychiatry, 12(1), 35. https://doi.org/10.1038/s41398-022-01801-8

Shonkoft, J. P. (2000). The Developing Brain. In From Neurons to Neighborhoods: The Science
of Early Childhood Development. National Academies Press (US).

https://www.ncbi.nlm.nih.ecov/books/NBK225562/

Sinclair, E. B., Hildebrandt, B. A., Culbert, K. M., Klump, K. L., & Sisk, C. L. (2017).
Preliminary evidence of sex differences in behavioral and neural responses to palatable food
reward in rats. Physiology & Behavior, 176, 165—173.

https://doi.org/10.1016/i.physbeh.2017.03.042

Skrundz, M., Bolten, M., Nast, 1., Hellhammer, D. H., & Meinlschmidt, G. (2011). Plasma
oxytocin concentration during pregnancy is associated with development of postpartum

depression. Neuropsychopharmacology: Official Publication of the American College of

Neuropsychopharmacology, 36(9), 1886—1893. https://doi.org/10.1038/npp.2011.74
Slattery, D. A., & Neumann, I. D. (2008). No stress please! Mechanisms of stress
hyporesponsiveness of the maternal brain. The Journal of Physiology, 586(2), 377-385.

https://doi.org/10.1113/jphysiol.2007.145896

120


https://doi.org/10.1016/j.physbeh.2008.09.003
https://doi.org/10.1016/j.physbeh.2008.09.003
https://doi.org/10.1038/s41398-022-01801-8
https://www.ncbi.nlm.nih.gov/books/NBK225562/
https://www.ncbi.nlm.nih.gov/books/NBK225562/
https://doi.org/10.1016/j.physbeh.2017.03.042
https://doi.org/10.1016/j.physbeh.2017.03.042
https://doi.org/10.1038/npp.2011.74
https://doi.org/10.1113/jphysiol.2007.145896
https://doi.org/10.1113/jphysiol.2007.145896

Slomian, J., Honvo, G., Emonts, P., Reginster, J.-Y., & Bruyére, O. (2019). Consequences of
maternal postpartum depression: A systematic review of maternal and infant outcomes.

Women’s Health, 15, 1745506519844044. https://doi.org/10.1177/1745506519844044

Smith, K. E., & Pollak, S. D. (2020). Early life stress and development: Potential mechanisms
for adverse outcomes. Journal of Neurodevelopmental Disorders, 12(1), 34.

https://doi.org/10.1186/s11689-020-09337-y

Smotherman, W. P., Bell, R. W., Hershberger, W. A., & Coover, G. D. (1978). Orientation to rat
pup cues: Effects of maternal experiential history. Animal Behaviour, 26, 265-273.

https://doi.org/10.1016/0003-3472(78)90027-1

Somerville, S., Byrne, S. L., Dedman, K., Hagan, R., Coo, S., Oxnam, E., Doherty, D.,
Cunningham, N., & Page, A. C. (2015). Detecting the severity of perinatal anxiety with the
Perinatal Anxiety Screening Scale (PASS). Journal of Affective Disorders, 186, 18-25.

https://doi.org/10.1016/j.jad.2015.07.012

Speranza, L., Filiz, K. D., Lippiello, P., Ferraro, M. G., Pascarella, S., Miniaci, M. C., &
Volpicelli, F. (2024). Enduring Neurobiological Consequences of Early-Life Stress: Insights
from Rodent Behavioral Paradigms. Biomedicines, 12(9), 1978.

https://doi.org/10.3390/biomedicines12091978

Spyrka, J., Gugula, A., Rak, A., Tylko, G., Hess, G., & Blasiak, A. (2020). Early life stress-
induced alterations in the activity and morphology of ventral tegmental area neurons in

female rats. Neurobiology of Stress, 13, 100250. https://doi.org/10.1016/1.ynstr.2020.100250

Stanton, L. M., Price, A. J., & Manning, E. E. (2023). Hypothalamic corticotrophin releasing
hormone neurons in stress-induced psychopathology: Revaluation of synaptic contributions.

Journal of Neuroendocrinology, 35(4), €13268. https://doi.org/10.1111/jne.13268

121


https://doi.org/10.1177/1745506519844044
https://doi.org/10.1186/s11689-020-09337-y
https://doi.org/10.1186/s11689-020-09337-y
https://doi.org/10.1016/0003-3472(78)90027-1
https://doi.org/10.1016/0003-3472(78)90027-1
https://doi.org/10.1016/j.jad.2015.07.012
https://doi.org/10.1016/j.jad.2015.07.012
https://doi.org/10.3390/biomedicines12091978
https://doi.org/10.3390/biomedicines12091978
https://doi.org/10.1016/j.ynstr.2020.100250
https://doi.org/10.1111/jne.13268

Steru, L., Chermat, R., Thierry, B., & Simon, P. (1985). The tail suspension test: A new method
for screening antidepressants in mice. Psychopharmacology, 85(3), 367-370.

https://doi.org/10.1007/BF00428203

Stevenson, C. W., Goodwin, P. E., Tunstall, B., Spicer, C. H., Marsden, C. A., & Mason, R.
(2009). Neonatal maternal separation alters reward-related ultrasonic vocalizations in rat
dams. Behavioural Brain Research, 200(1), 232-236.

https://doi.org/10.1016/7.bbr.2009.01.035

Stewart, D. E., & Vigod, S. N. (2019). Postpartum Depression: Pathophysiology, Treatment, and
Emerging Therapeutics. Annual Review of Medicine, 70(Volume 70, 2019), 183—-196.

https://doi.org/10.1146/annurev-med-041217-011106

Stone, E. A., Manavalan, S. J., Zhang, Y., & Quartermain, D. (2003). Beta Adrenoceptor
Blockade Mimics Effects of Stress on Motor Activity in Mice. Neuropsychopharmacology,

12(1), 65-71. https://doi.org/10.1038/sj.npp.1380240

Strober, W., & Fuss, 1. J. (2011). Pro-Inflammatory Cytokines in the Pathogenesis of IBD.

Gastroenterology, 140(6), 1756—1767. https://doi.org/10.1053/j.gastro.2011.02.016
Szyszkowicz, J. K., Wong, A., Anisman, H., Merali, Z., & Audet, M.-C. (2017). Implications of
the gut microbiota in vulnerability to the social avoidance effects of chronic social defeat in

male mice. Brain, Behavior, and Immunity, 66, 45-55.

https://doi.org/10.1016/5.bb1.2017.06.009

Takabayashi, K., Kajita, Y., & Mushiake, H. (2025). Maternal separation after postnatal day 10
induces increase in depression-like behavior with decrease in hippocampal dendritic spines,
but no change in anxiety-like behavior in male rats. Behavioural Brain Research, 490,

115617. https://doi.org/10.1016/].bbr.2025.115617

122


https://doi.org/10.1007/BF00428203
https://doi.org/10.1016/j.bbr.2009.01.035
https://doi.org/10.1016/j.bbr.2009.01.035
https://doi.org/10.1146/annurev-med-041217-011106
https://doi.org/10.1146/annurev-med-041217-011106
https://doi.org/10.1038/sj.npp.1380240
https://doi.org/10.1053/j.gastro.2011.02.016
https://doi.org/10.1016/j.bbi.2017.06.009
https://doi.org/10.1016/j.bbi.2017.06.009
https://doi.org/10.1016/j.bbr.2025.115617

Talani, G., Biggio, F., Mostallino, M. C., Batzu, E., Biggio, G., & Sanna, E. (2025). Sex-specific
changes in voluntary alcohol consumption and nucleus accumbens synaptic plasticity in
C57BL/6J mice exposed to neonatal maternal separation. Neuropharmacology, 262, 110212.

https://doi.org/10.1016/j.neuropharm.2024.110212

Torner, L., Toschi, N., Nava, G., Clapp, C., & Neumann, 1. D. (2002). Increased hypothalamic
expression of prolactin in lactation: Involvement in behavioural and neuroendocrine stress

responses. European Journal of Neuroscience, 15(8), 1381-1389.

https://doi.org/10.1046/1.1460-9568.2002.01965.x

Tractenberg, S. G., Levandowski, M. L., de Azeredo, L. A., Orso, R., Roithmann, L. G.,
Hoffmann, E. S., Brenhouse, H., & Grassi-Oliveira, R. (2016). An overview of maternal
separation effects on behavioural outcomes in mice: Evidence from a four-stage

methodological systematic review. Neuroscience & Biobehavioral Reviews, 68, 489-503.

https://doi.org/10.1016/j.neubiorev.2016.06.021

Treadway, M. T., Etuk, S. M., Cooper, J. A., Hossein, S., Hahn, E., Betters, S. A., Liu, S.,
Arulpragasam, A. R., DeVries, B. A. M., Irfan, N., Nuutinen, M. R., Wommack, E. C.,
Woolwine, B. J., Bekhbat, M., Kragel, P. A., Felger, J. C., Haroon, E., & Miller, A. H.
(2024). A randomized proof-of-mechanism trial of TNF antagonism for motivational
deficits and related corticostriatal circuitry in depressed patients with high inflammation.

Molecular Psychiatry, 30(4), 1407—1417. https://doi.org/10.1038/s41380-024-02751-x

Turner, C. A., Bass, N., Gonzalez, I. L., & Becker, J. B. (2025). Chapter 30—Sex differences in
dopamine systems involved in motivation and reward. In S. J. Cragg & M. E. Walton (Eds.),

The Handbook of Dopamine (Vol. 32, pp. 383-393). Elsevier. https://doi.org/10.1016/B978-

0-443-29867-7.00038-4

123


https://doi.org/10.1016/j.neuropharm.2024.110212
https://doi.org/10.1016/j.neuropharm.2024.110212
https://doi.org/10.1046/j.1460-9568.2002.01965.x
https://doi.org/10.1046/j.1460-9568.2002.01965.x
https://doi.org/10.1016/j.neubiorev.2016.06.021
https://doi.org/10.1016/j.neubiorev.2016.06.021
https://doi.org/10.1038/s41380-024-02751-x
https://doi.org/10.1016/B978-0-443-29867-7.00038-4
https://doi.org/10.1016/B978-0-443-29867-7.00038-4

Vigod, S. N., Kurdyak, P., Brown, H. K., Nguyen, G. C., Targownik, L. E., Seow, C. H.,
Kuenzig, M. E., & Benchimol, E. I. (2019). Inflammatory bowel disease and new-onset
psychiatric disorders in pregnancy and post partum: A population-based cohort study. Gut,

68(9), 1597-1605. https://doi.org/10.1136/gutjnl-2018-317610

Walf, A. A., & Frye, C. A. (2007). The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nature Protocols, 2(2), 322-328.

https://doi.org/10.1038/nprot.2007.44

Wallerich, L., Fillol, A., Rivadeneyra, A., Vandentorren, S., Wittwer, J., & Cambon, L. (2023).
Environment and child well-being: A scoping review of reviews to guide policies. Health

Promotion Perspectives, 13(3), 168—182. https://doi.org/10.34172/hpp.2023.20

Wall-Wieler, E., Roos, L. L., Bolton, J., Brownell, M., Nickel, N., & Chateau, D. (2018).
Maternal Mental Health after Custody Loss and Death of a Child: A Retrospective Cohort
Study Using Linkable Administrative Data. The Canadian Journal of Psychiatry, 63(5),

322-328. https://doi.org/10.1177/0706743717738494

Wang, D., Levine, J. L. S., Avila-Quintero, V., Bloch, M., & Kaffman, A. (2020). Systematic
review and meta-analysis: Effects of maternal separation on anxiety-like behavior in

rodents. Translational Psychiatry, 10, 174. https://doi.org/10.1038/s41398-020-0856-0

Wang, L., Jiao, J., & Dulawa, S. C. (2011). Infant maternal separation impairs adult cognitive
performance in BALB/cJ mice. Psychopharmacology, 216(2), 207-218.

https://doi.org/10.1007/s00213-011-2209-4

Wang, Q., Shao, F., & Wang, W. (2015). Maternal separation produces alterations of forebrain
brain-derived neurotrophic factor expression in differently aged rats. Frontiers in Molecular

Neuroscience, 8, 49. https://doi.org/10.3389/fnmol.2015.00049

124


https://doi.org/10.1136/gutjnl-2018-317610
https://doi.org/10.1038/nprot.2007.44
https://doi.org/10.1038/nprot.2007.44
https://doi.org/10.34172/hpp.2023.20
https://doi.org/10.1177/0706743717738494
https://doi.org/10.1038/s41398-020-0856-0
https://doi.org/10.1007/s00213-011-2209-4
https://doi.org/10.1007/s00213-011-2209-4
https://doi.org/10.3389/fnmol.2015.00049

Wang, Y., Wang, Y., Huang, W., Deng, J., & Gu, J. (2024). Association of maternal postpartum
depression, anxiety, and stress symptoms: A network analysis. BMC Psychiatry, 24, 940.

https://doi.org/10.1186/s12888-024-06412-9

Wang, Y., Xu, J., Liu, Y., Li, Z., & Li, X. (2018). TLR4-NF-«B Signal Involved in Depressive-
Like Behaviors and Cytokine Expression of Frontal Cortex and Hippocampus in Stressed
C57BL/6 and ob/ob Mice. Neural Plasticity, 2018, 7254016.

https://doi.org/10.1155/2018/7254016

Weber, E. M., & Olsson, I. A. S. (2008). Maternal behaviour in Mus musculus sp.: An
ethological review. Applied Animal Behaviour Science, 114(1), 1-22.

https://doi.org/10.1016/j.applanim.2008.06.006

Wei, M., Qin, Y., Niu, X., Niu, S., Mu, F., Yang, L., Li, Y., Zhang, Y., Wang, J., & Liu, Y.
(2025). Marriage and postpartum major depressive disorder: A systematic review and meta-
analysis of cohort studies. Journal of Psychiatric Research, 182, 83-91.

https://doi.org/10.1016/j.jpsychires.2025.01.004

Wei, R.-M., Zhang, Y.-M., Feng, Y.-Z., Zhang, K.-X., Zhang, J.-Y., Chen, J., Luo, B.-L., Li, X.-
Y., & Chen, G.-H. (2023). Resveratrol ameliorates maternal separation-induced anxiety- and
depression-like behaviors and reduces Sirt]1-NF-kB signaling-mediated neuroinflammation.

Frontiers in Behavioral Neuroscience, 17, 1172091.

https://doi.org/10.3389/fnbeh.2023.1172091

Wigger, A., & Neumann, 1. D. (1999). Periodic maternal deprivation induces gender-dependent
alterations in behavioral and neuroendocrine responses to emotional stress in adult rats.

Physiology & Behavior, 66(2), 293-302. https://doi.org/10.1016/s0031-9384(98)00300-x

125


https://doi.org/10.1186/s12888-024-06412-9
https://doi.org/10.1186/s12888-024-06412-9
https://doi.org/10.1155/2018/7254016
https://doi.org/10.1155/2018/7254016
https://doi.org/10.1016/j.applanim.2008.06.006
https://doi.org/10.1016/j.applanim.2008.06.006
https://doi.org/10.1016/j.jpsychires.2025.01.004
https://doi.org/10.1016/j.jpsychires.2025.01.004
https://doi.org/10.3389/fnbeh.2023.1172091
https://doi.org/10.3389/fnbeh.2023.1172091
https://doi.org/10.1016/s0031-9384(98)00300-x

Wu, Z., Zhou, L., Sun, L., Xie, Y., Xiao, L., Wang, H., & Wang, G. (2021). Brief postpartum
separation from offspring promotes resilience to lipopolysaccharide challenge-induced
anxiety and depressive-like behaviors and inhibits neuroinflammation in C57BL/6J dams.

Brain, Behavior, and Immunity, 95, 190-202. https://doi.org/10.1016/1.bbi1.2021.03.016

Yim, I. S., Tanner Stapleton, L. R., Guardino, C. M., Hahn-Holbrook, J., & Schetter, C. D.
(2015). Biological and Psychosocial Predictors of Postpartum Depression: Systematic
Review and Call for Integration. Annual Review of Clinical Psychology, 11, 99—-137.

https://doi.org/10.1146/annurev-clinpsy-101414-020426

Zaccarelli-Magalhaes, J., Abreu, G. R., Fukushima, A. R., Pantaleon, L. P., Ribeiro, B. B.,
Munhoz, C., Manes, M., de Lima, M. A., Miglioli, J., Flério, J. C., Lebrun, 1., Waziry, P. A.
F., Fonseca, T. L., Bocco, B. M. L. C., Bianco, A. C., Ricci, E. L., & Spinosa, H. S. (2023).
Postpartum depression in rats causes poor maternal care and neurochemical alterations on
dams and long-lasting impairment in sociability on the offspring. Behavioural Brain

Research, 436, 114082. https://doi.org/10.1016/j.bbr.2022.114082

Zacher Kjeldsen, M.-M., Bricca, A., Liu, X., Frokjaer, V. G., Madsen, K. B., & Munk-Olsen, T.
(2022). Family History of Psychiatric Disorders as a Risk Factor for Maternal Postpartum

Depression. JAMA Psychiatry, 79(10), 1004—-1013.

https://doi.org/10.1001/jamapsychiatry.2022.2400

Zhang, J., Wu, Z., Zhou, L., Li, H., Teng, H., Dai, W., Wang, Y., & Sun, Z. S. (2011).
Deficiency of Antinociception and Excessive Grooming Induced by Acute Immobilization
Stress in Perl Mutant Mice. PLoS ONE, 6(1), €16212.

https://doi.org/10.1371/journal.pone.0016212

126


https://doi.org/10.1016/j.bbi.2021.03.016
https://doi.org/10.1146/annurev-clinpsy-101414-020426
https://doi.org/10.1146/annurev-clinpsy-101414-020426
https://doi.org/10.1016/j.bbr.2022.114082
https://doi.org/10.1001/jamapsychiatry.2022.2400
https://doi.org/10.1001/jamapsychiatry.2022.2400
https://doi.org/10.1371/journal.pone.0016212
https://doi.org/10.1371/journal.pone.0016212

Zhang, J., Xie, C., Xu, P., Tong, Q., Xiao, L., & Zhong, J. (2024). Projections from subfornical
organ to bed nucleus of the stria terminalis modulate inflammation-induced anxiety-like
behaviors in mice. Science Advances, 10(48), eadp9413.

https://doi.org/10.1126/sciadv.adp9413

Zhang, 7., Hong, J., Zhang, S., Zhang, T., Sha, S., Yang, R., Qian, Y., & Chen, L. (2016).
Postpartum estrogen withdrawal impairs hippocampal neurogenesis and causes depression-
and anxiety-like behaviors in mice. Psychoneuroendocrinology, 66, 138—149.

https://doi.org/10.1016/1.psyneuen.2016.01.013

Zhao, X., & Zhang, Z. (2020). Risk factors for postpartum depression: An evidence-based
systematic review of systematic reviews and meta-analyses. Asian Journal of Psychiatry, 53,

102353. https://doi.org/10.1016/j.ajp.2020.102353

Zimmerberg, B., Rosenthal, A. J., & Stark, A. C. (2003). Neonatal social isolation alters both
maternal and pup behaviors in rats. Developmental Psychobiology, 42(1), 52—63.

https://doi.org/10.1002/dev.10086

Zoicas, 1., & Neumann, I. D. (2016). Maternal separation facilitates extinction of social fear in
adult male mice. Behavioural Brain Research, 297, 323-328.

https://doi.org/10.1016/7.bbr.2015.10.034

127


https://doi.org/10.1126/sciadv.adp9413
https://doi.org/10.1126/sciadv.adp9413
https://doi.org/10.1016/j.psyneuen.2016.01.013
https://doi.org/10.1016/j.ajp.2020.102353
https://doi.org/10.1002/dev.10086
https://doi.org/10.1002/dev.10086
https://doi.org/10.1016/j.bbr.2015.10.034
https://doi.org/10.1016/j.bbr.2015.10.034

