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Abstract
Current lifestyle places individuals under increasingly greater loads of stress. Although the
mechanisms that are triggered by stress are primarily adaptive, it is now thoroughly established
that exposure to stress and/or to high levels of stress mediators, the glucocorticoids (GCs) during
neurodevelopment, can have a long-lasting impact and increase vulnerability for neuropsychiatric
disorders later in life, namely anxiety and depression. Microglia, the immune cells of the brain, are
proposed to play a significant role in determining the neuronal and the behavioral responses to
chronic stress and may contribute to the development of stress-related psychopathologies.
Interestingly, previous work from our team has shown that in utero exposure to high levels
of the synthetic GC dexamethasone (iuDEX model) induces long-lasting differences in microglia
morphology and leads to an anxious phenotype later in life. However, it is still unclear if/how stress
in adulthood differentially affects iuDEX males and females.
In this work, we firstly evaluated the effect of short- and long-term (2 and 6 weeks)
unpredictable chronic mild stress (uCMS), per se, in microglia and neurons morphology of two key
brain regions implicated in mood disorders - dorsal hippocampus (dHIP) and nucleus accumbens
(NAc)-, as well as, in anxiety- and depressive-related behaviors. Then, we used the iuDEX model,
a prenatal model of stress, to investigated how these animals, that already faced with stress during
neurodevelopment, cope with uCMS at adulthood. Lastly, and considering the anxiolytic effect of
A 2AR in males (recover of the anxiety-like behavior and atrophy of microglia), we explore the ability
of A 2AR antagonist to ameliorate iuDEX-induced anhedonia and cognitive deficits and iuDEXinduced microglia morphological changes (at dHIP and NAc) in females.
First, we reported that the long uCMS protocol induced more behavioral alterations in males,
which presented anxiety and depressive-like behavior, while females solely presented anxiouslike behavior. In parallel to these behavioral alterations, uCMS causes contrasting patterns of
morphologic remodeling in microglia and neurons of the dHIP and NAc, at both sexes. In the
dHIP, only long uCMS induced a hypertrophy of microglia cells in females, with no effects in
males. In the NAc, microglia cells undergo a dual process of morphological adaptation to short
uCMS, dependent on sex: we observed hypertrophy in males and atrophy in females, an effect that
does not persist in the long uCMS group. Interestingly, males were more vulnerable to neuronal
morphological alterations, that occurs in a region-specific manner: dendritic atrophy in granule
neurons of the dHIP and hypertrophy in the medium spiny neurons of the NAc, a cellular effect
that occurs concomitantly with a more pronounced behavioral phenotype. Conversely, females did
not present changes in neuronal morphology.
Second, we showed that both sexes prenatally exposed to DEX present anxiety- and anhedonialike behavior and had better performance in the anxiety and depression-related behavioral tests
after uCMS exposure in adulthood. Interestingly, iuDEX animals presented sex-dependent changes
in microglia and neuronal morphology in the NAc (atrophy in females, hypertrophy in males). After
chronic stress, these cells undergo sex-specific morphological remodeling.
Third, we showed that the chronic blockade of A 2AR, which are core regulators of microglia
17

morphology and physiology, ameliorated the cognitive deficits and anhedonia of iuDEX female animals,
with no effect in anxiety. Notably, A 2AR blockade was able to rectify the hypertrophy of microglial
cells in the dHIP but not the atrophy in NAc of iuDEX females.
Our results indicate that chronic stress in adulthood and prenatal stress (iuDEX) can cause sexdependent contrasting patterns of morphologic remodeling in microglia and neurons of the dHIP and
NAc. These findings raise the possibility that, by differentially affecting neurons and microglia, in dHIP
and NAc, stress may contribute for the appearance of emotional disorders and partially explain sexspecific vulnerabilities. Moreover, our work shows that stressful events during pregnancy can exert
a sex-specific effect in stress coping strategies in adulthood. Taking advantage of the therapeutic
potential of drugs that regulate microglia, we showed that the blockade of A2AR ameliorated the
cognitive deficits and anhedonia induced by iuDEX, but not the anxiety-like behavior in females.
Although the role of these cellular remodeling is still unknown, sex-specific differences in microglia
and neuronal plasticity induced by stress may anticipate differences in drug efficacy in the context of
stress-related behaviors and can elucidate possible cellular substrates for mood disorders triggered
by chronic stress.
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Resumo
O estilo de vida atual coloca os indivíduos sob intensidades cada vez maiores de stress. Apesar de os
mecanismos desencadeados pelo stress serem principalmente adaptativos, sabe-se atualmente que
a exposição ao stress e/ou a altos níveis de mediadores de stress, a glucocorticoides (GCs) durante
o neurodesenvolvimento, pode ter um impacto a longo prazo e aumentar a vulnerabilidade para
doenças neuropsiquiátricas mais tarde na vida, nomeadamente ansiedade e depressão. A microglia,
células imunes do cérebro, desempenham um papel significativo na determinação das respostas
neuronais e comportamentais ao stress crónico e podem contribuir para o desenvolvimento de
psicopatologias relacionadas com o stress.
Trabalhos realizado anteriormente pelo nosso grupo demonstraram que a exposição in utero a
níveis elevados de um GC sintético, a dexametasona (iuDEX), induz alterações na morfologia da
microglia e um fenótipo do tipo ansioso mais tarde na vida. No entanto, ainda não está claro se/
como o stress afeta diferencialmente os machos e as fêmeas iuDEX.
Neste trabalho, primeiro avaliámos o efeito do stress crónico imprevisível (uCMS) por si
só, após um protocolo de curta e de longa duração (2 e 6 semanas), na morfologia da microglia
e dos neurónios em duas regiões chave do cérebro implicadas em doenças neuropsiquiátricas hipocampo dorsal (dHIP) e núcleo accumbens (NAc) - bem como em comportamentos relacionados
com a ansiedade e depressão. Além disso, utilizámos um modelo iuDEX, um modelo de exposição
prenatal ao stress, para investigar como é que esses animais, que já tinham sido expostos a stress
durante o neurodesenvolvimento, lidam com uma exposição ao uCMS na idade adulta. Por último,
considerando o efeito ansiolítico de um antagonista dos recetores A2A (A 2AR) em machos (reverte
o comportamento do tipo ansioso e a atrofia da microglia), nós explorámos a capacidade do
antagonista dos A 2AR melhorar a anedonia e os défices cognitivoso induzidos pela iuDEX, bem
como as alterações morfológicas da microglia em fêmeas (no dHIP e no NAc) em fêmeas.
Primeiro, mostrámos que o uCMS de longa duração induziu mais alterações comportamentais
nos machos, que apresentaram comportamentos do tipo ansioso e depressivo, enquanto as
fêmeas apenas apresentaram um comportamento do tipo ansioso. Em paralelo a essas alterações
comportamentais o uCMS induziu padrões diferenciais de remodelação da morfologia da microglia
e dos neurónios do dHIP e NAc, em ambos os sexos. No dHIP, apenas o uCMS de longa duração
induziu uma hipertrofia das células da microglia em fêmeas, sem efeitos nos machos. No NAc, as
células da microglia sofrem um processo de adaptação morfológica ao uCMS de curta duração,
dependente do sexo: observámos uma hipertrofia nos machos e uma atrofia nas fêmeas, um
efeito que não persiste no grupo do uCMS de longa duração. Curiosamente, os machos foram
mais vulneráveis a alterações morfológicas neuronais de uma maneira específica de região: atrofia
dendrítica nos neurónios granulares do dHIP e hipertrofia dos neurónios espinhosos médios do
NAc, um efeito que ocorre em paralelo com um fenótipo de comportamento mais pronunciado
nos machos. As fêmeas não apresentaram alterações na morfologia dos neurónios.
Em segundo, mostrámos que ambos os sexos expostos prenatalmente a DEX apresentaram um
comportamento do tipo ansioso e anedónico e apresentaram um melhor desempenho em testes
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comportamentais relacionados com a ansiedade e a depressão após exposição crónica ao stress
na idade adulta em comparação com os animais não expostos ao stress. Curiosamente, os animais
iuDEX apresentaram alterações inter-regionais dependentes do sexo na morfologia da microglia e
dos neurónios no dHIP e no NAc (atrofia nas fêmeas e hipertrofia nos machos). Após o uCMS, essas
células sofreram remodelação morfológica específica do sexo.
Em terceiro, mostrámos que o bloqueio crónico dos A2AR, que são os principais reguladores da
morfologia e fisiologia da microglia, melhorou os défices cognitivos e a anedonia de fêmeas iuDEX,
sem efeito na ansiedade. De salientar, o bloqueio dos A 2AR foi capaz de retificar a hipertrofia da
microglia no dHIP, mas não a atrofia no NAc de fêmeas iuDEX.
Os nossos resultados indicam que o stress crónico na idade adulta e a iuDEX podem causar padrões
contrastantes dependentes do sexo, de remodelação morfológica da microglia e neurónios do dHIP
e NAc. Estes resultados levantam a possibilidade de que, ao afetar diferencialmente os neurónios e
a microglia no dHIP e NAc, o stress pode contribuir para o aparecimento de distúrbios emocionais,
e explicar parcialmente as vulnerabilidades específicas do sexo. Além disso, o nosso trabalho mostra
que o stress durante a gravidez pode exercer um efeito específico do sexo nas estratégias para lidar
com o stress na vida adulta. Aproveitando o potencial terapêutico dos fármacos reguladores da
microglia, mostrámos que o bloqueio dos A 2AR melhorou os défices cognitivos e a anedonia induzidos
pela iuDEX, mas não o comportamento ansioso nas fêmeas. De salientar, o bloqueio dos A2AR foi
capaz de retificar a hiper-ramificação da microglia no dHIP, mas não a atrofia no NAc.
Embora o papel da remodelação celular observada ainda seja desconhecido, diferenças específicas
do sexo na microglia e na plasticidade neuronal induzida pela exposição ao stress podem antecipar
diferenças na eficácia de fármacos no contexto de comportamentos relacionados com a ansiedade
ou com a depressão induzidos pelo stress, e podem elucidar possíveis substratos celulares para
transtornos do humor desencadeados pelo stress crónico.
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Thesis outline
This thesis is composed by 6 Chapters. Chapter 1 is the General Introduction, and the chapters
concerning the experimental work are presented in the form of research articles in Chapters
2, 3 and 4; Chapter 5 is the general discussion of the work and chapter 6 is the conclusion and
future perspectives. The manuscript of Chapter 2 is in preparation for submission. The manuscript
in Chapters 3 is under review in the international scientific jornal Neurobiology of Stress. The
manuscripst of Chapter 4 was published in the international scientific jornal Glia.
Chapter 1 presents a general introduction into the research theme of this dissertation covering
fundamental aspects of the stress in adulthood and prenatal stress and an overview of microglia.
Chapter 2 consists on the manuscript entitled “Chronic stress induces contrasting patterns
of morphologic remodeling in microglia and neurons”. In this work, we showed the impact of
unpredictable mild stress (uCMS) in behavior, microglia and neurons morphology in brain regions
involved in mood disorders, the dHIP and the NAc.
Chapter 3 constitutes a submitted manuscript entitled “Resilience to stress in a model of
anxiety and anhedonia and sex-specific remodeling of microglia and neuronal morphology in
different brain regions” in which the animals were prenatally exposed to Dexamethasone (iuDEX)
and to a uCMS protocol in adulthood and evaluated the behavior, as well as the microglia and
neurons morphology in the dHIP and in the NAc.
Chapter 4 presents the effect of the chronic treatment with a selective antagonist of A 2A
receptors in iuDEX females in terms of behavior and microglia morphology in dHIP and in the
NAc. This chapter is part of an original research manuscript “Region-specific control of microglia
by adenosine A 2A receptors: uncoupling anxiety and associated cognitive deficits in female rats”
published in Glia, in 2019.
Chapters 5 and 6 encompasses the general discussion and conclusion of the present
dissertation, in which the major findings of the presented research work are discussed in an
integrated manner. Moreover, research limitations, along with future perspectives in the field are
also discussed.
Appendix
The appendix “The optimizing new approaches to modulate microglia”, was a part of the work
performed during this thesis in order to implement a new approach to manipulate microglia.
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CHAPTER 1
General Introduction

1. Stress
Stress is defined as a challenge to maintain brain homeostasis by physical or psychological events
that produces physiological and/or behavioral responses (McEwen, 2003; MacQueen and Frodl,
2011). After an endogenous or exogenous challenge that is perceived as unpleasant, aversive or
threatening, a physiological response composed by coordinated and adaptive processes to restore
brain homeostasis is actvated (de Kloet et al., 2005; Lucassen et al., 2014).
A stress response can be initiated by exposure to different stressors (e.g. bereavement,
unemployment, living in poverty or in a broken family, facing a threat or predator, etc.) and depend
son numerous factors, including: timing of exposure to the stressor, inherent characteristics of the
stressor (intensity, duration and nature), predictability and individual susceptibility (Sousa, 2016).
Thus, stress is not a single entity and several types of stress can be defined: stress may be acute
or chronic, anticipated, unpredictable or uncontrollable, mild or severe and occur in or out of a
context (Lucassen et al., 2014).
In this sense, stressors occurring at specific neurodevelopmental stages or exceeding to a
certain intensity or duration, may elicit a maladaptive response (Sousa et al., 2008) that includes
autonomic, physical, behavioral and neuroendocrine changes and trigger the development of
pathological conditions, including anxiety-related disorders and depression (Fulford and Harbuz,
2005). Interestingly, the perception of an event as stressful and, consequently, the stress response,
is dramatically variable among individuals and between sexes (Oyola and Handa, 2017).

1.1 The hypothalamic-pituitary-adrenal (HPA) axis in stress response
Stress response can be regulated by different systems, with the hypothalamic-pituitaryadrenal (HPA) axis playing a major role in the process (Sapolsky, 1996; Herman and Cullinan, 1997;
Lupien et al., 2009; McEwen and Gianaros, 2011). The activated HPA axis regulates peripheral
functions, including metabolism and immunity, but also impacts on the central nervous system
(CNS) (Pariante and Lightman, 2008). Under stress conditions, neurons in the medial parvocellular
region of the paraventricular nucleus (PVN) of the hypothalamus release corticotropin-releasing
hormone (CRH) and arginine vasopressin (AVP). At the level of the pituitary gland, CRH triggers
the secretion of adrenocorticotropic hormone (ACTH), that leads to the synthesis and release of
glucocorticoids (GCs) (cortisol in humans and corticosterone in rodents) by the adrenal glands.
In turn, GCs act through negative feedback in the hypothalamus and in the pituitary in order to
end further release of GCs and prevent deleterious effects of chronic exposure to high levels of
corticosteroids (de Kloet et al., 2005) (Figure 1.1).
The physiological activity of the HPA axis follows a circadian rhythm (Herman et al., 1993), with
a diurnal secretion peak coinciding with the beginning of the active phase (light-phase in humans,
dark-phase in rodents), after which circulating corticosteroids rapidly decay to basal levels. This
circadian pattern of activity is often disrupted in the context of maladaptive stress, leading to
several deleterious effects in the brain (Herman and Cullinan, 1997).
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The GCs in circulation are the prime effectors of stress response, reaching every organ through
the circulatory system to initiate “stress-related” responses at the peripheral level. In the brain,
GCs cross the blood-brain barrier (BBB) and bind to high-affinity mineralocorticoid (MR) and in
some concentrations are able to bind to the lower-affinity glucocorticoid receptors (GR) (Reul and
de Kloet, 1985; Lucassen et al., 2014). Both receptors can have rapid and delayed effects, which
can result from non-genomic mechanisms (mediated by membrane receptors), indirect genomic
mechanisms (mediated by membrane receptors and second messengers) and genomic mechanisms
(mediated by receptors that move to the nucleus and act as transcription factors by interacting
with DNA-responsive elements) (Popoli et al., 2011). MR and GR are present in neurons (Cintra
et al., 1994), astrocytes (Chou et al., 1991), oligodendrocytes (Vielkind et al., 1990) and microglial
cells (Tanaka et al., 1997).
Besides the brain, where they present a specific and selective distribution (Reul and de Kloet,
1986), GCs receptors are present in almost every tissue and organ in the body (Oakley and
Cidlowski, 2013). The activation of MRs and GRs through the HPA axis is able to coordinate
emotional, cognitive, neuroendocrine and autonomic inputs, and subsequently determine the
magnitude and the capacity to adapt and to cope with stress (Sousa et al., 2008; Pruessner et al.,
2010; Harris et al., 2013; Medina et al., 2013; Lucassen et al., 2014). The appropriate coordination of
these regulatory events is crucial for the end of the stress response and to reestablish homeostasis
when the stress stimulus is over.

1.2 The role of stress/glucocorticoids during neurodevelopment
During pregnancy, the levels of GCs in the fetus are much lower than the circulating levels
in the mother, due to their conversion in inactive metabolites by the placental enzyme 11 betahydroxysteroid dehydrogenase type 2 (11 ß-HSD2), whose expression decreases at the end of
gestation (Mesquita et al., 2009). Towards the end of pregnancy, the intrauterine levels of GCs rise,
in order to induce fetal lung maturation (Thorburn et al., 1977).
GCs present a very important modulatory function in metabolic (Andrews and Walker, 1999;
Vegiopoulos and Herzig, 2007; Peckett et al., 2011), cardiovascular (Rosmond and Bjorntorp,
2000; Walker, 2007) and immune (Dhabhar and McEwen, 1999; Sapolsky et al., 2000; Chrousos,
2009) processes. The exposure to abnormal levels of GCs in sensitive developmental periods can
program the HPA axis, leading to stress-related (mal)adaptative responses (Koehl et al., 1999).
In this perspective, adverse events occurring during the prenatal or postnatal period may
negatively impact on brain development and behavioral alterations and psychiatric disorders later
in life have been associated with this exposure (Heim and Nemeroff, 2002; Teicher et al., 2003;
Cottrell and Seckl, 2009; Lupien et al., 2009; Buss et al., 2010; Davis and Sandman, 2012; Rodrigues
et al., 2012). The fetal period seems to be particularly sensitive to GCs effects, considering their
involvement in the development and maturation of several organs (Miller, 1998). Though GCs are
important for fetal normative development, high levels of these hormones can have detrimental
effects in the organism later in life (Fowden et al., 1998).
26

1

Figure 1.1 - Schematic representation of the HPA axis. Stress can activate the hypothalamus leading
to the release of CRH. This hormone is transported to the pituitary gland triggering the secretion of
ACTH, which stimulates the production of GCs in the adrenal gland and the subsequent release into
blood circulation. GCs exert a negative feedback at various levels to regulate the HPA axis and return to
a homeostatic state. Abbreviations: HPA, hypothalamus-pituitary-adrenal; CRH, corticotropin releasing
hormone; ACTH, adrenocorticotropin hormone.

Importantly, due to their pleiotropic effects, synthetic GCs such as dexamethasone (DEX), are
often administered to pregnant women to promote fetal lung maturation in the case of preterm
labour risk (Brownfoot et al., 2013). These synthetic GCs differ from their endogenous counterpart
in their chemical structure, pharmacokinetics and target specificity, exhibiting higher affinity for
GR than MR (Reul and de Kloet, 1985; Reul et al., 1987; Cole et al., 2000; Sorrells and Sapolsky,
2007; Tegethoff et al., 2009; Fowden and Forhead, 2015) and easily crossing the placenta (Brown
et al., 1996; Seckl and Meaney, 2004). Besides this, DEX is not efficiently degraded by the enzyme
11 ß-HSD2, contrarily to endogenous cortisol (Seckl and Meaney, 2004).
The benefits of GCs are undeniable, reducing neonatal morbidity and mortality, respiratory
distress syndrome, and intraventricular hemorrhage (Holland and Taylor, 1991; Crowley, 1995;
Crane et al., 2003; Brownfoot et al., 2013). However, besides the obvious beneficial effects in
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situations of preterm labour, the early and high exposure to synthetic GCs can persistently affect
the developing brain, programming in a way that may lead or predispose the individual system to
disease (Cottrell and Seckl, 2009; Harris and Seckl, 2011; Rodrigues et al., 2012).
A correlation between GCs exposure during early life and several metabolic, emotional and
mood disorders in both animal models and humans in adulthood is now established (Barker, 1995;
Lindsay et al., 1996; Mesquita et al., 2009; Weinstock, 2001), stressing the need to fully clarify their
effects. Many stress/GCs-exposure animal models have been used to understand the impact of GCs
exposure during developmental periods. We validated a model of in utero exposure to DEX (iuDEX
model). The adult offspring prenatally exposed to DEX presents a long-lasting hyperanxious state,
increase susceptibility to depressive-like behavior, increased emotional reactivity, social deficits,
as well as drug-seeking behavior and decreased motivation towards natural rewards (Oliveira et
al., 2006; Leao et al., 2007; Oliveira et al., 2012; Rodrigues et al., 2012; Borges et al., 2013; SoaresCunha et al., 2014; Caetano et al., 2017). Animals prenatally treated with DEX have a reduction
in the number and volume of neuronal cells in the nucleus accumbens (NAc) and in the ventral
tegmental area (VTA) that results in a reduction of the dopaminergic innervation (Leao et al.,
2007; Rodrigues et al., 2012). It was also observed that prenatal exposure to DEX delays neuronal
differentiation and migration in cerebral cortex (Fukumoto et al., 2009) and iuDEX animals present
a significant decrease in dopamine levels in the NAc, AMY and PFC (Oliveira et al., 2006; Leao et
al., 2007; Roque et al., 2011; Oliveira et al., 2012; Borges et al., 2013; Soares-Cunha et al., 2014). The
behavioral phenotype is also accompanied by alterations in dendritic arborization in the amygdala
(increase in the number of spines), a modulatory region of anxiety and fear behavior (Oliveira et
al., 2012) (Table 1.1).
Prenatal exposure to GCs affects the normal development of the hippocampus (HIP), leading to
a decrease in the size and an increase in the number of apoptotic cells during early life, alterations
which are not maintained until adulthood (Noorlander et al., 2014).
Beside neurons, the prenatal exposure to GCs also expands to other cellular populations. It
is clear that stress/GCs can affect microglia, since these cells are equipped with receptors for
steroid hormones, namely GR and MR (Sierra et al., 2008). Additionally, we described that prenatal
exposure to DEX is associated with a sex-specific remodeling of microglia cell processes in the
prefrontal cortex (PFC) and dorsal hippocampus (dHIP), accompanied by anxiety-like behavior in
both sexes (Caetano et al., 2017; Duarte et al., 2019). Also, in mice subjected to early life stress, an
increase in the number and motility of microglial cell processes was found in the somatosensory
cortex (Takatsuru et al., 2015). These data suggest that high levels of GCs/stress have an impact in
the morphology and, consequently, in the functionality of microglial cells.
Although GCs are important as a prophylactic treatment in preterm birth, there are still several
important issues about the use of prenatal GCs that should be further studied. In fact, the exposure
to stress or GCs in different developmental windows and/or in adulthood has been proposed to
trigger/contribute for different neuropsychiatric disorders with particular effects on microglial and
neuronal cells (Teicher et al., 2003; Lupien et al., 2009).
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Table 1.1 - Behavioral outcomes and structural alterations of neurons and microglia in iuDEX
models.

Behavioral outcome
Anxiety-like behavior
(♂)
Not evaluated
Anxiety-like behavior
Fear behavior
(♂)
Susceptibility to drugseeking behavior
(♂)
Anxiety-like behavior
Fear behavior
(♂)
Natural reward deficits
(♂)

Neuronal/Microglia

Brain

adaptation

region

___

___

↓ Volume and cell number

NAc

↓ Cell number

VTA

↑ Volume

BNST

↓ Volume

AMY

↓ Number of cells
↓ DA levels

NAc

Cholinergic

LDT

hyperactivation

PPT

↓ DA levels

Anxiety-like behavior

↓ Microglia processes (♀)

(♂ and ♀)

↑ Microglia processes (♂)

Reference
(Oliveira et al., 2006)

(Leao et al., 2007)

(Oliveira et al., 2012)

(Rodrigues et al., 2012)

(Borges et al., 2013)

mPFC

(Soares-Cunha

OFC

et al., 2014)

mPFC

(Caetano et al., 2017)

dHIP

(Duarte et al., 2019)

Anxiety-like behavior
Cognitive impairments

↑ Microglia processes (♀)

(♀)
Abbreviations: BNST, Bed nucleus of the stria terminalis; AMY, amygdala; NAc, nucleus accumbens; LDT,
laterodorsal tegmental nucleus; PPT, pedunculopontine tegmental nuclei, mPFC, medial prefrontal cortex;
OFC, orbitofrontal cortex; VTA, ventral tegmental area, dHIP, dorsal hippocampus.
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1.3 Exposure to chronic stress in adulthood
The complete and precise consequences of stress exposure in adulthood are not easy to
understand since stress response depends on individuals’ coping strategy and stress sensitivity.
However, it is well known that severe or prolonged stress increase the risk to develop
psychopathologies, such as depression and anxiety in susceptible individuals (Lupien et al., 2009;
Lucassen et al., 2014).
Despite the beneficial and protective role of the HPA axis for adaptation in response to stress,
a dysfunction in the HPA axis could result in a deleterious or maladaptive response (Sousa and
Almeida, 2012; Willner et al., 2013; Lucassen et al., 2014). Under prolonged or chronic stress
exposure, the physiological regulatory capacity of the HPA axis may be compromised, leading the
overactivation of the system and overproduction of GCs. In this context, stress triggers significant
cellular and structural detrimental alterations, which can be translated into functional impairments.
The exposure to stress has been suggested as the main contributor for these structure and
functional alterations and therefore the major etiological or precipitant factor for neuropsychiatric
disorders (Smith and Vale, 2006; Pittenger and Duman, 2008).

1.3.1 Chronic stress and neuropsychiatric disorders
Neuropsychiatric disorders, such as anxiety and depression have multi-factorial etiologies,
involving complex interactions between genetic and environmental factors, as well as psychosocial
factors (Sullivan et al., 2000; Risch et al., 2009). These disorders are associated with considerable
distress, impairment in quality of life, disability and increased mortality (Seeman et al., 1995;
Beekman et al., 1998; de Beurs et al., 1999; van Hout et al., 2004; Ayers et al., 2007). Depression
is a complex and heterogeneous clinical entity and the clinical classification of depression has been
structured in diagnostic tools, such as the Diagnostic and Statistical Manual of Mental Disorders
(DSM). According to DSM-V, depression symptoms include depressed mood and anhedonia, i.e.
diminished interest or pleasure in all or almost all activities - two core features of depression
(Nelson and Charney, 1981), changes in sleeping patterns and appetite, fatigue or loss of energy,
feelings of worthlessness or guilt, diminished ability to concentrate and suicidal ideation (Hasler et
al., 2004). Changes in executive function, attention deficits and short-term, long-term and working
memory impairments have been found in depressed patients (Castaneda et al., 2008; Gonda et al.,
2015) and may play a crucial role in therapeutic response and risk of relapse (Gonda et al., 2015). A
growing body of evidence suggests a bidirectional link between depression and psychiatric illnesses,
with each condition having a negative impact on the onset, progression, prognosis and treatment
of the other (Katon, 2003; Ramasubbu et al., 2012). The complexity of its clinical presentation
is also reflected in the high comorbidity with anxiety, suggesting a common pathophysiology for
both conditions (Hettema, 2008). Although depression is typified by features such as anhedonia
and helplessness, which are not inherent to anxiety, many patients with depression are also
anxious (Heshmati and Russo, 2015). Individuals with anxiety are excessively fearful, or avoidant of
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perceived threats in the environment or internal to oneself (Craske and Stein, 2016). Women are
about twice as likely as men to develop depression (Wittchen et al., 2011). Anxiety disorders can
be effectively treated with psychopharmacological and cognitive behavioral interventions; however,
a considerable percentage of pathologically anxious individuals do not receive adequate treatment
(Lecrubier, 2007). These interventions have different symptom targets; thus, logical combinations
of these strategies need to be further studied in order to improve future outcomes (Bystritsky et
al., 2013).
Among the different etiological factors of depression and also anxiety, chronic stress exposure
has been identified as a precipitating factor for both psychiatric disorders (Pittenger and Duman,
2008). Similarly to the deleterious effects of chronic stress exposure on structural and functional
neural plasticity, different imaging and post-mortem studies report volumetric, neuromorphological
and cytogenic alterations in patients diagnosed with major depression (Lorenzetti et al., 2009).
To achieve a better understanding of the molecular and cellular mechanisms underlying the
etiology, pathophysiology, symptoms and treatment of psychiatric disorders, the development of
suitable animal models is thus pivotal.

1.3.2 The case of the unpredictable chronic mild stress (uCMS) model
Animal models of mood disorders should meet certain validation criteria including face,
etiological and pharmacological validity (Belzung and Lemoine, 2011; Krishnan and Nestler, 2011).
Face validity is the ability to induce behavioral and neurobiological signs in animals that are similar
to the symptoms of the human disease. Etiological validity is the similarity between the precipitating
factors used to induce these signs in animals and those assumed to precipitate in the human disease
(Berton and Nestler, 2006). Predictive validity is the ability of effective antidepressant treatments
to reverse the depressive-like behavior (Bessa et al., 2009b; Krishnan and Nestler, 2011).
The development of predictive animal models and the availability of genetically modified mice
have significantly helped to clarify the role of a range of pharmacological molecules in brain circuits
relevant to anxiety and depression, with many promising targets derived from preclinical animal
models subsequently validated in the clinic. In fact, these models mimicking neuropsychiatric
disorders in a smaller or greater extent (one or several symptoms) reflect the key symptoms
observed in human patients suffering from this disease (van der Staay, 2006; Garner et al., 2009).
However, current animal models of depression are limited in their capacity to recapitulate the
biological mechanisms involved and to predict the efficacy of treatments in the depressive patients.
This limitation is mainly associated to the complex and heterogeneous nature of the disease and the
fact that some of the symptoms are presumably limited to humans (e.g. feelings of worthlessness,
guilt and suicidal thoughts). Even so, many features present in depressive patients, including
anhedonia, behavioral despair, changes such as alterations in sleep and appetite patterns and
cognitive changes have been replicated in laboratory animals and ameliorated with antidepressant
treatment (Berton and Nestler, 2006; Bessa et al., 2009a; Bessa et al., 2009b; Nestler and Hyman,
2010; Krishnan and Nestler, 2011). These animals are thus potentially useful and robust approaches
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to study the neurobiology of depression and explore novel therapeutic opportunities (Belzung and
Lemoine, 2011), when used with a clear understanding of their limitations.
Despite the current absence of animal models of depression able to fully recapitulate the human
disease, literature suggests a huge amount of distinct paradigms such as restraint or immobilization,
maternal separation (Mirescu et al., 2004), social stress, early life stress, learned helplessness
(Nestler et al., 2002), exposure to a natural predator´s odor (Tanapat et al., 2001), fear conditioning
and the olfactory bulbectomy (Song and Leonard, 2005). Moreover, a model that has been widely
used to reproduce the etiologic characteristics of stress exposure in the development of stressrelated behavior is the unpredictable Chronic Mild Stress (uCMS) and chronic unpredictable stress
(CUS) protocols (Porsolt, 2000; Willner and Mitchell, 2002; Berton and Nestler, 2006).
The uCMS model consists in the continuous exposure to a set of mild stressors, unpredictably,
over a relatively prolonged period of time (Willner et al., 1987). The duration of the protocol
is variable and usually ranges from 10 days to 8 weeks (Hill et al., 2012). A diversity of stressors
is used to prevent the habituation of animals; habituation has been reported to occur when a
single stressor is used repeatedly over time (Willner, 2005). Unpredictability is another important
feature of this model: because an unexpected stressor cannot be prevented or controlled, thus
producing more severe consequences.
This stress paradigm has been shown to recapitulate many core behavioral and structural
outcomes found in human depression and animals are sensitive to antidepressant treatment
(Willner, 2005; Bessa et al., 2009a). More specifically, animals exposed to uCMS exhibit depressivelike state essentially characterized by anhedonia and apathy along with anxious-like behavior and
mild cognitive disfunction - typically observed in depressive patients (Bessa et al., 2009b; Nollet
et al., 2013). In addition, this protocol produces a variety of neurobiological alterations parallel
to human depression, such as neuroplastic alterations in the HIP, AMY and PFC, changes in
neurotransmitters systems and hyperactivation of the HPA axis (Willner, 2005; Conrad, 2008;
Hill et al., 2012). Importantly, most of these changes are reversed by chronic treatment with
antidepressant drugs from different pharmacological classes (Willner, 2005), thus supporting the
predictive validity of the model.
Despite their drawbacks, animal models are valuable tools for investigation of the neurobiology
of psychiatric disorders. The uCMS is a useful model to study the neurobiology of the human
disease and endorses the use of particular neurobiological variables, alone or in conjunction with
behavioral endpoints, to assess antidepressants efficacy and the antidepressant potential of novel
therapeutic agents (Hill et al., 2012).

1.4 Stress-induced changes on neuronal morphology
Chronic exposure to stress can have a lasting impact on the structure and function of brain
circuitry that results in long-lasting changes in behavior. These morphological effects are observed
in different stress-responsive brain regions, particularly the HIP, PFC, AMY and NAc (Sousa and
Almeida, 2012).
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Stress induces effects in neuronal architecture, including decreased in dendritic arborization
and spine density in Cornu Ammonis (CA) 3 (Woolley et al., 1990; Watanabe et al., 1992; Magarinos
et al., 1996; Sandi et al., 2003; McLaughlin et al., 2007; Melo et al., 2015; Pinto et al., 2015) and CA1
pyramidal neurons (Sousa et al., 2000; Pinto et al., 2015). Moreover, chronic stress also induces an
overall significant atrophy and decreased spine density in granules neurons from the hippocampal
dentate gyrus (DG) (Bessa et al., 2009a; Aslani et al., 2014; Melo et al., 2015; Patricio et al., 2015).
Of notice, stress affects spine density and the morphology of hippocampal neurons in a regionspecific manner. Accordingly, after chronic stress, CA3 and CA1 pyramidal neurons in the dHIP
present a dendritic retraction, while in the ventral hippocampus (vHIP), pyramidal neurons present
a neuronal hypertrophy, particularly evident in the CA3 regions (Pinto et al., 2015). Similar to the
HIP, stress also impacts neurons of the mPFC with a significant dendritic and synaptic retraction of
cingulum, prelimbic and infralimbic pyramidal neurons (Wellman, 2001; Radley et al., 2004; Radley
et al., 2006; Cerqueira et al., 2007; Liu and Aghajanian, 2008; Bessa et al., 2009a). Notably, the
neuronal atrophy promoted by stress in the HIP and in the PFC also interferes with their connective
arrangements with other areas, leading to the so-called disconnection syndrome (Sousa and
Almeida, 2012). For instance, neuronal atrophy induced by chronic stress in the PFC was found to
impair hippocampal-PFC connectivity expressed by a diminished synchrony between the vHIP and
mPFC (Oliveira et al., 2013). Other studies reported spine and dendritic morphological alterations,
with in consequence to acute stress exposure (Brown et al., 2005; Izquierdo et al., 2006). Neuronal
remodeling in the dorsal and ventral striatum in consequence of stress is also reported in other
studies (Bessa et al., 2009b; Rodrigues et al., 2012; Dias-Ferreira et al., 2009). Importantly, while
the effects of acute stress are only translated into an impairment of spatial reference memory
(hippocampal-dependent function), chronic stress induces deficits in both spatial working memory
and behavioral flexibility (Cerqueira et al., 2007). Such evidence reinforces the notion that stress
induced changes in different brain areas that respect a spatiotemporal and stepwise rational.
In the AMY and BNST, chronic stress enhances the dendritic tree and spine density, alterations
that are correlated with the observed increased anxiety (Vyas et al., 2002; Pego et al., 2008)
and fear behaviors (Hoffman et al., 2015). Moreover, exposure to uCMS increase spine density
and induce a hypertrophy of the dendritic trees in the NAc of males, which is correlated to the
manifestation of an anhedonic-like behavior (Christoffel et al., 2011; Bessa et al., 2013; Melo et al.,
2015). The OFC, a brain region involved in decision-making, also presents a neuronal hypertrophy
in response to chronic stress (Dias-Ferreira et al., 2009).
Despite their deleterious functional implications, structural remodeling induced by stress is
described to be reversible. In fact, neuronal remodeling is recognized as a form of adaptive plasticity
to protect from permanent excitotoxic damage (McEwen, 2010).
It is important to note that most of these studies of stress were mainly described in males.
Chronic stress damage in males is widely known among neuroscientists, whereas the effect in
females is much less explored, highlighting the need to considerer both sexes in the experimental
design of studies.
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1.5 The impact of stress in the nucleus accumbens and in the hippocampus
The multitude and heterogeneity of symptoms in mood disorders suggest the involvement
of different brain regions in its etiology. The brain is the central organ of adaptation to stress
because it perceives and determines what is threatening, and coordinates the behavioral and
physiological responses to the stressor. Considering that brain development is a sensitive period,
any environmental experience can compromise the maturation and function of the brain with
negative impact in adult health (Groger et al., 2016). The stress system includes a coordinated
interaction from various systems and regions of the brain, including the HPA axis and cortical
structures such as the PFC, and limbic structures such as the HIP, the AMY and the NAc. In the
following subsections, and considering that the focus of this thesis was to evaluate the impact of
stress in the dHIP and in the NAc as key brain structures involved in the regulation of the stress
response, more detail about these brain regions will be provided.

1.5.1 The hippocampus
The HIP is a brain structure located at the medial temporal lobe and is responsible for cognitive
and emotional functions (Strange et al., 2014). The HIP is generated during embryonic development
but most of its neuronal population is only produced in the postnatal period. In fact, this structure
has a prolonged developmental window that extends from embryogenesis to the postnatal period,
which is finely regulated to correct patterning and organization (Rolando and Taylor, 2014). The HIP
is functionally subdivided along the septotemporal axis into dorsal and ventral regions in rodents,
that corresponds to a posterior-to-anterior axis in humans (Strange et al., 2014). Each subregion
is associated with a distinct set of behaviors; dHIP is implied in spatial, working, contextual and
recognition memory and vHIP is related to stress and emotion (Fanselow and Dong, 2010; Koss
and Frick, 2017). Despite functional differences between the dHIP and vHIP, they can play similar
roles and complement each other´s functions (Ferbinteanu et al., 2003), making the dorsal-toventral functional specialization not so clearly defined.
The HIP is an extremely plastic region that may suffer alterations or even degeneration by a
diversity of stimuli (Anand and Dhikav, 2012; Fares et al., 2019) and, therefore, has been reported
to be affected in some neurological and psychiatric disorders (Anand and Dhikav, 2012). The HIP is
one of the key brain structures involved in the regulation of the stress response, since it encodes
contextual information from the environment that is associated with the perceived threat (Herman
et al., 2005), and it is implicated in the termination of the HPA axis response upon stress, via a
GR-dependent mechanism (Hariri and Holmes, 2015). The HIP was the first non-hypothalamic
structure recognized to have GCs receptors (McEwen et al., 1968), with both subtypes of these
receptors being highly expressed, a feature that renders this region particularly sensitive to the
effects of GCs. When stimulated, hippocampal neurons promote a decrease in the neuronal activity
of the PVN, inhibiting GCs secretion (negative feedback loop).
Anatomically, the HIP is distinguished as a zone where the cortex narrows into a curled up
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tight structure, shaped like an S, densely packed with neurons and organized in layers (Amaral and
Witter, 1989; Amaral et al., 2007) and it is composed by the CA, which includes CA1, CA2, CA3
and the DG (Giap et al., 2000). The DG, a V-shaped structure, is a subregion that runs integrated
into the curved CA and their subdivisions, CA1, CA2 and CA3 (Toni and Schinder, 2015). The DG
plays a role in learning, episodic memory, in the recognition of the surrounding environment and
in pattern separation processes (Goncalves et al., 2016). It is mainly composed by granule neurons,
hilar mossy cells and gamma-aminobutyric acid (GABA)ergic interneurons (Amaral et al., 2007).

1.5.1.1 Granule neurons
The principal cell type of the DG are the granule neurons (Figure 1.2). The hippocampal granule
cells are glutamatergic cells that begin to be produced late in development and, unlike most
neurons, continue to be generated throughout life (Shapiro and Ribak, 2005; Cameron and Glover,
2015). Typically, granule neurons present an elliptical cell body (Treves et al., 2008) and, from
the apical pole of its granule cell body, a main cone-shaped tree of spiny apical dendrites extends
and bifurcates (Amaral and Witter, 1989; Claiborne et al., 1990). All dendritic trees are covered
with spines, with variable number. The axon, that emerges from the basal pole, forms collateral
branches in the hilus and establishes main synapses in the hippocampal CA3 region (Hodge et al.,
2013). It has been shown that newly formed neurons are incorporated into the functional networks
of both the olfactory bulb and DG, suggesting a significant impact of adult neurogenesis on brain
functions (Linder and Salton, 1975; Carleton et al., 2003; Kee et al., 2007).
Besides their involvement in cognitive behaviors, granule neurons could also mediate other brain
functions, including exploratory and emotional behaviors, namely anxiety, fear learning (Kheirbek
et al., 2013) and memory (Liu et al., 2012), but also to intermediate depression-like behavior and
anhedonia (Ramirez et al., 2015).
Stress can modulate functions within the brain by changing the structure of neurons and the HIP
is one of the most sensitive and malleable regions of the brain (Herman et al., 2005; Dhikav and
Anand, 2007). Indeed, the DG appears to be highly vulnerable to the deleterious effects of stress,
since prolonged stress can diminish the size of the DG, accompanied by loss of older pre-existing
granule neurons (Pham et al., 2003), and also cause dendritic remodeling (Sousa et al., 2000) and
long-term potentiation in DG (Pavlides et al., 2002).
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Figure 1.2 - Anatomical organization of the dorsal hippocampus. Anatomical representation of
the dorsal hippocampus and its subregions. Dentate granule neurons in dentate gyrus. Abbreviations: CA1,
cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; DG, dentate gyrus.

1.5.2 Nucleus accumbens
NAc is the most inferior part of the striatum and is part of the limbic system. It is neurochemically
and immunohistochemically divided into a shell, and a core (Zaborszky et al., 1985; Zahm and Brog,
1992). The NAc shell is located in the medial and ventral area, that is largely connected to limbic
structures and plays a role in motivation and emotional processing. The NAc core is a central and
dorsal subunit of this nucleus, which is related to the neostriatum and is involved in motor function
(Park et al., 2019).
It has a key role in food intake, sexual behavior, reward-motivated behavior, stress-related
behavior and substance-addiction (Soares-Cunha et al., 2016; Park et al., 2019). At a molecular
level, core and shell show differences in the distribution of a number of substances and receptors,
including serotonin (Deutch and Cameron, 1992), dopamine (Patel et al., 1995) and calretinin
(Prensa et al., 2003), with these substances and its receptors being preferentially located in the
shell. Additionally, evidences suggest that the core is the main dopaminergic target of the NAc,
since it receives more dense inputs from the VTA and the substancia nigra (SN) (Mogenson et al.,
1980; Phillipson and Griffiths, 1985).
The NAc is a structure with a heterogeneous neural composition, with complex interconnections
and a wide variety of receptors. It is a subcortical brain structure, crucial for motivation (Da
Cunha et al., 2012), that appears to be highly conserved across the evolution of several species
(Stephenson-Jones et al., 2011).
There is some evidence that the NAc plays an important role in the pathophysiology of
depression (Krishnan and Nestler, 2008; Russo and Nestler, 2013; Floresco, 2015). Given that one
of the components of depression includes anhedonia, a dysfunction of the brain reward pathway
has been suggested as contributing factor to depression (Shirayama and Chaki, 2006).
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1.5.2.1 Medium spiny neurons
The primary population of striatal neurons are the medium spiny neurons (MSNs) that are
GABAergic neurons (Mehler, 1981). These neurons are defined by their transcriptional profiles,
including dopamine receptor D1 or D2 expression (Gerfen et al., 1990; Heiman et al., 2008). MSNs
bear a large number of spines on their dendrites and receive synaptic input from several structures,
such as cortex, thalamus, hippocampus and dopaminergic neurons of the midbrain (Chuhma et al.,
2011; Wall et al., 2013).
Molecular expression, synaptic, and structural plasticity changes in MSNs of the NAc are
implicated in depression symptomology (Krishnan and Nestler, 2008; McEwen et al., 2015; Francis
and Lobo, 2017; Fox et al., 2020a; Fox et al., 2020b). However, very little research has been
devoted to understanding how MSN subtypes are regulated following stress.
Apart from neurons, the main characteristics and fuction of the microglia cell in the dHIP and
NAc will be described in detail.

2. Microglia
Microglia are very well characterized as the innate immune cells resident in the CNS, that are
continuously active, surveying their environment and responding to neural activity (Davalos et al.,
2005; Nimmerjahn et al., 2005; Kettenmann et al., 2011). Microglia contribute to neuronal and
glial cell survival, synaptogenesis, synaptic pruning and axonal myelination (Bilimoria and Stevens,
2015; Kaur et al., 2017). Microglia are also involved in synaptic plasticity, neurogenesis, functional
connectivity of the brain, learning and memory and the adaptation of the brain and behavior to an
enriched or stressful environment (Salter and Stevens, 2017; Tay et al., 2017b).

2.1 Microglia during neurodevelopment
Microglia are necessary for proper brain development and, once in the brain, they mature and
colonize the parenchyma in a highly orchestrated manner throughout gestation and the postnatal
period (Ginhoux et al., 2013). Microglia arise from yolk sac-derived primitive myeloid progenitor
cells during embryonic development (Ginhoux et al., 2010; Kierdorf et al., 2013; Gomez Perdiguero
et al., 2015), reside in the brain throughout life and maintain the population number through a
process of self-renewal (Hashimoto et al., 2013).
Microglia colonization is not random and follows specific patterns, reflecting the occurrence
of interactions between these cells and different components of the CNS (Verney et al., 2010;
Swinnen et al., 2013). In rodents, this colonization process starts around embryonic day (ED) 9.510.5 (Ginhoux et al., 2010) and ends before ED14.5 (Stremmel et al., 2018). During development,
microglia have amoeboid morphology and gradually acquire cellular processes becoming ramified
at approximately ED14.5 (Ginhoux et al., 2010; Kierdorf et al., 2013; Swinnen et al., 2013). At
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birth, most of microglial population is already established in the brain (Schwarz et al., 2012). In the
first two postnatal weeks, microglia are fully mature and express adult-signature genes (Butovsky
et al., 2014; Bennett et al., 2016). Microglia have a potential to self-renew and thereby maintain
characteristic region-specific densities through tightly coupled local proliferation and apoptosis for
nearly the entire lifespan of the animal (Lawson et al., 1992; Askew et al., 2017; Tay et al., 2017a;
Prinz eta., 2019).
From the neurodevelopment until adulthood, the colonization of microglia in brain occurs
in a sex-specific manner: males have higher number of microglia in early postnatal life, whereas
females have a higher number later in development, and maintain it in adulthood (Schwarz et al.,
2012). Microglial density was shown to differ between sexes across stages of the lifespan and brain
regions that include the preoptic area, HIP, parietal cortex and AMY, under steady state conditions
(Mouton et al., 2002; Schwarz et al., 2012; Lenz et al., 2013). These effects could be modulated by
sex hormones, considering that isolated microglial cells express both estrogen and progesterone
receptors (Sierra et al., 2008).
Microglia colonization occurs concurrently with the genesis of neurons and before the
generation of astrocytes and oligodendrocytes, which provides microglia with a unique opportunity
to ‘witness’ and participate in numerous developmental events in the CNS, such as neurogenesis
(Cunningham et al., 2013; Ueno et al., 2013), cell death (Marin-Teva et al., 2004; Wakselman et
al., 2008), synapse elimination (Stevens et al., 2007; Schafer et al., 2012) and establishment and
remodeling of neural circuits (Paolicelli et al., 2011; Hoshiko et al., 2012; Ueno et al., 2013; Squarzoni
et al., 2014; Ueno and Yamashita, 2014; Frost and Schafer, 2016). In addition, microglia quickly
adapt to their environment and modify their functions with a broad spectrum of activation states
(Aguzzi et al., 2013; Ransohoff, 2016). These developmental microglia functions are evolutionarily
conserved among species (Sears et al., 2003; Casano et al., 2016; Xu et al., 2016) and facilitate
the development of neural circuitry and behavior. These functions may require direct contact of
microglial cells with synapses (Wake et al., 2009; Tremblay et al., 2010) or the release of molecules,
such as complement factors, cytokines or trophic factors (Paolicelli et al., 2011; Schafer et al., 2012).
Microglia-synapse interactions regulate the formation and elimination of the latest. As phagocytes
of the brain, microglia contact with the synaptic elements and engulf axon fragments and terminals,
as well as dendritic spines, thereby contributing to a crucial pruning function that is regulated by
neuronal activity (Watts et al., 2004; Tremblay et al., 2010; Paolicelli et al., 2011; Schafer et al.,
2012; Bialas and Stevens, 2013; Squarzoni et al., 2014). Besides phagocytosis, microglia can remove
synapses by synaptic “stripping”, during which microglia extend their processes into the synaptic
cleft to separate pre- and post-synaptic elements interrupting transmission (Figure 1.3) (Blinzinger
and Kreutzberg, 1968).
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Figure 1.3 - Summary of microglia main function in the CNS during neurodevelopment.

2.2 Microglia throughout life
In the embryonic and early postnatal period, microglia have an amoeboid or primitive ramified
morphology and a higher capacity of proliferation. These microglia further differentiate into the
ramified cells present in the adult brain (Dalmau et al., 2003).
Although maintaining a proper identity, microglia in the adult brain are highly heterogeneous
between brain regions, with differences in gene expression and sensitivity to ageing (Doorn et al.,
2015; Grabert et al., 2016), as well as in density and morphology (Lawson et al., 1990; Mittelbronn
et al., 2001).
In physiological conditions, microglia presented a ramified morphology and constantly survey
their local microenvironment, extending their motile processes to interact namely with synapses,
at all stages of life (Davalos et al., 2005; Nimmerjahn et al., 2005; Wake et al., 2009; Tremblay et al.,
2011; Li et al., 2012). This structural organization of microglia (permanent extension and retraction)
allows the constant scanning of the brain (Nimmerjahn et al., 2005). Indeed, microglia contact with
neuronal processes is directed to synapses and associated with increased neuronal activity. In this
interaction, microglial processes become enlarged after contacting synaptic elements and, in some
cases, the synaptic structure is eliminated (Wake et al., 2009). Thus, the effective communication
between microglia and neurons is essential for brain homeostasis. One of the most important
forms of neuron-microglia crosstalk, in physiological and pathological conditions, is the expression
of the fractalkine receptor, C-X3-C motif chemokine receptor 1 (CX3CR1) by microglia, and its
interaction with its ligand, fractalkine, derived from neurons (Sheridan and Murphy, 2013).
In response to perturbations of the homeostasis, microglia can remodel their morphology,
proliferate, migrate to the site of disturbance and release a variety of mediators, such as
proinflammatory cytokines and neurotrophins (Davalos et al., 2005; Hanisch and Kettenmann,
2007; Ransohoff and Perry, 2009; Kettenmann et al., 2011). Microglia can respond rapidly to
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subtle changes in their environment, sensing them through a plethora of receptors, such as
purinergic receptors (Davalos et al., 2005), fractalkine receptors (Pagani et al., 2015), receptors
for complement proteins, cell adhesion molecules and inflammatory cytokines/chemokines (Rock
et al., 2004). Subsequently microglia can respond to these changes by the production and release
of pro- and anti-inflammatory cytokines and neurotrophic factors (Gomes et al., 2013), engulfment
of cellular debris (Chen and Trapp, 2016) and displacement of synaptic terminals (Chen et al.,
2014). Morphological modifications and acquisition of a functional immune phenotype have been
considered as the hallmark of this switch (Hanisch and Kettenmann, 2007).
As immune cells, they act as sentinels, detecting the first signs of pathogenic invasion or tissue
damage in this delicate immune-privileged site that is actively protected by the brain blood barrier
(BBB) (Daneman, 2012). Thus, microglia have a central position in the defense and maintenance of
the CNS. Emerging evidence suggests that microglia exert direct effects on neurons, contributing
to disease progression (Perry et al., 2010; Kettenmann et al., 2011) and so are attracting interest
as potential therapeutic targets in neurological disorders. Considering the role of microglia in
the brain, it is perhaps not surprising that microglial activation and dysfunction are increasingly
implicated in neuropsychiatric disorders (Prinz and Priller, 2014; Wolf et al., 2017).

2.3 Role of microglia in neuropsychiatric disorders
Given the plurality of microglial functions, conditions resulting in defective microglia during brain
development can lead to impaired clearance of cellular debris and compromised neural function and
connectivity. Dysfunctional or perturbed microglial homeostasis could have direct consequences
on the onset of neuropsychiatric disorders at an early age or later in adulthood (Yirmiya et al.,
2015). In microglia, morphology and function are strongly associated, since their highly dynamic
processes are responsible for surveying functions and the pruning of synapses (Paolicelli et al., 2011;
Hinwood et al., 2013; Kreisel et al., 2014). A plausible biological mechanism that contributes to
stress-related mental health disorders is bidirectional communication between the immune system
and the CNS (Miller et al., 2009; Reader et al., 2015). Recent evidence suggests that stress-induced
altered immune signaling significantly regulates mood and behavior (Dantzer et al., 2008; Miller et
al., 2009). Microglia-neurons communication is essential for a healthy brain, as previously discussed.
Thus, deficiencies in that crosstalk lead to weak synaptic transmission, decreased functional brain
connectivity and behavior abnormalities (Zhan et al., 2014). The referred permanent deficiencies
in neuronal circuits are associated with the genesis of neuropsychiatric disorders, depression (Rial
et al., 2015; Yirmiya et al., 2015) and anxiety disorders (Caetano et al., 2017) included.
The complex refinement of brain circuitry has very likely important consequences for normal
and abnormal brain functions. Additionally, abnormal synaptic pruning is intrinsically related to
neuropsychiatric disorders, possibly explaining why many mental illnesses emerge in adolescence
(Wittchen et al., 1998).
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As the primary resident immune cells in the brain, microglia are obvious candidate mediators of
abnormal brain-immune communication in neuropsychiatric disorders. However, clinical evidence
implicating microglial dysregulation in mood disorders is limited.
In humans, depressed patients display increased serum levels of several inflammatory mediators
including interleukin (IL) 6 and C-reactive protein (Dowlati et al., 2010; Miller and Cole, 2012; Leday
et al., 2018). Other authors found opposite changes in the transcriptome signature of microglia
of post-mortem samples from men and women with depression (Seney et al., 2018). Studies
have found increased translocator protein (TSPO), a marker of microglial activation, in patients
with depression as well as increased microglial density and increased peripheral macrophage
infiltration in depressed suicides (Setiawan et al., 2015; Torres et al., 2016; Holmes et al., 2018). In
a postmortem study of frontal cortex and HIP in several neuropsychiatric conditions, increased
microglia activation was found in only one of 6 patients with major affective disorders (Bayer et
al., 1999). Similarly, in postmortem samples from depressive patients, no alterations were found in
microglial density in several brain regions (dorsolateral PFC, anterior cingulate cortex, mediodorsal
thalamus, and HIP) (Steiner et al., 2008).
Animal models of mood disorders have been used to further investigate the potential pathogenic
role of microglia and has provided additional insights into the recruited mechanisms underlying
exposure to environmental factors, such as early- or later-life stress. The exposure to acute or
chronic restraint stress in adulthood induces, in both males and females, important transcriptional
alterations in mPFC of several microglial function-related genes (e.g. Cd40, iNos, Arg1, Cx3cl1,
Cx3cr1, Cd200 and Cd200r) (Bollinger et al., 2016). Yet, these transcriptional changes impacted
male and female rat microglia differently. Stressed male rats exhibit an increased proportion of
ramified microglia in several brain regions (OFC, AMY and dHIP), while stressed female rats have a
decreased density of microglia in the OFC without significant morphological differences (Bollinger
et al., 2017). In a different study, chronic stress, increased the number of microglia in the AMY,
PFC, and HIP, with increased levels of cytokines associated with cytotoxic microglial activation IL1ß, IL-6, TNF-α, and iNOS in CD11b+ cells (Wohleb et al., 2011; Wohleb et al., 2012).
In a different study with a similar question, chronic stress elicited sex specific effects on
microglia function, stress altered microglia morphology, increased microglia expression of the
colony stimulating factor 1 (CSF-1) receptor, Csf1r, and the Cx3cr1, and induced phagocytosis of
dendritic inclusions in males compared to microglia of females (Wohleb et al., 2018).
Further animal evidence of a pathogenic role of microglia derived from mice deficient in the
fractalkine receptor, CX3CR1, whose expression in the brain is restricted to microglia. These mice
displayed enhanced depression-like behavior after treatment with lipopolysaccharide (LPS), which
also triggered a persistent activated microglial phenotype in the HIP and PFC (Corona et al., 2010).
Several antidepressants have been shown to have anti-inflammatory effects (Zhang et al., 2012;
Dhami et al., 2013; Dhami et al., 2019) and treatment of chronically stressed rodents with either
anti-inflammatory drugs or traditional antidepressants has been shown to reduce depressive
symptoms in a microglia-dependent manner (Kreisel et al., 2014; Alboni et al., 2016; Wohleb et
al., 2018). In a recent study, Kreisel and colleagues demonstrated the requirement of microglia to
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translate chronic stress into depressive behavior in rodents Kreisel et al., 2014). Additionally, they
showed that the pro-inflammatory stimulation could drastically improve outcomes in the model of
stres, highlighting the potential duality of microglia in both pathophysiology of depression and as a
potential point of therapeutic intervention (Kreisel et al., 2014).
Overall, these results indicate that microglia are vulnerable to stress/GCs throughout life in
a sexually dimorphic way, acting as an important component in the inflammatory cascade and
promoting neuronal circuit changes that lead to depressive and anxiety-like behaviors.
In fact, chronic stress was shown to lead to dynamic, bi-directional alterations in microglia,
characterized by an initial phase of proliferation and a later phase of apoptosis and morphologic
dystrophy (decrease in the soma area and length of processes) (Kreisel et al., 2014). Also, an
increase in the motility of microglia was reported in young adult male mice, in response to an
early-life stressful stimulus, maternal deprivation (Takatsuru et al., 2015), showing that, despite
their dynamic nature, alterations in microglia can be maintained for a long period. Likewise, the
inflammatory profile of microglia can also have long-term alterations. Diz-Chaves and colleagues
reported that prenatal stress induces an increase in the expression of proinflammatory cytokines
in response to an immune challenge in adulthood (Diz-Chaves et al., 2013).

2.4 Stress-induced sex differences on microglia morphology
It is established that the morphology of microglial cells is associated with their functional
state (Hinwood et al., 2012; Kreisel et al., 2014). In fact, alterations in microglia morphology have
been associated with functional impairment of these cells, which can lead to alterations in brain
circuits and increase vulnerability for neuropsychiatric disorders, such as depression and anxiety
(Rial et al., 2015; Yirmiya et al., 2015). Therefore, the close relation of microglial cells to synaptic
function and maintenance of neuronal circuits, suggest that any disturbance, namely the exposure
to immunomodulators, as high levels of GCs during development, could contribute to alterations
in their functionality and consequently contribute to neuropsychiatric conditions.
Rodents exposed to neonatal maternal separation exhibit a more amoeboid, immature microglial
morphology, at postnatal day (PND) 15 in the medulla of both sexes compared to control animals
(Baldy et al., 2018). At adulthood, exposure to stress, differentially affects male and female rats.
Indeed, the exposure to acute or chronic restraint stress at adulthood increases the prevalence of
ramified microglia and disrupts the expression of CX3CL1 and CX3CR1 in the prefrontal cortex
of female rats only (Bollinger et al., 2016).
We previously reported that the morphology of microglia changes differently in adult males
and females in the mPFC, in animals prenatally exposure to the synthetic GC dexamethasone
(Caetano et al., 2017). While in males prenatal stress exposure induces a hyper-ramification and
increased length of microglial cells, in females a decrease was observed in the length of processes
(Caetano et al., 2017). Interestingly, chronic treatment with a selective A 2AR antagonist was able
to revert stress-induced alterations in microglial processes and anxiety behavior in males, but not
in females, suggesting a gender-dependent efficacy of A 2AR (Caetano et al., 2017). Nevertheless,
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and reinforcing the notion that microglial cells present a region- and sex-specific morphology and
function, the blockage of A 2AR in females was able to counteract stress-induced hyper-ramification
of microglia in the dHIP and revert cognitive deficits in a recognition memory task (Duarte et al.,
2019).
Chronic stress can also alter microglia morphology, functional profile, and microglia-neuron
interaction in corticolimbic circuitry (Bollinger and Wohleb, 2019). In addition to basal sex
differences, the morphology of microglial cells is affected by stress in a sex-specific manner (Tanaka
et al., 1997; Sierra et al., 2008). Accordingly, in male rats chronic restraint stress increases microglial
activation in the mPFC through changes in the morphology and expression of immune molecules,
which were associated with deficits in spatial working memory (Hinwood et al., 2012; Hinwood et
al., 2013). However, these stress-induced effects in males were not recapitulated in a recent study
(Bollinger et al., 2016). By contrast, in females, acute and chronic stress greatly reduced microglial
activation through a decrease in the ramification (Bollinger et al., 2016). Repeated stress during
adulthood in rodents also impacts on the morphology of microglia, particularly causing an atrophy
and a decrease in the complexity of these cells in the HIP (Kreisel et al., 2014).

3. Adenosine, a modulator of neurons and microglia
Microglial dynamics is regulated by different modulatory systems including adenosine A 2A
receptors (A 2AR) (Orr et al., 2009; Gomes et al., 2013; Gyoneva et al., 2014b; George et al., 2015),
which are known to be important for anxiety and depression (Gomes et al., 2011).
Adenosine is a homeostatic signaling molecule of the purines group, being present in all cell
types, neuronal and non-neuronal cells (Ribeiro et al., 2002). In the CNS, adenosine is a wellknown neuromodulator or a homeostatic regulator that plays an important role in the control
of synaptic transmission and neuronal excitability and modulates the activity of astrocytes and
microglia (Cunha, 2001; Sebastiao and Ribeiro, 2009a; Domenici et al., 2019). The effect of
adenosine is mediated by specific cell-surface receptors with variable affinity for adenosine. Their
activation depends on adenosine concentration, which is mainly regulated by metabolism and
transport across the plasma membrane. It is now established that adenosine has four metabotropic
(G-protein coupled) receptors: A1, A 2A , A 2B and A3 receptors, with A1 and A 2A being the most
abundant (Fredholm et al., 2001; Burnstock, 2007). All adenosine receptor subtypes are coupled
to G proteins, which activate different signal transduction pathways through the coupling with
different members of the heterotrimeric G-proteins family (Fredholm et al., 2001; Borea et al.,
2018). A1 and A3 receptors couple to inhibitory G proteins (Gi/o) inhibiting the production of
cyclic adenosine monophosphate (cAMP), while A 2A and A 2B receptors most frequently couple to
stimulatory G proteins (Gs) increasing intracellular concentrations of cAMP (Figure 1.4) (Fredholm,
1995). In normal conditions, the extracellular adenosine binds with high affinity to A1R and A 2AR,
(Borea et al., 2018).
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The expression of these receptors differs between brain regions (Ribeiro et al., 2002) and their
distribution varies during development, stabilizing at adulthood (Shaw et al., 1986). A1R and A 2AR
are mainly responsible for the effects of adenosine in the brain (Fredholm et al., 2005). Although
A1R are the most abundant and widespread distributed, A2AR are more abundant in the basal
ganglia and in synapses throughout the rest of the brain (Fredholm et al., 2005).

Figure 1.4 - Overview of adenosine receptors. Adenosine is transported by bidirectional nucleoside
transporters and binds to A1, A 2A , A 2B and A3 receptors. A1 and A3 receptors inhibit the conversion of ATP
into cyclic adenosine monophosphate (cAMP), whereas A 2A and A 2B receptors stimulate it.

3.1 Adenosine A2A receptors in the brain
A 2AR are expressed at high levels in the striatum and olfactory bulbs and tubercle (Rosin et
al., 2003; Fredholm et al., 2011), but also in areas such as the AMY, HIP or PFC (Cunha et al.,
1994; Dixon et al., 1996; Svenningsson et al., 1997; Simoes et al., 2016). All these regions are
involved in the regulation of complex processes such as cognition, motivation and emotion in
neuropsychiatric disorders (Hauber and Sommer, 2009; Salamone and Correa, 2012). A 2AR play
a role in development, since the expression of this receptor varies during embryonic and early
postnatal life (Aden et al., 2000). At the cellular level, A2AR are expressed in pre and postsynaptic
neurons (Hettinger et al., 2001; Rebola et al., 2005a), astrocytes, microglia and oligodendrocytes
(Kust et al., 1999; Nishizaki et al., 2002) where it orchestrates a number of functions related to
excitotoxicity, spanning neuronal glutamate release, glial reactivity, BBB permeability and peripheral
immune cell migration (Nishizaki et al., 2002; Carman et al., 2011; de Lera Ruiz et al., 2014; Borea
et al., 2018). The activation of A2AR in the brain is important for its role as a modulator of synaptic
transmission and plasticity facilitating glutamate release and potentiating NMDA receptor effects
(Sebastiao and Ribeiro, 2009b).
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A 2AR play also a role in physiological conditions, since knockouts (KO) for this receptor present
anxious-like behavior (Fredholm et al., 2005; Kaster et al., 2015). In stressful situations, the levels
of expression and the density of A 2AR increase in neurons (Rebola et al., 2005b) and glial cells
(Yu et al., 2008; Gomes et al., 2013). Moreover, the purinergic system is differently modulated
promoting opposing responses by microglia cells (George et al., 2015). Therefore, the role of A2AR
in neurons and glia has been described in the pathogenesis of neuropsychiatric illnesses, such as
major depression (Yamada et al., 2014; Krugel, 2016).

3.2 Adenosine A2AR modulation in neuropsychiatric disorders
A 2AR have been involved in neuropsychiatric disorders, especially considering the potential of
A 2AR inhibition has been proposed as a therapeutic target (Cunha et al., 2008a; Gomes et al., 2011;
Domenici et al., 2019). The evidences of synaptic dysfunction and the identification of synaptic
markers in depressed individuals and chronically stressed animals have been described (Duman
and Aghajanian, 2012). Moreover, the ability of adenosine A 2AR to “fine-tune” synaptic functions
(Sebastiao and Ribeiro, 2009b) and the high prevalence of A 2AR in mesolimbic circuits involved in
motivational behaviors (Ferre et al., 2004) suggest that these receptors could be a new therapeutic
target.
Epidemiological studies have highlighted a relationship between caffeine (a non selective
adenosine receptor antagonist) intake and depression-related symptoms (Cunha et al., 2008a;
Lara, 2010). Some of these studies focus on the role of caffeine as a drug that prevents depression,
while others discuss caffeine as a possible treatment for existing depression (Tanskanen et al.,
2000; Broderick and Benjamin, 2004; Smith, 2009; Lucas et al., 2011; Temple et al., 2017).
The involvement of A 2AR in the antidepressant effect of caffeine arise from the observation
that the depressive-like behavior induced by adenosine was inhibited either by caffeine and by
pharmacological or genetic blockade of A 2AR in rodents (Woodson et al., 1998; El Yacoubi et al.,
2001; Yamada et al., 2013). In addition, A 2AR KO mice showed a reduction of the immobilization
time at forced swim test (FST) and tail suspension test (TST), two standard tests to evaluate
antidepressant drugs (El Yacoubi et al., 2001; El Yacoubi et al., 2003). Moreover, the administration
of the A 2AR antagonists SCH 58261, ZM 241385 or istradefylline reduced the immobilization time
in the FST (El Yacoubi et al., 2001; El Yacoubi et al., 2003; Yamada et al., 2013) and also prevented
maternal separation-induced long-term cognitive impacts (Batalha et al., 2013).
Concerning anxiety, the role of adenosine A 2AR is still controversial. The first evidence
supporting the involvement of adenosine in anxiety comes, again, from caffeine intake. It is also
well known that the effects of caffeine are dependent, not only on the dosage, but also on the habit
of drinking coffee, the sensitivity of the subject to anxiety and on the presence of concomitant
stress conditions and related modifications of the HPA axis (Fredholm et al., 1999; Cunha et al.,
2008b; Yamada et al., 2014). A 2AR have been involved in the control of HPA axis and in regulating
GCs actions since that overexpression of A2AR promotes alterations in the levels of corticosterone
and enhances synaptic plasticity and memory impairments induced by GCs that are reversed by
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inhibiting A 2AR (Batalha et al., 2013; Kaster et al., 2015; Batalha et al., 2016). However, our group
showed that in the iuDEX model, chronic treatment with A 2AR antagonist ameliorates sex-specific
alterations of microglial processes in the PFC, as well as anxiety behavior in males, but not in
female rats (Caetano et al., 2017).
It is possible that the limitations of animal models and the reduced expression of the A2AR in
brain areas more directly involved in anxiety disorders prevent the A2AR from being considered
a valid therapeutic target for anxiety. However, it is important to note that the evidence relating
the adenosinergic system and psychiatric disorders highlights the potential of manipulating the
adenosine receptor as a novel strategy to manage mood disorders.

3.3 Effects of A2AR on neuronal morphology
It is known that A2AR are widely distributed in synapses (Rebola et al., 2005b) where it plays
an important role in synaptic plasticity (Cunha et al., 2008a). A particularity of A 2AR is their ability
to undergo increases in expression and density upon noxious conditions in neurons (Rebola et al.,
2005b) as well in glial cells (Yu et al., 2008). The effect of adenosine on neuronal morphology have
been reported. Animals treated during the first postnatal days with caffeine, a natural antagonist
of A 2AR and A1R, showed an increase in dendritic length and branching in the PFC, which was
maintained until PND70 (Juarez-Mendez et al., 2006). In the PFC, the treatment with an A 2AR
antagonist in adulthood was shown to increase dendritic branching in hippocampal pyramidal
neurons (Batalha et al., 2013), in a model of maternal separation. It was also observed that the
treatment with caffeine during gestation led to a delay in the migration of neurons in the HIP (Silva
et al., 2013), which could be explained by an impairment in axonal development. Moreover, blockade
of this receptor has partially reverted stress-induced hippocampal modifications, a morphological
trait related with depression (Cunha et al., 2006). Accordingly, the activation of A2AR managed to
induce memory dysfunction (Cunha, 2005). At the structural level, A2AR antagonism has been able
to restore the dendritic atrophy presented by stress-impaired animals in the HIP, adding a very
significant role to these receptors: dendritic branching control (Batalha et al., 2013). Indeed, in vitro
studies showed that A 2AR activation increases axonal elongation during neuronal development, by
stimulating microtubule and growth speed. In the same study, it was also shown that the activation
of A 2AR led to an increase in dendritic branching, in a mechanism dependent on BDNF (Ribeiro
et al., 2016). Our group reported that in vitro hippocampal neurons exposed to DEX exhibit a
polarized morphology alteration: dendritic atrophy and axonal hypertrophy. While the effect of
DEX in the axon is dependent on the activation of A 2AR, the effect in the dendrites relies on the
activation of GRs, regardless of the activation of A 2AR (Pinheiro et al., 2018). These results support
the hypothesis of the interaction between GRs and adenosine A 2AR and the potential therapeutic
value of modulating A 2AR activation in order to prevent GCs-induced alterations in developing
neurons.
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3.4 Effects of A2AR on microglia morphology
Microglial cells are equipped with all adenosine receptor subtypes, including the A 2AR (Dare et
al., 2007). A 2AR have also been shown to regulate several aspects of microglia function. They are
involved in process retraction by the microglia during neurodegeneration and neuroinflammation,
playing a role in the functional change of microglia into an activated proinflammatory phenotype
(Orr et al., 2009). Accordingly, A 2AR induce microglia proliferation (Gomes et al., 2013; George
et al., 2015) and the A 2AR antagonism prevents hippocampal neuroinflammation (Rebola et al.,
2011) and retinal microglia reactivity, providing protection to retinal neuronal cells (Madeira et
al., 2016). Microglia express enzymes related with purine metabolism in the developing brain
and this expression is associated with microglia morphology (Dalmau et al., 1998). Rebola et al.
showed that the blockade of A 2AR, by administration of an antagonist (SCH58261), is able to
decrease the expression of activation markers in microglia in the hippocampus, in response to
lipopolysaccharide (LPS) stimulus, indicating a role of this receptor in neuroinflammation mediated
by microglia (Rebola et al., 2011).
Several studies have shown that A2AR are involved in the control of microglia morphology
(Wollmer et al., 2001; Gyoneva et al., 2009; Orr et al., 2009; Gyoneva et al., 2014b). We reported
that A 2AR KO mice presented interregional differences in PFC and dHIP in a sex-specific manner,
since males presented more complex microglia in the dHIP and females in the PFC (SimoesHenriques et al., 2019). Additionally, it was shown that, in response to inflammation, the retraction
of microglia processes is also dependent on the activation of A 2AR (Gyoneva et al., 2009; Orr et al.,
2009; Gyoneva et al., 2014a; Gyoneva et al., 2014b). Our group already described that the chronic
blockade of A 2AR was effective in reverting the anxiety and alterations in microglia morphology in
the PFC in males, but not in females in the iuDEX model (Caetano et al., 2017). In other study of
the group, we showed that the treatment with a selective antagonist of A2AR was able to revert
cognitive deficits, electrophysiological abnormalities and the changes in microglia morphology in
dHIP in females in the same model (Duarte et al., 2019).
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Objectives
Chronic stress or early life stress/GC exposure are strongly associated with increased risk
to develop anxiety and depression. However, the effect of stress/GCs in microglia and neurons
morphology taking into account sex differences is still not explored in detail. Considering that GCs
are stress mediators, we intend to study the morphologic plasticity of microglial cells and neurons
in the uCMS model, and clarify how iuDEX animals, that present an anxious phenotype, cope
with uCMS in adulthood. We also aim to test the ability of A2AR, that i) regulates GC responses,
ii) microglial morphology/function, iii) is involved in anxiety and depression, to ameliorate iuDEXinduced anhedonia and cognition, as well as morphological changes in microglia.
Therefore, the main aims of this thesis were:
1) Evaluation of the impact of adult stress with two different durations in behavior and in
the morphology of neurons and microglia in the dorsal hippocampus (HIP) and in the nucleus
accumbens (NAc), two brain regions implicated in the pathophysiology of anxiety and depression;
2) Evaluation of the impact of adult stress in a model of in utero exposure to high levels of GC
(iuDEX model) in behavior and in the morphology of neurons and microglia in the dHIP and in the
NAc;
3) Evaluation of the impact of in utero exposure to high levels of GC (iuDEX model) in behavior,
in the morphology of microglia and neurons in the NAc, and the therapeutic potential of A 2AR
blockade.
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Abstract
Stress exposure has been shown to induce a variety of molecular and functional alterations
associated with anxiety and depression. Some studies suggest that microglia, the immune cells
of the brain, play a significant role in determining the neuronal and the behavioral responses to
chronic stress and may contribute to the development of stress-related psychopathologies such
as anxiety and depression. However, little is known about how chronic stress affects microglia
morphology. Here, we examine the effects of short and long unpredictable chronic mild stress
(uCMS) protocols on behavior, evaluating in parallel microglia and neuronal morphology in the
dorsal hippocampus (dHip) and in the nucleus accumbens (NAc), two brain regions important in
the etiology of depression.
We report that long uCMS induced more behavioral alterations in males, which present anxiety
and depressive-like behavior (anhedonia and helplessness behavior), while females present anxiouslike behavior. Moreover, microglia cells undergo a dual process of morphological adaptation to
short uCMS, dependent on sex in the NAc: we observed hypertrophy in males and atrophy in
females, a transient effect that does not persist after long uCMS. In the dHIP, only long uCMS
induced a hypertrophy of microglia cells in females, with no effects in males. Interestingly, males are
also more vulnerable to neuronal morphological alterations in a region-specific manner: dendritic
atrophy in granule neurons of the dHIP and hypertrophy in the medium spiny neurons of the NAc,
both after short or long uCMS. Females presented no changes.
These results indicate that chronic stress can cause contrasting patterns of morphologic
remodeling in microglia and neurons of the dHIP and NAc in both sexes. These findings raise
the possibility that, by differentially affecting neurons and microglia in dHIP and NAc, chronic
stress may contribute for the appearance of emotional disorders, and partially explain sex-specific
vulnerabilities.
Disentangling stress-induced structural plasticity in dHIP and NAc, one can elucidate possible
cellular substrates for affective disorders triggered by chronic stress.
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Introduction
Exposure to stress alters homeostasis and may have a detrimental impact on certain brain
functions, depending on the duration, type and severity of stress. Uncontrollable stress is a major
contributing factor for major depressive disorder (Iwata et al., 2013), a severe and potentially
debilitating psychiatric illness characterized by a significant change in mood accompanied by
symptoms such as anhedonia and disrupted sleeping, eating and cognitive deficits (Kessler, 2012).
Biological and physiological differences have been identified between males and females, especially
in the way they react and cope with stress (Bale and Epperson, 2015). Sex differences in stress
responses can be found at all stages of life and these differences are related to organizational and
activational effects of gonadal hormones and to genes found on sex chromosomes (Arnold, 2009;
McCarthy and Nugent, 2013). In mood disorders that are precipitated by stressful experiences,
the loss of resilience is an indication that external behavioral and pharmacological intervention
is needed. Indeed, the mature brain has greater capacity for plasticity than previously imagined
and this points to future behavior, as well as pharmacologic-based therapies that harness neural
plasticity for recovery (McEwen and Morrison, 2013).
A wide variety of animal models have been used to mimic human depression. Ideally, an
appropriate animal model of human depression should fulfill the following criteria as much as
possible: strong phenomenological similarities and similar pathophysiology (face validity),
comparable etiology (construct validity), and common treatment (predictive validity) (Anisman
and Matheson, 2005; Willner et al., 2013). However, depression is a heterogeneous disorder and
many of the symptoms of depression (depressed mood, feelings of worthlessness, suicidal ideation)
are hard to be mimicked in laboratory animals. However, by trying to improve the quality and the
validity of the models, it is possible to step-by-step get closer to the human disease in order to
help finding new therapeutic targets, as well as new insights about the pathology seen in the clinics
(Belzung and Lemoine, 2011). Of note, it is not necessary for an “ideal” animal model of depression
to exhibit all the abnormalities of depression-relevant behaviors, since that the patients do not
manifest every symptom of depression. Anhedonia is the core symptom of depression and most of
the current models only mimic anhedonia (Anisman and Matheson, 2005).
Chronic unpredictable mild stress (uCMS) is widely used and involves a permanent exposure
to a variety of mild stressor in an unpredictable manner. In adult rodents, uCMS is a valid rodent
model of depression (Willner, 2005) and can induce a variety of behavioral alterations, including
anxiety, anhedonia, decreased exploratory behavior and increased immobility/despair behavior
when exposed to stressful environments, as well as impaired spatial cognition (Bessa et al., 2009b;
Henningsen et al., 2009; Hill et al., 2012; Morais et al., 2014; Patricio et al., 2015).
Stress can impact various aspects of immune function that predict and promote stress
susceptibility. In rodents, uCMS triggers the production of inflammatory cytokines such as
interleukin-1ß, tumor necrosis factor-α, IL-6 and IL-4 (Persoons et al., 1995; Stepanichev et al.,
2014). As the predominant innate immune cells of the brain, microglia play an integrative role in
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maintaining neuronal homeostasis and synaptic plasticity (Salter and Stevens, 2017). These innate
immune cells are distributed throughout the brain and function as a critical line of defense against
injury and pathogenic insult (Hanisch and Kettenmann, 2007). It has been reported that stress
induce morphological activation of microglia (Sugama et al., 2007) and promotes microglial hyperramification in the PFC (Tynan et al., 2013), which support the theory that microglia plays an
important role in modulating the impact of stress (Reus et al., 2015). In the healthy adult CNS,
microglia have a ramified morphology characterized by long, thin processes that enable microglia
to search for signals that threaten local homeostasis (Nimmerjahn et al., 2005; Kettenmann et
al., 2011; Xavier et al., 2014; Wu et al., 2015). Some studies have described that when microglia
respond to an insult, change the morphology, the processes retract, and the cell body enlarges,
giving microglia an amoeboid shape (Davalos et al., 2005; Cho et al., 2006). Interestingly, our
recent studies described that prenatal stress impacted on microglia differentiation in a sex-specific
manner (Caetano et al., 2017; Duarte et al., 2019).
In addition to microglial changes, stress induces synapse loss and dendritic atrophy in mPFC in
males (Cook and Wellman, 2004; Radley et al., 2006) and increases apical dendritic length, an effect
mediated by estradiol (Garrett and Wellman, 2009), suggesting sex differences in stress-induced
morphological changes in neurons. Some studies performed only in males show that uCMS induces
atrophy of granule cells in the dHIP (Morais et al., 2014; Patricio et al., 2015) and an hypertrophy
in the NAc (Bessa et al., 2013). The hippocampus (HIP) and the nucleus accumbens (NAc) are two
brain regions related with stress-linked psychopathologies. Indeed, stress-induced morphological
changes in microglia and neurons of these regions are associated with disease relevant behaviors
in rodent models, including anhedonia, anxiety-like behavior and despair-like behavior (Fonken et
al., 2018; Liu et al., 2019). Sexual dimorphism at multiple levels, including cellular, molecular and
immune system in stress response suggest that stress-elicited neuroinflammatory priming may
vary between sexes, suggesting a link between microglia and depressive-like behaviors (Couch
et al., 2013; Kreisel et al., 2014; Bekhbat and Neigh, 2018; Wohleb et al., 2018). However, little
is known about the contribution of microglia to the specification of risk for depression between
sexes which sex have higher susceptibility to depression after two different time points of uCMS
(a short- and long-term).
Therefore, in this study, we examined the effects of two different time points of exposure to
uCMS in both sexes upon behavior and plastic changes of microglia and neurons. We used a set
of different behavioral tests to evaluate anxious and depressive profiles of adult rats exposed to
uCMS. Using an automated methodology, we quantified how uCMS alters several morphological
properties of microglia and neurons in the dHIP and NAc, two key brain regions in the neural
circuitry mediating stress responses.
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Methods
The timeline of all procedures is shown in Figure 2.1 A.
Animals
Adult male and female rats (Wistar Han), 3-months old (Charles River Laboratories, L’Arbresle,
France) were housed and kept under standard laboratory conditions: 22°C, 55% relative humidity,
12 h light/dark cycle with free access to food and water. A complete timeline of all manipulations
and behavioral tests is provided in Figure 2.1 A. Health monitoring was performed according to
FELASA guidelines. All experimental procedures were approved by the EU - Directive 2010/63/EU
and the Portuguese National Authority for animal experimentation, Direção-Geral de Animal e
Veterinária (DGAV). All protocols were approved by the Ethics Committee of the Life and Health
Sciences Research Institute and by DGAV (#19074).
Unpredictable chronic mild stress (uCMS)
At postnatal day (PND) 90, animals were randomly divided into four experimental groups and
placed in separate rooms: a group of animals exposed to unpredictable chronic mild stress (uCMS)
for 2 weeks (Short-term uCMS - Stress); a group not exposed to uCMS for 2 weeks (Short-term
uCMS - Control); a group of animals exposed to uCMS for 6 weeks (Long-term CMS - Stress); a
group not exposed to uCMS for 6 weeks (Long-term CMS - Control). An adapted version of the
previously described and validated uCMS protocol (Willner, 2005; Alves et al., 2017), was applied
for 2 periods of different duration (2 and 6 weeks). The uCMS protocol consisted of a variety of
unpredictable mild stressors, including confinement to a restricted space for 1h, placement in a
tilted cage (30°) for 3 h, housing on damp bedding, 15 h of food deprivation followed by exposure
to inaccessible food for 1 h, water deprivation for 15 h followed by exposure to an empty bottle
for 1 h, exposure to stroboscopic lights during 4 h and reversed light/dark cycle for 48 h, every 7
days. Rats subjected to stress were randomly exposed to 2-4 stressors every day for 2 or 6 weeks
(Supplementary Figure 2.1). The controls were left undisturbed under the previously described
maintenance conditions. Body weight was monitored weekly to monitor the overall effects of the
stress paradigms.
Behavioral analysis
At the end of the uCMS protocol, a series of behavioral tests were performed in sequence to
evaluate anxiety and depressive-like behaviors. The Elevated Plus Maze (EPM) and Forced Swimming
Tests (FST) were conducted during the light period of animals (9:00 a.m. - 5:00 p.m.); the Sucrose
Preference Test (SPT) was performed during the dark period, from 9:00 p.m. - 10:00 p.m..
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Elevated Plus Maze
To assess anxiety-like behavior, the EPM test was performed at PND 105 (short-term) and
at PND133 (long-term). The maze (ENV-560; Med Associates Inc., St. Albans, VT, USA) has two
closed (50.8 cm × 10.2 cm × 40.6 cm) and two open arms (50.8 cm × 10.2 cm), raised 72.4 cm
above the floor and illuminated by a dim light. Each animal was positioned in the center of this
elevated plus-shaped platform for 5 min. The performance of rats in the EPM was video-recorded
and subsequently analyzed. The ratio of time spent in the open arms per total time spent in the
open and in close arms was calculated as an index of anxiety-like behavior.
Sucrose Preference Test
This test was performed at PND 106 (short-term) and PND 134 (long-term) Briefly, after 12
h of food and water deprivation, rats were presented with two pre-weighted bottles containing
tap water or a solution of sucrose 2% for 1 h. The liquid intake from each bottle was calculated
by comparing the differences in bottle weights before and after the test. The sucrose preference
was determined as the percentage of sucrose solution intake that was calculated according to the
formula: SP = (sucrose intake / (sucrose intake + water intake)) x 100, as previously described
(Bekris et al., 2005). Low sucrose preference represented anhedonia, a core symptom of depression.
When the preference test ended, rats were given free access to water.
Forced Swimming Test
The test was performed at PND 107-108 (short-term) and PND 135-136 (long-term) after SPT.
On the first day, rats were placed individually in a glass cylinder with water (62 cm height; 25.4 cm
diameter; depth no less than 50 cm, 23°C) for 5 min. Then, the rats were dried and transported
back to their home cages. In the second day, the rats were subjected to one 5 min session of
swimming. The test session was video-recorded, and the immobility time of each rat was measured
using the EthoVision XT 11.5 tracking system (Noldus Information Technology). Immobility was
defined as floating state in the water, without struggling and making only those movements to keep
the head above water. Depressive-like behavior was defined as an increase in the immobility time.
Immunohistochemistry and 3D morphometric analysis of microglia
After completion of stress protocols and behavioral tests, all groups of rats were deeply
anesthetized with sodium pentobarbital (20%; Eutasil, Sanofi, Gentilly, France) and transcardially
perfused with 0.9% saline. The brains were removed and one hemisphere from each brain was
used for Golgi staining technique and the other for immunohistochemistry for ionized calciumbinding adaptor protein-1 (Iba-1) followed by the 3D reconstruction of microglia cells. The right
hemispheres, used for Iba-1 immunohistochemistry, were post-fixed in 4% paraformaldehyde (PFA),
cryoprotected in 30% sucrose overnight, and then embedded in Optimal Cutting Temperature
compound (OCT, ThermoScientific, Waltham, MA, USA), snap-frozen and stored at -80°. Coronal
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sections (50 μm) of the hippocampal DG (stereotaxic coordinates of interaural 5.20 mm and bregma
-3.80 mm) and NAc (stereotaxic coordinates of interaural 10.20 mm and bregma 1.2 mm) were
further stained to visualize microglia cells. Microglia were visualized using the following protocol:
free-floating sections were blocked 2 h with 5% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) + 0.1% Triton X-100 at room temperature (RT) and incubated for 48 h at 4°C with an
antibody specific to Iba-1 (1:1000; Wako Chemicals Inc.) in 5% BSA/0.1% Triton X-100/PBS. Iba-1 is
constitutively expressed in microglia, involved in cytoskeletal reorganization, and up-regulated in
response to microglial cell activation. Sections were then rinsed and incubated 2 h at RT with the
appropriate secondary antibody (donkey anti-rabbit, 1:1000, Invitrogen, Waltham, MA, USA) and
4’,6-diamidino-2-phenylindole (DAPI, 1:5000). Sections were rinsed and mounted on gelatinized
slices, using glycergel (DAKO mouting medium). Images of 10 random microglial cells from each
animal were acquired with a laser scanning confocal microscope LSM 710 META connected to
ZEN Black software (Zeiss Microscopy, Oberkochen, Germany) using a 63x objective lens (oil
immersed, Plan-Apochromat 63x/1.40 Oil DIC M27). Microglia cells were reconstructed using the
Neurolucida software (MBF Bioscience, Williston, VT, USA). Morphometric data related to branch
analysis were extracted by the Neurolucida Explorer software (MBF Bioscience).The parameters
analyzed were the total number and the length of cellular processes and their measures per branch
order, considering processes of order 1 those emerging directly from the cell body, processes of
order 2 those arising from processes of order 1, and so forth (Caetano et al., 2017).
Neuronal morphology
To assess the dendritic morphology of granule neurons of DG and spiny medium neurons of
NAc, three-dimensional morphological analysis was performed on Golgi-Cox stained material. The
left hemispheres were immersed in a Golgi-Cox solution (1:1 solution of 5% potassium dichromate
and 5% mercuric chloride diluted 4:10 with 5% potassium chromate) for 14 days, cryoprotected
with 30% sucrose solution for 72 h, and sectioned at 200 µm in a vibratome in a 6% sucrose
solution. Brain sections were mounted on gelatin-coated slides, lightly pressed and kept in moist
container until developed, clarified, and then coverslipped. For each selected neuron, dendritic
branches were reconstructed at x1000 (oil) magnification, using a motorized microscope (Axioplan
2; Carl Zeiss, LLC, United States) and Neurolucida Neuron Tracing Software (MBF Bioscience,
Williston, VT). For each animal, approximately ten neurons were analyzed in the dHIP and in
the NAc. Data for process length was obtained using Neurolucida explorer (MBF Bioscience).
Measurements from individual neurons from each animal were averaged. Total dendritic length was
compared among the experimental groups. Branching of the neurons was evaluated using 3D Sholl
analysis; for this, the number of dendritic intersections with concentric circles positioned at radial
intervals of 20 µm was determined.
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Corticosterone levels measurement
For all animals, serum corticosterone levels were measured using a commercially available
ELISA kit (Abcam, Cambridge, UK), according to the manufacturer’s instructions. Blood sampling
(tail venipuncture) was performed during the diurnal nadir (N, 8:00-9:00 a.m. hours) at the end of
the stress protocol. Results are expressed as ng of corticosterone per ml of serum. Absorbance at
450nm was determined using a microplate reader and corticosterone concentration (ng/ml) was
extrapolated from a standard curve.
Estrous cycle analysis
In the day of sacrifice, vaginal cytology was performed. Exfoliate cytology was examined under
light microscope (Leica DM 4000B, Leica, Wetzlar, Germany) with a x 10 objective lens (Plan
63x/0.25PH1) and estrous cycle was determined based on the morphology of the cells present in
the smear as previously described (Westwood, 2008).
Data analysis
All data are presented as mean ± standard error of the mean (mean ± SEM). GraphPad Prism
6 Software was employed for statistical analysis. Two-way Analysis of Variance (ANOVA) followed
by a Bonferroni post hoc test was used to assess the effects of stress (Control vs Stress) and
duration of stress (Short-term CMS vs Long-term CMS). The level of significance for all analysis
was a set at p<0.05.

Results
Unpredictable chronic mild stress induces a dysregulation of the circadian corticosterone secretion pattern in both sexes and in the body weight of males
It is known that stress impairs the activity of the hypothalamus-pituitary-adrenal (HPA) axis
and results in disrupted secretion of corticosteroids (Pariante and Lightman, 2008; Willner et
al., 2013). In this work, we exposed animals of both sexes to a well-established uCMS protocol
(Willner, 2005; Bessa et al., 2009a; Mateus-Pinheiro et al., 2013) for either 2 or 6 weeks. To validate
the uCMS protocol, we measured corticosterone levels as an indicator of HPA axis function. In
basal conditions, control females exhibited higher corticosterone levels than males. At the end of
short- and long-term uCMS protocol, basal serum corticosterone levels were higher in both sexes
exposed to stress (females: Figure 2.1 B; F(1, 25)=8.71, p=0.07; males: Figure 2.1 C; F(1, 30)=15.28;
p=0.0005), although only statistically significant with the short term uCMS.
We also monitored weekly the body weight until the end of the uCMS protocol. In the case
of females, short and long uCMS protocol did not significantly affect total body weight (F(1, 55)=
1.79, p=0.19) (Figure 2.1 D, E). Male rats exposed to uCMS displayed a reduction of body weight
(F(1, 56)=12.02, p=0.001) after completion of short- (t=2.538, p=0.0277) or long- term (t=2.403,
p=0.0388) uCMS protocols (Figure 2.1 F, G).
59

2

Figure 2.1 - Unpredictable chronic mild stress induces a dysregulation of body weight in males
and in the circadian corticosterone secretion pattern in both sexes. (A) Schematic drawing of
the unpredicatble chronic mild stress (uCMS) protocol. (B, C) Corticosterone serum levels measured at
8:00 am in female and male rats exposed to stress in adulthood. (D, E) Body weight of female rats exposed
to short- or a long-term protocol of uCMS for 2 and 6 weeks, respectively. (F, G) Body weight of male
rats exposed to short- or a long-term protocol of chronic mild stress for 2 and 6 weeks, respectively.
Results are presented as the mean ± SEM of 8-20 animals (body weight) and 6-10 animals (corticosterone);
comparing with control, calculated using a two-way ANOVA followed by a Bonferroni post hoc test. *p<0.05
and **p<0.01.
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Unpredictable chronic mild stress induces anxiety and depressive-like behavior that
is more pronounced in males
uCMS induced anxiety in females (F(1, 54)=19.97, p<0.0001), as demonstrated by the reduced
time spent in open arms, after 2 (t54=3.935, p=0.001) or 6 weeks of uCMS (t54=2.529, p=0.029)
(Figure 2.2 A). Like females, we also found a significant effect of stress in males (F (1, 50) = 23.40,
p<0.0001). Males exposed to short-term or long-term uCMS presented anxiety like-behavior
(t50=3.437, p=0.002; t50=3.405, p=0.003, respectively) (Figure 2.2 B).
In the SPT, that evaluates anhedonia, no main effect of stress (F(1, 58)=0.4701, p=0.4957) or
duration of exposure to uCMS (F(1, 58)=0.138, p=0.712) was found in females when assessing the
percentage of sucrose solution consumed (Figure 2.2 C). In males, we observed a significant stress
effect (F(1, 55)=14.24, p=0.0004), although only males exposed to a long-term protocol of uCMS
showed a decrease in sucrose consumption when compared with controls (t55=3.182, p=0.004)
(Figure 2.2 D).
In the FST, behavioral despair was calculated as time of immobility. In females, no differences
in immobility were observed (Figure 2.2 E). In males, a main effect of duration of exposure to
stress (F(1, 61)=12.41, p=0.0.0008) was found, since males exposed to a long-term uCMS showed
significantly higher levels of despair behavior when compared with controls (t61=3.475, p=0.0019)
(Figure 2.2 F).
The estrous cycle analysis was performed in females to verify if the stage of the cycle could
interfere with the behavioral results. We observed that females were distributed by all phases of
the estrous cycle, with no significant correlation with behavior (Supplementary Table 2.1).

Unpredictable chronic mild stress induces remodeling of microglia cells, an effect
that is more pronounced in females
Our group described that prenatal stress induces changes in the morphology of microglia
(Caetano et al., 2017; Duarte et al., 2019), but the effects of adult uCMS with different duration and
potential sex differences have not been explored. In order to better understand the role of stress
in the morphology of microglia, we performed a detailed morphometric analysis of microglia in
adult female and male rats in two different brain regions, the dHIP and the NAc. A detailed analysis
of microglia, including the number of processes per branch order, the total number of branches
and the total length of branches was performed.
In the dHIP, the short-term uCMS did not induce alterations in microglia morphology in females
(Figure 2.3 A-D, Supplementary Table 2.2). Conversely, long-term exposure to uCMS induced a
hypertrophy of microglia in the dHip in females, when compared to control animals, either in the
total number of processes (t140=3.44, p=0.002) and in total length (F(1, 140)=3.08, p=0.005) (Figure
2.3 C, D). In males, we did not observe any effect of stress (both short or long) in the morphology
of microglia, either in terms of total number or length (Figure 2.3 E-H, Supplementary Table 2.2).
In the NAc we observed opposite differences between sexes. Short-term uCMS in females
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induced a general decrease in the total number of processes (F(1, 126)=19.47, p<0.0001) (Figure 2.3 K)
and in the length (F(1, 126)=14.23, p=0.0002) (Figure 2.3 L) (atrophy). Long-term uCMS induced also
a decrease of microglia morphology, but only in the number of processes per branch order (Figure
2.3 J, Supplementary Table 2.3).
On the other hand, males exposed to short-term uCMS presented an increase in the total
number of processes (F(1, 123)=0.69, p=0.4) and in the length (hypertrophy) of NAc microglia, but
long-term uCMS did not induce alterations in microglia morphology in males (Figure 2.3 M-P,
Supplementary Table 2.3).
When we compared microglia morphology under physiological conditions in both regions,
we observed that microglia cells of females in the NAc exhibited a more complex morphology
in comparison to dHIP. No differences between regions were observed in males’ microglia
(Supplementary Figure 2.2 A, B, Supplementary Table 2.4).

Figure 2.2 - Unpredictable chronic mild stress induces anxiety and depressive-like behavior, an
effect more pronounced in males. (A, B) Time spent in open arms per total time of the elevated plus
maze (EPM) test, performed to evaluate anxiety-related behaviour of females and males. (C, D) Anhedoniclike behaviour assessed by the preference for sucrose in the sucrose preference test (SPT) in females and
males. (E, F) Depressive-like behaviour assessed by the total time of immobility in the forced swimming test
(FST) for females and males. Results are presented as the mean ± SEM of 10-20 animals comparing with
control, calculated using a two-way ANOVA followed by a Bonferroni post hoc test. *p<0.05, **p<0.01 and
***p<0.00.
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Figure 2.3 - Unpredictable chronic mild stress induces microglia remodeling, an effect
more pronounced in females. Microglial morphometric structure was manually reconstructed in the
Neurolucida software based on 3D images of Iba-1 stained microglia (A) Representative microglia cells of
the dHIP in females (B) Number of processes per branch of microglia of the dHIP in females. (C, D) Total
number and length of microglia cells of the dHIP in females. (E) Representative microglia cells of the dHIP
in males. (F) Number of processes per branch of microglia of the dHIP in males. (F, H) Total number and
length of microglia cells of the dHIP in males (I) Representative microglia cells of the NAc in females. (J)
Number of processes per branch of microglia of the NAc in females. (K, L) Total number and length of
microglia cells of the NAc in females. (M) Representative microglia cells of the NAc in males. (N) Number
of processes per branch of microglia of the NAc in males. (O, P) Total number and length of microglia cells
of the NAc in females. Results are presented as the mean ± SEM of 40-50 cells from 4-5 animals; comparing
with control, calculated using a two-way ANOVA followed by a Bonferroni post hoc test. *p<0.05, **p<0.01
and ***p<0.001.
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Unpredictable chronic stress induces contrasting patterns of dendritic remodeling in
the dHIP and in the NAc in males
Neuronal morphology was assessed by three-dimensional morphometric analysis of Golgi
impregnated granule neurons in the DG of dHIP and medium spiny neurons of the NAc.
uCMS revealed no significant effect in the morphology or in the Sholl analysis of neurons of the
dHIP in females (Figure 2.4 A-C). In males, exposure to stress induced an atrophy of granule neurons
of the dHIP, with a significant decrease in their total dendritic length (F(1, 10)=59.75, p<0.00001) as
compared with neurons of control animals (Figure 2.4 D-F). Both short- (t10=5.8, p=0.0003) and
long-term of CMS (t10=5.16, p=0.0008) significantly decreased total dendritic length in granule
neurons of the dHIP (Figure 2.4 E). In Sholl analysis we also observed an effect of stress: males
presented a less complex morphology when compared with controls (F(3, 120)=53.39, p<0.00001)
(Figure 2.4 F).
We next analyzed the effects of stress in NAc neurons morphology. In females we did not
observe any effect of stress in the morphology or in the Sholl analysis of medium spiny neurons
(Figure 2.4 G-I). Contrarily to what we observed in the dHIP, uCMS induced a hypertrophy in the
NAc medium spiny neurons of males (Figure 2.4 K). We observed a significant increase in dendritic
length (F(1, 10)=79.65, p<0.00001). Both short- (t10=5.91, p=0.0003) and long-term uCMS (t10=6.69,
p=0.0001) significantly increased total dendritic length of medium spiny neurons (Figure 2.4 K).
Sholl analysis revealed more complex medium spiny neurons in uCMS-exposed males compared to
controls (F(3, 112)=3.122, p=0.028) (Figure 2.4 L).

64

2

Figure 2.4 - Unpredictable chronic mild stress induces remodeling of neurons only in males.
(A) Representative manual reconstruction of Golgi-impregnated granule neurons of the dHIP in females.
(B, C) Total dendritic length and sholl analysis of dendritic distribution of neurons in the dentate gyrus of
the dHIP in females. (D) Representative manual reconstruction of Golgi-impregnated granule neurons of
the dHIP in males. (E, F) Total dendritic length and sholl analysis of dendritic distribution of neurons in the
dentate gyrus of the dHIP in males. (G) Representative manual reconstruction of Golgi-impregnated spiny
medium neurons of the Nac in females. (H, I) Total dendritic length and sholl analysis of dendritic distribution
of neurons in the NAc in females. (J) Representative manual reconstruction of Golgi-impregnated spiny
medium neurons of the Nac in males. (K, L) Total dendritic length and sholl analysis of dendritic distribution
of neurons of the NAc in males. Results are presented as the mean ± SEM of 30-40 cells from 3-4 animals;
comparing with control, calculated using a two-way ANOVA followed by a Bonferroni post hoc test. *p<0.05,
**p<0.01 and ***p<0.001.
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Discussion
The present study explored how short- and long-term uCMS in adulthood alters behavior in
males and females and identified changes in the morphology of microglia and neurons of the dHIP
and NAc.
The uCMS model is one of the most widely used rodent models to produce behavioral deficits
and neuroplastic changes with strong face validity to human depression, that include not only
anhedonia, but also anxiety and cognitive impairments in spatial memory and object recognition
tasks (Willner et al., 1987; Willner, 1997; Willner, 2005; Bessa et al., 2013). Commonly, 4-6 weeks
or longer is needed to stablish this model and its effects are transient and reversible shortly after
the cessation of the stress (Willner, 1997; Willner, 2005). Considering the marked sex differences
in the prevalence of depression in humans (Marcus et al., 2005), there has been a considerable
interest in sex differences in anxious- and depressive-like symptoms expressed in animal stress
models. Nevertheless, sex differences on the risk and resilience to stress are complex and vary
according to the characteristics of the stressor, such as timing, type, and severity (Hodes and
Epperson, 2019). The basis for these differences is unknown, in part because much of the work in
the field is performed mostly in male rodents (Klein et al., 2015), perhaps due to the challenges
associated with carrying out experiments influenced by fluctuating gonadal hormones in females
(O’Connor and Barrett, 2014). Additionally, the differential risk between sexes for anxiety and
depressive-like behavior considering a short- (2 weeks) and long-term (6 weeks) uCMS protocol
was never fully elucidated.
In this study we performed a short- and long-term uCMS protocol in order to clarify if
there were differences in the depressive- (and anxious-like) development in males and females.
Additionally, we aimed to understand how stress impacted microglia and neurons in the NAc and
in the dHIP, two brain regions important in the etiology of depression.
Our results revealed that uCMS reduced the body weight, more in male than in female rats
after short- or long-term uCMS protocol. Consistent with our data, other study revealed that
chronic stress reduced the rate of weight gain, more so in male than in female rats (Konkle et al.,
2003; Mateus-Pinheiro et al., 2013; Patricio et al., 2015). On the other hand, chronic variable stress
in late adolescent females reduced body weight gain (Wulsin et al., 2016). These differing results
in females may be due to different age of stress onset, stressor type, or intensity of the stressor.
Assessment of corticosterone levels as an index of the stress response revealed higher levels in both
sexes exposed to uCMS. It is important to note that females exhibit greater basal concentrations
of corticosterone and secrete higher concentrations after stress exposure as previously described
by other authors (Kitay, 1961; Goel et al., 2014; Oyola and Handa, 2017). Fluctuations in gonadal
hormones have been shown to modulate the way that males and females react to stress (Oyola
and Handa, 2017), although our data do not show an influence of the estrous cycle on the behavior
since females were distributed by all phases of the estrous cycle.
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In all behavioral tests, male rats are more affected after stress exposure than females. Both
sexes exhibited anxiety-like behavior in response to stress, but only males presented anhedonia
and despair-like behavior. uCMS-induced anxiety in both sexes corroborates other studies that
reported that animals exposed to chronic stress spent less time in the open arms during the EPM
test (Kompagne et al., 2008; Yue et al., 2017; Wang et al., 2018). Furthermore, 6 weeks of uCMS
leads to anhedonia and helplessness/despair behaviors in males but not in females, core symptoms
of depression, which has also been described as characteristics of stress-related conditions (Bekris
et al., 2005; Kompagne et al., 2008; Bessa et al., 2009a; Bessa et al., 2013; Morais et al., 2014; Patricio
et al., 2015; Alves et al., 2017). Stress-induced alterations in sucrose consumption are differently
expressed between male and female rats (Dalla et al., 2005; Dalla et al., 2008; Pitychoutis et al.,
2009) due to sex differences in taste and/ or ingestive responses (Clarke and Ossenkopp, 1998;
Curtis et al., 2004) or in reactivity to reward (Michaels and Holtzman, 2007). Other studies
showed that CMS-exposed females coped better by exhibiting increased active behavior during
the FST session, whereas males were more vulnerable (Bielajew et al., 2003; Dalla et al., 2005).
This data is particularly interesting because in humans, depression is more prominent in females
(Frank et al., 1988; Marcus et al., 2005; Wittchen et al., 2011). Though in humans we observe a
greater rate of depression in women, it appears that female rats are more resilient to stressinduced depressive related-behavior. This is likely due to several broader issues including a lack of
experiments addressing the enduring consequences of stress, limited studies assessing females in
biomedical research, and the development of relatively few behavioral assays appropriate for female
rodents (Shansky, 2019). Although the experimental studies include both male and female animals
and substantial findings on sex differences in models of psychiatric disorders, most of studies
that perform between-sex comparisons have not yet produced a clear understanding of the male
and female behavioral phenotype in most rodent models. As a result, it is becoming evident that
findings from animal models do not always match or explain sex differences in different aspects of
psychiatric diseases in humans (Kokras and Dalla, 2014).
Over the past decade, it has been suggested that glial cells, particularly astrocytes, may be also
involved in the pathophysiology of depression (Cotter et al., 2001; Rajkowska and Miguel-Hidalgo,
2007; Banasr and Duman, 2008); however, less studies have focused on the role of microglia.
Microglia are diverse in shape and function and can vary dramatically across development, brain
region (De Biase et al., 2017; De Biase and Bonci, 2019) and sex (Lenz et al., 2013; Villapol et
al., 2017), which could contribute to varied functional responses to insults (Schwarz et al., 2012;
Villapol et al., 2017; Guneykaya et al., 2018; Perkins et al., 2018; Villa et al., 2018). Thus, it is not
surprising that chronic stress elicits sex-specific alterations in microglial phenotypes that likely
contribute to divergent neurobiological and behavioral responses. In this study, we explored the
effect of stress on microglia morphology in the dHIP and NAc, two key brain regions in depressivelike behavior (Bessa et al., 2009a; Bessa et al., 2013; Patricio et al., 2015; Alves et al., 2017). The
dHIP might mediate cognitive aspects of depression, such as memory impairments and feelings of
worthlessness, hopelessness, guilt, doom and suicidality (Berton and Nestler, 2006).
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The NAc is important in mediating aversive and rewarding responses to emotional stimuli, and,
as a result, could mediate the anhedonia, anxiety and reduced motivation that predominates in
many patients with depression (Berton and Nestler, 2006). Our results indicate that, contrarily to
behavior, microglia cells of females are more affected after stress exposure in relation to males.
The short uCMS significantly altered the morphology of microglia in a sex-specific manner in
the NAc: it elicited microglia atrophy in females but caused hypertrophy in males. Surprisingly,
after long-term uCMS, no differences in microglia morphology were observed in both sexes. This
probably indicates that short-term uCMS protocol induced a transient/reactive effect on microglia
morphology that is then normalized throughout time with no correlation with behavior.
In the dHIP, major alterations in microglia morphology occurred in females, with long-term uCMS
inducing hypertrophy and no differences were observed in males. These findings are consistent
with other studies that showed no changes in microglia morphology of males following chronic
stress (Kopp et al., 2013; Bollinger et al., 2016). It is becoming evident that microglia morphology
is robustly affected by stress in different brain regions. For example, 21 days of restraint stress
increased the complexity of microglia in males, enhancing ramifications in the PFC (Hinwood et
al., 2013). Studies of our team have shown that prenatal stress triggers long-lasting sex differences
in microglia morphology in the mPFC and dHIP (Caetano et al., 2017; Duarte et al., 2019). Sex
differences after stress are not so surprising considering that sex differences in microglial density,
function and morphology in several brain regions have been described (Bilbo et al., 2012; Schwarz
et al., 2012), some of which are conserved among species (Simoes-Henriques et al., 2019). Despite
contrasting behavioral phenotypes findings point toward a role for microglia in the sex-specific
neurobiological effects and suggest that microglia may contribute to stress-linked psycopathology.
We also analyzed how chronic stress altered neuronal morphology of the dHIP and NAc. In
our study, stress did not affect the dendritic length in females in both brain regions studied, in
line with the absence of a depressive-like phenotype in females. However, in males, our findings
demonstrated that chronic stress induced contrasting patterns of dendritic remodeling: an atrophy
of granule neurons of the dHIP and a hypertrophy in the NAc neurons. Short-term stress protocol
induced this contrasting pattern of dendritic remodeling in males that persist after 6 weeks of
stress. In line with our results, some studies (only performed in males) demonstrated that chronic
stress caused an atrophy of neurons in the DG of HIP (Bessa et al., 2009b; Patricio et al., 2015) and
in the mPFC (Shansky et al., 2009). Interestingly, chronic adult stress triggered an hypertrophy of
medium spiny neurons in the NAc, that was associated with a depressive-like phenotype (Bessa et
al., 2013). Thus, the NAc neuronal hypertrophy we observed in this study can contribute for the
depressive phenotype that is observed in males. In this framework, the lack of changes in females
is in agreement with the absence of a phenotype in the SPT and FST.
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All togheter these studies show that chronic stress significantly altered the behavior and the
morphology of microglia and neurons in a sex-specific manner. Specifically, males are more affected
by stress: they present anxious and depressive like behaviors, hypertrophy of microglia and dendritic
hypertrophy in the NAc. Females present anxious-like behavior but no depressive-like behavior,
with remodeling of microglia in dHIP (hypertrophy) and NAc (atrophy). These results indicate that
stress differentially impacts both sexes at different levels - behavior, neuronal and microglia.
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Supplementary data

Supplementary Figure 2.1 - Schedule of unpredictable chronic mild stressors administered
over a 7-day period and repeated for 2 or 6 weeks.
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Supplementary Figure 2.2 - Microglia morphology is more complex in the NAc than in the
dHIP in females. (A, B) Comparison of the number of microglial processes from dHIP and NAc of control
animals according to the respective branch order in females and males. Results are presented as the mean ±
SEM of 30-40 cells from 3-4 animals; comparing with control, calculated using a one-way ANOVA followed
by a Turkey´s multiple comparation, ***p<0.05.

Supplementary Table 2.1 - Female rats estrous cycle determined in the day of sacrifice.
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Supplementary Table 2.2 - Morphometric data and statistics analysis of number of ramifications
of the microglia of the dHIP in females and males exposed to short- and long-term uCMS.
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Supplementary Table 2.3 - Morphometric data and statistics analysis of number of ramifications
of the microglia of the NAc in females and males exposed to short- and long-term uCMS.
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Supplementary Table 2.4 - Morphometric data and statistics analysis of number of ramifications
of the microglia of the dHIP and NAc in females and males in physiological conditions.
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CHAPTER 3
Resilience to stress in a model of
anxiety and anhedonia and sex-specific remodeling
of microglia and neuronal morphology in different brain regions
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Filipa I. Baptista, Luísa Pinto, António F. Ambrósio,
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Abstract
Prenatal exposure to stress or glucocorticoids (GC) is associated with the appearance of
psychiatric diseases later in life. Microglia, the immune cells of the brain, are altered in stressrelated disorders.
Synthetic GC such as dexamethasone (DEX) are commonly prescribed in case of preterm risk
labour in order to promote fetal lung maturation. Recently, we reported long-lasting differences in
microglia morphology in a model of in utero exposure to DEX (iuDEX), that presents an anxious
phenotype. However, it is still unclear if stress differentially affects iuDEX males and females.
In this work, we evaluated how iuDEX animals of both sexes cope with chronic mild stress
for 2 weeks. We evaluated emotional behavior and microglia and neuronal morphology in the
dorsal hippocampus (dHIP) and nucleus accumbens (NAc), two brain regions involved in emotionrelated disorders. We report that males and females prenatally exposed to DEX have better
performance in anxiety- and depression-related behavioral tests after chronic stress exposure in
adulthood than non-exposed animals. Interestingly, iuDEX animals present sex-dependent changes
in microglia morphology in the dHIP (hypertrophy in females) and in the NAc (atrophy in females
and hypertrophy in males). After chronic stress, these cells undergo sex-specific morphological
remodeling. Paralleled to these alterations in cytoarchitecture of microglia, we report interregional differences in dendritic morphology in a sex-specific manner. iuDEX females present fewer
complex neurons in the NAc, whereas iuDEX males presented less complex neuronal morphology
in the dHIP. Interestingly, these alterations were modified by stress exposure.
Our work shows that stressful events during pregnancy can exert a preserved sex-specific effect
in adulthood. Although the role of the observed cellular remodeling is still unknown, sex-specific
differences in microglia plasticity induced by long-term stress exposure may anticipate differences
in drug efficacy in the context of stress-induced anxiety- or depression-related behaviors.
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Introduction
Early life adversity, namely prenatal exposure to stress or glucocorticoids (GC), induce
persistent effects in the brain, which may underlie increased risk for developing neuropsychiatric
diseases later in life, such as anxious-like phenotype and increased susceptibility to depression in
both animal models and humans (Heim and Nemeroff, 2001; Welberg and Seckl, 2001; Oliveira
et al., 2012; Rodrigues et al., 2012; Borges et al., 2013; Drozdowicz and Bostwick, 2014). Anxiety
is often comorbid with other psychiatric disorders, namely depression. Sex differences in clinical
manifestation, morbidity, and prevalence of these psychiatric disorders are well established
(Bekhbat and Neigh, 2018). Among biological factors playing a role in psychiatric disorders,
emerging evidence points to the relevance of glial cells in the etiology of psychiatric disorders, as
well as possible drug targets (Manev et al., 2003; Di Benedetto and Rupprecht, 2013).
In rodents, the behavioral changes associated with elevated levels of GC during development,
namely anxiety and depressive-like behavior, are paralleled by important deleterious effects on
neuronal morphology (Sousa et al., 1998; Leao et al., 2007; Oliveira et al., 2012), and spine density
(Oliveira et al., 2012; Rodrigues et al., 2012; Tanokashira et al., 2012; Soares-Cunha et al., 2014) in
several brain regions implicated in anxiety-like behavior, including the hippocampus (HIP) (Sousa
et al., 1998; Li et al., 2014), the amygdala and the bed nucleus of stria terminalis (Oliveira et al.,
2012). In vitro studies showed that exposure to GC leads to a differential modulation of neuronal
morphology characterized by dendritic atrophy and axonal hypertrophy (Pinheiro et al., 2018).
Besides neurons, GC also affects microglial cells (Caetano et al., 2017; Duarte et al., 2019).
These immune cells colonize the brain early in development in a sex-specific manner (Ginhoux
et al., 2010; Schwarz et al., 2012; Ginhoux et al., 2013) and are crucial in immune surveillance and
dynamic maintenance of homeostasis throughout the lifespan (Tremblay et al., 2011). In addition,
they are implicated in adult neurogenesis and in the integration of these new neurons into neuronal
circuits (Wake et al., 2013). Microglia express glucocorticoid receptors (GRs) and respond to GC
(Sierra et al., 2008), emerging as prime candidates to mediate the effects of GC in the brain. In
accordance, in a model of in utero exposure to dexamethasone (iuDEX), that presents prominent
anxious behavior, we described that the pattern of microglia morphology impacts on anxious
behavior and cognition in a sex-specific manner. We also reported that the pharmacologic blockade
of adenosine A 2A receptors (A 2AR) is able to reshape microglia morphology in the prefrontal cortex
(PFC) and in the dorsal hippocampus (dHIP), with behavioral normalization, an effect that is also
sex-dependent (Caetano et al., 2017; Duarte et al., 2019).
Considering that exposure to GC during neurodevelopment is associated with anxiety-like
behavior and sex-specific morphologic features of microglia, and that microglia has been implicated
in the pathogenesis of depression (Yirmiya et al., 2015; Bollinger et al., 2016), we now investigated
if microglia/neuronal changes may correlate with increased vulnerability to stress-induced
depressive behavior in both sexes. To do so, we subjected iuDEX animals to a short-term protocol
of unpredictable chronic mild stress (uCMS) for two weeks, in order to induce a depressive-
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like phenotype. We evaluated eventual sex dimorphism in behavior and plastic changes in the
morphology of microglia and neurons of the nucleus accumbens (NAc) and dHIP, two brain regions
that have been associated with emotion-related disorders (Francis and Lobo, 2017; Liu et al., 2017).
For example, dysfunction of the NAc has been associated with anhedonia, a cardinal symptom in
this condition (Bessa et al., 2013). The HIP plays an important role in both cognitive function and
emotional processing (Fanselow and Dong, 2010; Strange et al., 2014), and it is also one of the key
brain structures involved in the regulation of the stress response (Herman et al., 2005).

3

Methods
The timeline of all procedures is shown in Figure 3.2 A.
Animals
Pregnant Wistar Han rats (Charles River Laboratories, L’Arbresle, France) were individually
housed and kept under standard laboratory conditions (light/dark cycle of 12/12 h, lights on from
08:00 a.m. to 08:00 p.m.; 22°C, relative humidity of 55%); ad libitum access to food and water.
Subcutaneous injections of DEX (iuDEX, 1 mg/kg) or vehicle (Control) were administered on
gestation days 18 and 19 at 3:00 p.m. (light period). On postnatal day 21, the progeny was separated
according to prenatal treatment and sex until PND90. Health monitoring was performed according
to FELASA guidelines. All procedures were carried out in accordance with European Union
regulations (Directive 2010/63/EU). Animal facilities and the people directly involved in animal
experiments were certified by the Portuguese regulatory entity Direção-Geral de Alimentação e
Veterinária (DGAV). All protocols were approved by the Ethics Committee of the Life and Health
Sciences Research Institute and by DGAV (#19074).
Unpredictable chronic mild stress (uCMS)
At postnatal day (PND) 90, rats were randomly divided in four experimental groups: a group of
animals not exposed to iuDEX or uCMS (Control); a group of animals prenatally exposed to DEX
and not exposed to uCMS (iuDEX); a group of animals exposed to uCMS protocol (Stress); a group
of animals prenatally exposed to DEX and exposed to uCMS (iuDEX+Stress). A validated uCMS
protocol previously described (Willner, 2005; Alves et al., 2017) was applied for 2 weeks. The uCMS
protocol consisted of a variety of mild stressors, as confinement to a restricted space, placement
in a tilted cage (30°), housing on damp bedding, exposure to noise, overnight illumination, food
or water deprivation followed by exposure to inaccessible food/water, overcrowding, exposure
to strobe lights, switch of cagemates and reversed light/dark cycle for 48 h every 7 days. Rats in
the stress group were randomly exposed to 2-4 stressors every day for 2 weeks (Supplementary
Figure 3.1). Control animals were pair-housed, daily handled and given access to water and standard
chow diet ad libitum. Body weight was monitored weekly.
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Behavioral analysis
At the end of the uCMS protocol, behavioral tests were performed to evaluate anxiety,
anhedonia and depressive-like behavior. The Elevated Plus Maze (EPM) and Forced Swimming Tests
(FST) were conducted during the light period of the light/dark cycle (9:00 a.m.-5:00 p.m.); the
Sucrose Preference Test (SPT) test was performed during the dark period, from 9:00 p.m.-10:00
p.m. Rats were allowed to habituate to the test room prior to the beginning of the experiments.
Elevated-plus maze
To assess anxiety-like behavior, the EPM test was used. At PND 105, Animals were placed for 5
min in the center of a plus-shaped platform elevated 72.4 cm above the floor and illuminated by a
dim light. The behavioral apparatus (ENV-560; Med Associates Inc., St. Albans, VT, USA) consisted
in two open arms (50.8 cm × 10.2 cm) and two closed arms (50.8 cm × 10.2 cm × 40.6 cm). The
ratio of time spent in the open arms / total time spent in the open and in close arms was calculated
as an index of anxiety-like behavior.
Sucrose preference test
The SPT is widely used to assess anhedonia and is often related with individual´s degree of
affective state and motivation. Baseline sucrose preference (SP) was determined immediately
before the start of the uCMS protocol (three independent trials). Before each trial, rats were
food and water deprived for 12 h. For testing, two pre-weighed bottles, containing water or a
2% (m/v) sucrose solution were presented to individually housed animals for 1 h. After uCMS, at
PND106, rats were tested for SP that was calculated according to the formula: SP = (sucrose intake
/ (sucrose intake + water intake)) x 100, as previously described (Bekris et al., 2005).
Forced swimming test
Passive coping (one of the components of depressive-like behavior) was assessed through the
FST. Rats were individually placed in transparent glass cylinder (62 cm height and 25.4 cm diameter)
filled with water (25°C; 50 cm depth) for 5 min. The test was conducted 24 h after a 5 min pre-test
session. This test was performed at PND107-108. Trials were video-recorded, and the total time
animals spent immobile (immobility time) was measured. Immobility time was registered and used
as a measure of depressive-like behavior.
Immunohistochemistry and 3D morphometric analysis of microglia
At the end of the experimental procedures, 24 h after FST test, animals were deeply anaesthetized
with sodium pentobarbital (20%; Eutasil®, Sanofi, Gentilly, France) and transcardially perfused with
0.9% saline. Brains were removed, post-fixed in 4% paraformaldehyde (PFA), cryoprotected in
30% sucrose overnight, and then embedded in Optimal Cutting Temperature compound (OCT,
ThermoScientific, Waltham, MA, USA), snap-frozen and stored at -80°C. Coronal sections (50
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μm) of the hippocampal dentate gyrus (DG) (stereotaxic coordinates of interaural 5.20 mm and
bregma -3.80 mm) and NAc (stereotaxic coordinates of interaural 10.20 mm and bregma 1.2 mm)
were further stained to assess microglia cells. Briefly, free-floating sections were blocked with
5% bovine serum albumin (BSA) and 0.1% Triton X-100 for 2 h at room temperature (RT) and
incubated with rabbit anti-Iba-1, microglia marker (1:1000, WAKO, Osaka, Japan) antibody for 48 h
at 4°C. Afterwards, sections were washed and incubated with the appropriate secondary antibody
(donkey anti-rabbit, 1:1000, Invitrogen, Waltham, MA, USA) and 4’,6-diamidino-2-phenylindole
(DAPI, 1:5000) for 2h at RT. Sections were washed and mounted on gelatinized slices, using
glycergel (DAKO mounting medium). Images of 10 random microglial cells from each animal from
dHIP and NAc were acquired with a laser scanning confocal microscope LSM 710 META connected
to ZEN Black software (Zeiss Microscopy, Oberkochen, Germany), using a 63x objective lens (oil
immersed, Plan-Apochromat 63x/1.40 Oil DIC M27). Microglial cells were reconstructed using the
Neurolucida software (MBF Bioscience, Williston, VT, USA). Morphometric data related to branch
analysis were extracted by the Neurolucida Explorer software (MBF Bioscience). The parameters
analyzed were the total number of processes in each cell, the number of processes per branch
order, the total length of processes and the length of processes per branch order, considering
processes of order 1 those emerging directly from the cell body, processes of order 2 those arising
from processes of order 1, and so forth (Caetano et al., 2017).
Neuronal morphology
To assess the dendritic morphology of granule neurons of the DG and medium spiny neurons
of the NAc, the Golgi-Cox staining was performed. Animals 24 h after FST test were transcardially
perfused with 0.9% saline and brains removed and immersed in a Golgi-Cox solution (1:1 solution
of 5% potassium dichromate and 5% mercuric chloride diluted 4:10 with 5% potassium chromate)
for 14 days. Afterwards, brains were transferred to a 30% sucrose solution and cut on a vibrotome.
Coronal sections (200 μm thick) were collected in 6% sucrose and blotted dry onto gelatin-coated
microscope slides, alkalinized in 18.7% ammonia, developed in Dektol (Kodak, Rochester, NY,
USA), fixed in Kodak Rapid Fix, dehydrated and xylene cleared. For each selected neuron, dendritic
branches were reconstructed at x1000 (oil) magnification, using a motorized microscope (Axioplan
2; Carl Zeiss, LLC, USA) and Neurolucida software (MBF Bioscience, Williston, VT, USA). Threedimensional analysis of the reconstructed neurons was performed using the NeuroExplorer
software (MBF Bioscience). Structural analysis included the total dendritic length and the 3D
arrangement of neuronal branching using the Sholl analysis (number of dendritic intersections with
concentric circles positioned at radial intervals of 20 µm). For each animal, 10 neurons from dHIP
and NAc per animal were analyzed and neurons from the same animal were averaged. Observers
were blinded to the experimental condition of each subject.
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Corticosterone levels measurement
Corticosterone levels in blood serum were measured using an ELISA kit (Abcam, Cambridge,
UK), according to the manufacturer’s instructions. Absorbance at 450 nm was determined using
a microplate reader and corticosterone concentration (ng/ml) was extrapolated from a standard
curve. Blood sampling (tail venipuncture) was performed during the diurnal nadir (8:00 a.m.-9:00
a.m.) and diurnal zenith (8:00 p.m.-9:00 p.m.).
Estrous cycle analysis
Smears were obtained by vaginal cytology collected at the end of behavioral tests and stained
using the heamatoxylin-eosin method. Three cell types (nucleated epithelial cells, cornified
epithelial cells and leukocytes) were counted to define the reproductive cycle: estrous, which is
defined bythe prevalence of each cell type; proestrus (nucleated), estrus (cornified), metestrus (all
types in same proportion) and diestrus (leukocytes) (Westwood, 2008). Images were acquired
with a light microscope Leica DM 4000B (Leica, Wetzlar, Germany) with a x10 objective lens (Plan
10x/0.25PH1).
Statistical Analysis
All data are presented as mean±standard error of the mean (SEM). All statistical analysis was
performed using Graphpad Prism 6.0 and results were considered significant for p≤0.05. Normality
tests were performed for all data. Two-way analysis of variance (ANOVA) test was used for
evaluating the main effects of iuDEX and stress exposure. Bonferroni’s correction was used for
post hoc tests.
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Results
Prenatal exposure to DEX preserved from short-term stress effect: anxiety- like
behavior and anhedonia
In the present study we used a validated model of anxiety-like behavior - iuDEX - in order to
explore the effect of chronic stress in terms of behavior and microglia and neuronal morphology.
We aimed to understand how iuDEX males and females that present anxiety-like behavior cope
with a short-term protocol of stress in terms of behavior. We tested all groups in the EPM to
assess anxiety-like behavior; and in the SPT and FST to assess anhedonic- and passive coping
response, respectively.
For the EPM test, we observed a significative interaction between the iuDEX and stress
exposure in females and males (2-way ANOVA; females: F(1, 60)= 43.88, p<0.0001; males: F(1, 51)=19.33,
p<0.0001). In line with previous results for EPM (Oliveira et al., 2006; Caetano et al., 2017; Duarte
et al., 2019), iuDEX females and males displayed anxiety-like behavior with a significant decrease in
the time spent in the open arms of the EPM compared to sex-matched controls (post-hoc analysis;
females: t=4.20, p=0.0005; males: t=3.55, p=0.005). As anticipated, uCMS induced an anxiety-like
behavior in both sexes (post-hoc analysis; females: t=4.94, p<0.0001; males: t=3.08, p=0.020).
Notably, the hyperanxious behavior in iuDEX female and male animals was no longer present after
stress exposure in adulthood in both sexes (post-hoc analysis; females: t=4.46, p=0.0002; males:
t=3.168, p=0.01; Figure 3.2 B, C). Analysis of the number of open arm entries revealed that, in both
sexes, iuDEX showed a lower number of entries into open arms compared with control animals
(post-hoc analysis; females: t=4.11, p=0.0004; males: t=2.45, p=0.04); iuDEX females and males
that were exposed to uCMS in adulthood have an increased number of entries into open arms
compared to iuDEX animals (post-hoc analysis; females: t=4.34, p=0.0011; males: t=2.43, p<0.05;
Supplementary Figure 3.2 A, B). No differences were found in the number of entries in the closed
arms in both sexes (Supplementary Figure 3.2 C, D).
In terms of anhedonia, evaluated using the SPT, a significant effect of iuDEX (2-way ANOVA;
females: F(1, 66)=7.36, p=0.009; males: F(1, 62)=16.78, p=0.0001) and stress exposure (2-way ANOVA;
females: F(1, 66)=13.75, p=0.0004; males: F(1, 62)=5.51, p=0.022), as well as an iuDEX-Stress interaction
(2-way ANOVA; females: F(1, 66)= 6.84, p=0.011; males: F(1, 62)= 26.09, p<0.0001) were observed.
iuDEX females and males presented anhedonic-like behavior in comparison to control animals, with
a significant decrease in the percentage of sucrose preference compared to sex-matched controls
(post-hoc analysis; females: t=3.51, p=0.0049; males: t=6.15, p<0.0001). The uCMS protocol did
not affect the anhedonic phenotype in both males and females (post-hoc analysis; females: t=0.80,
p>0.9999; males: t=1.98, p=0.311). Conversely, iuDEX animals of both sexes that were exposed
to uCMS in adulthood, no longer presented anhedonia compared to iuDEX animals that were
not exposed to stress protocol (post-hoc analysis; females: t=4.309, p=0.0003; males: t=5.192,
p<0.0001; Figure 3.2 D, E).
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Neither control females nor males exposed to the short protocol of uCMS presented alterations
in passive coping response (Figure 3.2 F, G), as assessed by the FST, in line with our previous results
(Oliveira et al., 2006; Caetano et al., 2017; Duarte et al., 2019).
The reduction in body weight gain and a disruption in the pattern of corticosterone levels are
well-known consequences of exposure to chronic stress. However, the effect of stress in animals
prenatally exposed to DEX in these biological parameters is still unknown. Animal weight was
monitored longitudinally throughout the experiment in order to determine the weight gain of
rats in all conditions. No differences were found in weight gain in females and males prenatally
exposed to DEX when compared with age-matched controls. However, we observed a significant
effect of stress in females (2-way ANOVA; F(1, 144)=18.38, p<0.0001) and males (2-way ANOVA; F(1,
130)

=32.90, p<0.0001) (Figure 3.3 A, B). We also detected a reduced body weight in iuDEX males

compared to controls at baseline (post-hoc analysis; males: t=4.78, p<0.0001) with no differences
in females (Supplementary Figure 3.3 A, B).
At the end of uCMS, corticosterone levels were measured in the serum. We did not observe
any effect of DEX per se in corticosterone levels in both sexes in both periods of the day. However,
control females and males exposed to stress presented a disruption in the diurnal nadir pattern
of corticosterone with an increase of the corticosterone serum levels (post-hoc analysis; females:
t=4.629, p=0.0003; males: t=5.640, p<0.0001) and a decrease in zenith diurnal levels (post-hoc
analysis; females: t=3.139, p=0.0203; males: t=3.302, p=0.0128). Remarkably, in the diurnal nadir
pattern, we found a trend for normal corticosterone levels in iuDEX exposed to stress in both
sexes that did not reach statistical significance (post-hoc analysis; females: t=0.4121, p>0.9999;
males: t=0.6249, p>0.9999). Interestingly, both iuDEX females and males exposed to stress secreted
lower levels of corticosterone (post-hoc analysis; females: t=3.984, p=0.0019; males: t= 4.549,
p=0.0003), suggesting an imbalance in the HPA axis activity caused by stress (Figure 3.4 A, B).
The estrous cycle analysis was performed in females to verify if stress could affect the hormonal
cycle. All females were distributed for the 4 phases of the estrous cycle, being 24 (in a total of
55) in metestrus phase on the day of euthanasia (Supplementary Table 3.1; Supplementary Figure
3.4). We did not find any correlation between the estrous cycle and behavioral tests, as previously
described in the literature (Schwarz et al., 2012).
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Figure 3.2 - Prenatal exposure to DEX preserved from short-term chronic stress effects:
anxiety- and anhedonic-like behavior. (A) Schematic drawing of the animal model and chronic mild
stress protocol: pregnant female Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 18
and 19 of gestation. At postnatal (PND) 90 female and male offspring were exposed to a short-term protocol
of chronic mild stress for 2 weeks. (B, C) Time spent in open arms per total time in the elevated plus maze
(EPM) test, was assessed to evaluate anxiety-like behaviour of females and males. (D, E) Anhedonic-like
behaviour assessed by the preference for sucrose in the sucrose preference test (SPT) in females and males.
(F, G) Depressive-like behaviour assessed by the total time of immobility in the forced swimming test (FST)
for females and males. Results are presented as the mean ± SEM of 11-17 animals; *p<0.05, comparing with
control, # p<0.05, comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni´s
multiple comparisons test.
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Figure 3.3 - Short-term stress induces a dysregulation of body weight gain. Pregnant female
Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 18 and 19 of gewstation. At postnatal
(PND) 90 female and male offspring were exposed to a short-term protocol of chronic mild stress for 2
weeks. (A, B) Body weight gain of female and male rats prenatally exposed to DEX and exposed to stress
in adulthood. Results are presented as the mean ± SEM of 11-17 animals. *p<0.05, comparing with control,w
# p<0.05, comparing with iuDEX calculated using a two-way ANOVA followed by Bonferroni´s multiple
comparisons test.

Figure 3.4 - Short-term stress induces a dysregulation of circadian corticosterone secretion
pattern. Pregnant female Wistar rats were injected with DEX (1 mg/kg/day, sc) or saline on days 18 and
19 of gestation. At postnatal (PND) 90 female and male offspring were exposed to a short-term protocol
of chronic mild stress for 2 weeks. (A, B) Corticosterone serum levels measured at 8:00 am and 8:00 pm
(circadian peaks of production) by ELISA in female and male rats prenatally exposed to DEX and exposed to
a stress in adulthood. Results are presented as the mean ± SEM of 10-12 animals (corticosterone); *p<0.05,
comparing with control, # p<0.05, comparing with iuDEX calculated using a two-way ANOVA followed by
Bonferroni´s multiple comparisons test.
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Sex-specific remodeling of microglia in iuDEX model and impact of short-term stress
We next aimed to evaluate how stress impacted microglia morphology in the iuDEX model.
For that, we performed a detailed morphometric analysis of microglia in female and male adult rats
in two different brain regions, the dHIP (Figure 3.5 A, F) and the NAc (Figure 3.5 K, P). In dHIP,
iuDEX females presented an increase of the total number and total length of microglia ramifications
when compared to control animals (post-hoc analysis; number: t=8.487, p<0.0001; length: t=6.913,
p<0.0001), as previously described by our group (Duarte et al., 2019) (Figure 3.5 B-E; Supplementary
Figure 3.5 A; Supplementary Table 3.2). In males, no differences in microglia cells were observed
in iuDEX animals when compared with controls (Figure 3.5 G-J; Supplementary Figure 3.5 B;
Supplementary Table 3.3). Importantly, stress per se did not affect microglia morphology in both
sexes. Interestingly, stress induced a normalization of the phenotype of iuDEX females (post-hoc
analysis; number: t=6.668, p<0.0001; length: t=5.330, p<0.0001 (Figure 3.5 B-E).
In the NAc, we observed opposite differences between sexes. In line with what we already
observed in the PFC (Caetano et al., 2017), iuDEX females exhibited a general decrease in the
total number and length of microglia processes (post-hoc analysis; number: t=4.347, p=0.0002;
length: t=4.672, p<0,0001) (Figure 3.5 L, N; Supplementary Figure 3.6 A; Supplementary Table
3.4). Conversely, iuDEX males presented an increase in all parameters (post-hoc analysis; number:
t=5.042, p<0.0001; length: t=3.695, p=0.0020) (Figure 3.5 Q, S; Supplementary Figure 3.6 B;
Supplementary Table 3.5). Microglia remodeling associated with stress was similar to DEX, namely,
atrophy in females (post-hoc analysis; number: t=4.918, p<0.0001; length: t=4.912, p<0.0001) and
hypertrophy in males (post-hoc analysis; number: t=2.587, p=0.0656; length: t=2.722, p=0,0450).
Furthermore, uCMS in combination to iuDEX (both stimuli together) normalized DEX-induced
atrophy in females (post-hoc analysis; number: t=2.919, p=0.0253; length: t=2.645, p=0.0558)
(Figure 3.5 L-O) and the DEX-induced hypertrophy in males (post-hoc analysis; number: t=3.546,
p=0.0034; length: t=1.683, p=0.5706) (Figure 3.5 Q-T). We also analyzed the soma size and we
did not observe any differences in the dHIP and in the NAc in terms of area and perimeter of the
soma (Supplementary Figure 3.7).
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Figure 3.5 - Sex-specific remodelling of microglia at dHIP and NAc upon iuDEX and shortterm chronic stress at adulthood in females and males. Pregnant female Wistar rats were injected
with DEX (1 mg/kg/day, sc) or saline on days 18 and 19 of gestation. At postnatal (PND) 90 female and
male were exposed to a short-term protocol of chronic mild stress for 2 weeks. Microglial morphometric
structure was manually reconstructed in the Neurolucida software based on 3D images of Iba-1 stained
microglia (A, F, K, P) according to the morphological parameters: total number of cells (B,G, L, Q), number
of processes per branch (C, H, M, R), total length of microglial processes (D, I, N, S) and length of processes
per branch (E, J, O, T) in dHIP and NAc. Results are presented as the mean ± SEM of 40-50 cells from 4-5
animals; *p<0.05, comparing with control, # p<0.05, comparing with iuDEX calculated using a two-way
ANOVA followed by Bonferroni´s multiple comparisons test.
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Prenatal exposure to DEX is associated with sex-specific remodeling of neurons, an
effect that is modulated by short-term stress
Previous studies have demonstrated the importance of structural changes of neurons in dHIP
and NAc in the pathophysiology of depression (Bessa et al., 2013; Patricio et al., 2015). Based on
these observations, it became important to understand the impact of stress in neuronal complexity
in the iuDEX model.
We performed a detailed three-dimensional morphometric analysis of Golgi-impregnated
neurons in the dHIP (Figure 3.6 A, B) and in NAc (Figure 3.6 G, H) in both sexes. In dHIP, the
neuronal morphology was not altered in any condition analyzed in females (Figure 3.6 C, D). In
males, we observed an effect of iuDEX (2-way ANOVA; F(1, 12)=5.804, p=0.0330) and a significant
effect between iuDEX-stress exposure (2-way ANOVA; F(1, 12)=38.91, p<0.0001). iuDEX induced
atrophy in neurons with a significant decrease in their total dendritic length in males when compared
with controls (post-hoc analysis; t=6.114, p=0.0003). Notably, uCMS per se induced a significant
decrease in total dendritic length (post-hoc analysis; t=5.205, p=0.0013). This atrophic effect was
reverted in iuDEX males exposed to stress in adulthood (post-hoc analysis; t=3.617, p=0.0212).
In Sholl analysis we also observed a significant interaction between variables (2-way ANOVA; F(33,
144)

=2,012, p=0.0026) (Figure 3.6 E, F).
Concerning the NAc, and similar to microglia cytoarchitecture, we observed sex-dependent

alterations in medium spiny neurons. Females that were prenatally exposed to DEX exhibited a
dendritic remodeling characterized by a shortening of dendritic length (post-hoc analysis; t=7.976,
p<0.0001) (Figure 3.6 I). Contrary to females, iuDEX males presented a hypertrophy of neurons
(post-hoc analysis; t=4.868, p=0.0023) (Figure 3.6 K). Importantly, stress per se did not induce
alterations in neurons morphology in females but induced a hypertrophy in males (post-hoc analysis;
t=3.611, p=0.0215). These structural changes in both sexes were reversed when iuDEX animals
were exposed to stress in adulthood (post-hoc analysis; females: t=7.969, p<0.0001; males:t=4.429.
p=0.0049) (Figure 3.6 I, K). In addition, sholl analysis revealed less complex neurons in iuDEX
females (2-way ANOVA; F(3, 121)=5.306, p=0.0018 and a more complex neurons in iuDEX males (2way ANOVA; F(3, 139)=10.71, p<0.0001) (Figure 3.6 J, L).
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Figure 3.6 - Sex- and brain-specific remodelling of neurons at dHIP and Nac upon iuDEX and
short-term chronic stress at adulthood. Pregnant female Wistar rats were injected with DEX (1 mg/
kg/day, sc) or saline on days 18 and 19 of gestation. At postnatal (PND) 90 female and male offspring were
exposed to a short-term protocol of chronic mild stress for 2 weeks. Representative manual reconstruction
of Golgi-impregned granule neurons at dHIP (A, B) and spiny medium neurons at Nac (G, H). Total dendritic
length of neurons in the dentate gyrus at dHIP (C, E) and of neurons at Nac (I, L). Sholl analysis of dendritic
distribution of neurons in dHIP (D, F) and in Nac (J, L). Results are presented as the mean ± SEM of 30-40
cells from 3-4 animals; *p<0.05, comparing with control, # p<0.05, comparing with iuDEX calculated using
a two-way ANOVA followed by Bonferroni´s multiple comparisons test.
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Discussion
In this work, we show that the exposure to DEX during pregnancy induces major effects on
adult behavior in both sexes and that these behavioral alterations are accompanied by sex-specific
structural changes in microglia and neurons in the dHIP and NAc. Literature strongly suggests that
prenatal adverse events can enhance vulnerability for anxiety- and depressive-like phenotypes in
adulthood (Lupien et al., 2009; Weinstock, 2017), including the iuDEX model presented in this
work. Paradoxically, iuDEX exposure adaptations also appear to confer some degree of protection
to the effects of adult chronic stress. This phenomenon is reminiscent of a stress adaptive response
or hormesis (Bateson et al., 2004), i.e., pre-exposure (prenatal) to a certain adverse agent
(glucocorticoids) results in a protective effect to that same agent later in life (adult chronic stress),
which is translated into an improved organism response (to stress in this case). In the case of the
fetus, this adaptive response is hypothesized to allow individuals to cope better with the harsh
conditions of the environment after birth, which is evolutionary advantageous (Reynolds, 2013).
However, when there is a mismatch between the adaptive response and the environment this can
be detrimental, as in the case of iuDEX animals raised in non-stressful conditions, that manifest
anxious- and depressive-like behaviors. So, iuDEX exposure can therefore be both a friend or a
foe, depending on the postnatal environmental conditions.
Previously, we showed that iuDEX is associated with an anxious phenotype and impacts on
microglia remodeling in a sex-specific manner. We observed microglia hypertrophy in males and
atrophy in females in the PFC, an important brain region in the genesis of anxiety-related behavior
(Caetano et al., 2017). In addition, iuDEX females presented hypertrophy of microglial cells in the
dHIP, with impaired recognition memory and the loss of neuronal synchronization between the
dHIP and PFC (Duarte et al., 2019). This sexual dimorphism in remodeling of microglial cells was
translated into a sex-selective resistance to a therapeutic intervention, since chronic treatment
with a selective A 2AR antagonist (modulator of microglia and an experimental anxiolytic drug)
normalized anxiety-like behavior and microglia alterations in iuDEX males in the PFC, with a
recovery of cognitive deficits; as well as microglia morphology in iuDEX females in the dHIP
(Caetano et al., 2017; Duarte et al., 2019).
Interestingly, we now show that in response to stress in adulthood, iuDEX rats manage better
with this challenge, improving their performance in anxiety-like and anhedonic-like behaviors,
being accompanied by a recovery of microglia and neuronal morphology in both sexes in the
dHIP and NAc, important brain regions in the context of depressive-like behavior. Rats prenatally
exposed to DEX and later subjected to a chronic mild stress protocol developed some type of
stress resilience, similar to stress inoculation models (Santarelli et al., 2014; Hsiao et al., 2016).
Accordingly, some studies described resilience to stress in animals that experienced a stressor
early in life, such as limited nesting and bedding material and maternal separation (Santarelli et al.,
2017).
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In humans there are also evidences that experiencing a moderate number of serious negative
life events may contribute to a propensity for coping well when subjected to stress conditions
(Seery et al., 2013; Domhardt et al., 2015). These effects can be reconciled with other studies
which predict that adversity restricted to early life can trigger the acquisition of stable active
coping strategies in adulthood (Daskalakis et al., 2012; Nederhof and Schmidt, 2012). However,
the type and the duration of the stressor influences stress response and sex differences could
be mediated in a complex way, since the gonadal hormones can exert both organizational and
activational influences in response to stress (Arnold, 2009). One important consideration is that
most of the studies perform uCMS for 6 weeks (Bessa et al., 2013; Morais et al., 2014; Patricio et
al., 2015; Alves et al., 2018), but we decided to use a shorter uCMS protocol (2 weeks) in order
to evaluate different susceptibility to depression, without reaching the “ceiling effect” of stress
exposure.
There is increasing evidence supporting a role of glial cells in the etiology of neuropsychiatric
disorders (Hodes et al., 2015; Rial et al., 2015). We previously reported that the pattern of microglia
morphology, which is sex-specific, impacts anxiety- and cognition-like behaviors (Caetano et al.,
2017; Duarte et al., 2019). Working on the premise that microglia morphology is implicated in the
response to stress conditions and in the establishment of a depressive-like phenotype (Kreisel
et al., 2014), we also explored the effect of chronic stress in microglia morphology in a model
presenting anxiety-like behavior in two brain regions involved in the pathophysiology of depression,
the NAc and the HIP. The HIP is a known stress-responsive brain area, which is also associated with
depression (Patricio et al., 2015; Liu et al., 2017). Indeed, the DG appears to be highly vulnerable
to the deleterious effects of stress, since it affects the generation of new granule neurons (Pham
et al., 2003), which have been recognized as relevant players in the development and improvement
of behavioral deficits, namely cognitive and emotional, that underlie neuropsychiatric disorders
(Snyder et al., 2011; Mateus-Pinheiro et al., 2013). However, the correlation between the neuronal
and microglial alterations with mood- and anxiety-related deficits in the dHIP, following chronic
exposure to stress in a model of prenatal exposure to DEX was still unknown. The major alterations
observed in microglia morphology in the dHIP occur in females. Remarkably, in this brain region
we also observed a normalization of microglia DEX-induced hypertrophy after exposure to the
stress protocol.
Since this model also presents anhedonia in both sexes, we evaluated microglia and neuronal
alterations in the NAc, which is recognized as a key component in the neural circuitry of reward
(Gorwood, 2008). Chronic stress is known to induce anhedonia, impacting on the fine structure in
the NAc neurons (Willner, 2005; Christoffel et al., 2011; Bessa et al., 2013). In the present work,
we try to unveil if anhedonia was paralleled with structural alterations in neurons and microglia
morphology in the NAc of rats that were prenatally exposed to DEX. In addition, we evaluated
whether DEX-induced alterations are influenced by stress in adulthood. We report, for the first
time, that iuDEX significantly altered the morphology of microglia in a sex-specific manner in the
NAc. Similar to what happens in the PFC, iuDEX promoted a hyper-ramified state in males, which
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has been described as characteristic of stress-related conditions (Hinwood et al., 2013; Kreisel et
al., 2014). Notably, iuDEX females displayed microglia with less and shorter processes. Interestingly
and in accordance with our observations in behavior after stress, we observed a normalization of
the hypertrophy in males and of the atrophy in females induced by DEX.
When microglial cells are primed in early life stages, they could show an exacerbated response
to challenges later in life, that could explain these alterations in their morphology in the dHIP and
NAc (Lenz and Nelson, 2018). These differences between sexes probably result from the when
subjected to stress conditions in brain regions with a sex-dependent complexity typified by more
complex cells in females than in males (Schwarz et al., 2012; Lenz and McCarthy, 2015). Moreover,
the existence of sex- and brain region-specific morphologic differentiation of microglia must be
conserved among species, since we observed the same dichotomy in a mice model (SimoesHenriques et al., 2019).
Considering that the sensor ability of microglial cells is highly dependent of the high degree of
motility of cellular processes, alterations in microglia morphology between sexes would anticipate
functional impairments. The observed dimorphic pattern of microglia highlights the importance
of considering these cells in therapeutic strategies considering sex differences. These alterations
in microglia may mediate functional neuroimmune sex disparities. The morphology of microglia
is closely related to their functional state, however further studies using additional markers of
microglia cells are needed to infer about the potential changes in the function of microglia.
In parallel, we also performed an analysis of neuronal morphology in the dHIP and NAc in order
to clarify if the morphologic alterations observed in microglia were paralleled with alterations in
neuronal morphology, given that microglia regulate synapse formation and maturation, reshaping
brain wiring and behavior (Paolicelli et al., 2011; Ji et al., 2013; Lim et al., 2013; Parkhurst et al., 2013;
Cristovao et al., 2014). iuDEX males presented an atrophy of granule neurons of the dHIP. Some
studies already described dendritic atrophy after a chronic stress, namely in hippocampal CA3
pyramidal neurons (Magarinos and McEwen, 1995; Bessa et al., 2009a; Patricio et al., 2015). Those
studies also showed that some antidepressants can revert alterations in the dendritic arborization
modifications of the dorsal dentate granule cells of the HIP to pre-stress levels (Bessa et al., 2009a;
Patricio et al., 2015). In spite of this, no differences were observed in the morphology of granule cells
in females. Sex differences in the brain include regional volume differences due to differential cell
death, neuronal and glial genesis, dendritic branching and synaptic patterning that could culminate
in differences in neural morphology or different responses between sexes (McCarthy et al., 2015).
Nevertheless the majority of studies reporting the effect of stress in granule cells only studied
males, indicating that there is still much to be studied regarding sex differences in this context.
In the NAc, and similary to what we observed in microglia, both sexes showed opposite
patterns of dendritic remodeling. Many studies have suggested a role for the NAc in depression,
in which anhedonia is a cardinal symptom (Liu et al., 1992; Di Chiara et al., 1999; Rada et al., 2003;
Gorwood, 2008). Additionally, studies described that prenatal administration of synthetic GC
delays maturation of neurons, myelination, glia and vasculature in the offspring, altering neuronal
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structure and synapse formation (Seckl, 2008) that could have an impact in the morphology and
behavior later in life. Our results add important new data to support this view, since we showed
that prenatal exposure to DEX induces a neuronal atrophy in males and a hypertrophy in females
in parallel with an anhedonic-like behavior in both sexes. Remarkably, in this brain region we also
observed a normalization of neuronal morphology in both female and male iuDEX offspring after
stress protocol. In line with our previous results, in which we reported a sex-specific remodeling
of microglia in the PFC associated with anxiety-like behavior (Caetano et al., 2017), here we were
able to associate anhedonia with microglial and neuronal dimorphic morphological differences.
The behavioral alterations that we described were present in males and females. In parallel,
we described sex-differences in microglia and neuronal morphology. To date, we still cannot
establish a direct relation between the behavioral and neurobiological underpinnings, however,
we can speculate an association between behavioral phenotypes and changes in microglia and
neurons morphology. Males and females presented a cellular plasticity that is sex-specific and
results in similar behavioral phenotypes. Taken together, these findings illustrate the complex
nature of microglia and neurons morphology, demonstrating the dynamic nature of stress induced
morphological alterations in both sexes. Microglia and neurons, may, therefore, play different roles
in the male and female brain, implicating them in sex-specific effects of adversity.

Conclusion
The results of the present study show that stressful events during pregnancy have an impact on
behavior in both sexes, and animals were preserved from stress effects in adulthood by prenatal
stress that are paralleled by marked, but reversible alterations in the morphology of neurons
and microglia. Prenatal exposure to DEX induced anhedonia, in association with fine structural
alterations in neurons and microglia morphology in the NAc in a sex-specific manner. Importantly,
the later behavioral and morphological adaptations were normalized upon a short-term protocol
of uCMS. Although the role of cellular remodeling is still unknown, sex-specific differences in
microglia plasticity induced by long-term stress may anticipate differences in drug efficacy, as
previously observed by our group and others.
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Supplementary Figure 3.1 - Schedule of chronic mild stressors administered over a 7-day
period and repeated for 2 weeks.

Supplementary Figure 3.2 - Prenatal exposure to DEX preserved from short-term chronic
stress effects: anxiety-like behavior. (A, B) Number of entries in the open arms in the elevated plus
maze (EPM) in females and males (C, D). Number of entries in the closed arms in the elevated plus maze
(EPM) in females and males. Results are presented as the mean ± SEM of 11-17 animals; *p<0.05, comparing
with control, # p<0.05, comparing with iuDEX, calculated using a two-way ANOVA followed by Bonferroni´s
multiple comparisons test.
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Supplementary Figure 3.3 - Prenatal exposure to DEX induces a dysregulation of body weight.
(A, B) Body weight of female and male rats prenatally exposed to DEX and exposed to stress in adulthood.
Results are presented as the mean ± SEM of 11-17 animals. *p<0.05, comparing with control, # p<0.05,
comparing with iuDEX, calculated using a two-way ANOVA followed by Bonferroni´s multiple comparisons
test.

Supplementary Figure 3.4 - Female rats estrous cycle determined in the day of sacrifice.
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Supplementary Figure 3.5 - Prenatal exposure to DEX and short-chronic stress on microglial
cells morphology. Microglial cells of females and males at PND 90 were stained with Iba-1 and
tridimensional reconstructions were performed using Neurolucida software. (A) Representative images
obtained from the Iba-1 staining of dHIP in females. (B) Representative images obtained from the Iba-1
staining of dHIP in males. Scale bar=20µm.

Supplementary Figure 3.6 - Prenatal exposure to DEX and short-chronic stress on microglial
cells morphology. Microglial cells of females and males at PND 90 were stained with Iba-1 and
tridimensional reconstructions were performed using Neurolucida software. (A) Representative images
obtained from the Iba-1 staining of NAc in females. (B) Representative images obtained from the Iba-1
staining of NAc in males. Scale bar=20µm.
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Supplementary Figure 3.7 - Prenatal exposure to DEX and short-chronic stress on microglial
cells morphology. Microglial cells of females and males at PND 90 were stained with Iba-1 and tridimensional
reconstructions were performed using Neurolucida software. (A) Soma perimeter in females and males in
the dHIP (B). Soma area in females and males in the dHIP (C). Soma perimeter in females and males in the
NAc (D) Soma area in females and males in the NAc.
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Supplementary Table 3.1 - Female rats estrous cycle determined in the day of sacrifice.

Supplementary Table 3.2 - Morphometric data and statistics for microglia morphology of the
dHIP in females.
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Supplementary Table 3.3 - Morphometric data and statistics for microglia morphology of
the dHIP in males.
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Supplementary Table 3.4 - Morphometric data and statistics for microglia morphology of the
NAc in females.
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Supplementary Table 3.5 - Morphometric data and statistics for microglia morphology of the
NAc in males.
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Abstract
Epidemiologic studies have provided compelling evidence that prenatal stress, through excessive
maternal glucocorticoids exposure, is associated with psychiatric disorders later in life. We have
recently reported that anxiety associated with prenatal exposure to dexamethasone (DEX, a
synthetic glucocorticoid) correlates with a sex-specific remodeling of microglia in the medial prefrontal cortex (mPFC), a core brain region in anxiety-related disorders. Taking advantage of the
therapeutic potential of drugs that regulate microglia, we studied females prenatally exposed to
DEX (iuDEX) and that were resilient to the anxiolytic effect of the A2AR antagonist, considering
that anxiety is resilient to pharmacotherapy may be associated with important cognitive deficits.
Since anxiety is also an important risk factor for depression, we evaluated the impact of blocking
A 2AR in anhedonia, a core symptom for depression. In parallel, we evaluated microglia morphologic
remodeling in the dorsal hippocampus (dHIP) and in the nucleus accumbens (NAc), brain regions
strictly involved in cognition and in anhedonia. We report that iuDEX impaired recognition
memory and was associated with anhedonia. These behavioral deficits were paralleled by microglia
alterations: hyper-ramification in the dHIP and atrophy in the NAc. The chronic blockade of
adenosine A 2A receptors (A 2AR), which are core regulators of microglia morphology and physiology,
ameliorated the cognitive deficits and anhedonia, but not the anxiety-like behavior. Notably, A 2AR
blockade was able to rectify the hyper-ramification of microglial cells in the dHIP, but not the
atrophy in NAc.
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Introduction
Exposure to high levels of glucocorticoids (GCs) during neurodevelopment is relatively common,
occurring in maternal stress situations and due to GC-based therapies during pregnancy. During
brain development, high levels of GC have been associated with psychiatric disorders and behavior
alterations, later in life (Drozdowicz and Bostwick, 2014). The impact of GC on brain wiring and
function, affecting neuronal migration (Fukumoto et al., 2009), neuronal morphology (Sousa et al.,
1998; Sousa and Almeida, 2002; Leao et al., 2007; Oliveira et al., 2012) and spine density (Oliveira
et al., 2012; Rodrigues et al., 2012; Tanokashira et al., 2012) in several brain regions, has been
causally associated with their long-term consequences in terms of behavior (Oliveira et al., 2006;
Oliveira et al., 2012; Rodrigues et al., 2012; Li et al., 2014) and predisposition to brain disorders
(Drozdowicz and Bostwick, 2014).
Besides neurons, GC also affect microglia during development (Caetano et al., 2017). These
immune cells colonize the brain early in development (Ginhoux et al., 2010; Ginhoux et al., 2013)
and sculpt neuronal circuits by controlling synapse formation (Lim et al., 2013; Parkhurst et al.,
2013; Cristovao et al., 2014; Miyamoto et al., 2016), maturation (Ji et al., 2013) and elimination
(Paolicelli et al., 2011; Schafer et al., 2012). Microglia express functional glucocorticoid receptors
(GRs) (Sierra et al., 2008) and their morphology is altered by the prenatal exposure to GC, an
effect that persists until adulthood (Caetano et al., 2017). In a developmental model of anxiety
(prenatal exposure to GC), microglia undergo a complex process of morphologic plasticity in
the medial prefrontal cortex (mPFC), that is different between males and females (Caetano et
al., 2017). This dimorphic effect is likely related with the function of adenosine A2A receptors
(A 2AR), which modulate microglia function and morphology (Gyoneva et al., 2009; Orr et al.,
2009; Gyoneva et al., 2014b; Caetano et al., 2017). In fact, A 2AR blockade is anxiolytic in males
(Wei et al., 2014; Kaster et al., 2015; Caetano et al., 2017) and corrects morphologic changes in
microglia, whereas A 2AR blockade in females fails to counteract the anxious-like phenotype and
the morphologic changes in microglia (Caetano et al., 2017).
Patients with anxiety disorders commonly display cognitive impairment, as well anhedonia
(Tanokashira et al., 2012; Kendler et al., 2018) and A2AR blockade prevents cognitive deficits
(Prediger et al., 2005; Dall’Igna et al., 2007; Cunha et al., 2008a; Batalha et al., 2013; Kaster et al.,
2015; Li et al., 2015; Viana da Silva et al., 2016) and blunts the anhedonic-like behavior caused by
chronic stress (Kaster et al., 2015). Considering this, we investigated if A 2AR blockade recovers
cognition and anhedonia in females with anxiety resistant to A 2AR antagonism. We further assessed
if A 2AR in the dorsal hippocampus (dHIP) and in the nucleus accumbens (NAc) differently control
microglia morphologic remodeling in these two brain regions, which are involved in cognitive and
anhedonia performance.
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Methods
Animal handling and pharmacological treatment
Animals were handled according to the European Community guidelines on animal care
and experimentation (2010/63/EU). The experimental protocols were approved by the Ethical
committees of ICVS (Life and Health Sciences Research Institute, SECVS protocol no. 107/2015).
All animals were housed under standard laboratory conditions (22°C, light/dark cycle of 12 hr; food
and water ad libitum). Pregnant Wistar rats were administered with DEX (sc, subcutaneous, 1mg/
kg) or vehicle on gestation days 18 and 19, as previously described (Caetano et al., 2017). Female
and male offspring from the offspring were treated during 21 consecutive days between postnatal
day (PND) 67 and PND 90 with saline + DMSO (vehicle-treated animals) or with the selective A 2AR
antagonist, SCH58261 (ip, intraperitoneal, 0.1 mg/kg/day), a dose displaying anxiolytic effects in
adult male rodents subjected to stress protocols (Kaster et al., 2015; Caetano et al., 2017).

Open filed test
The locomotor behavior was evaluated in the Open Field (OF) test. Each rat was placed in
the center of the arena (white floor and transparent acrylic walls, 43.2x43.2 cm; Med Associates
Inc., St. Albans, VT) under bright white light. The locomotor activity was monitored using a two
16-beam infrared system for 5min. Velocity and total distance travelled were analyzed using the
Activity Monitor Software (Med Associates, St Albans, VT).
Forced swimming test
Depressive-like behavior was evaluated in the forced swimming test (FST). The test was
conducted 24 h after a pre-test session (5 min), by placing the rats in glass cylinders (50 cm) filled
with water (25°C) for 5 min. Trials were video recorded and the time spent immobile and latency
to immobility were analyzed blindly.
Novelty suppressed feeding
Anxiety-like behavior was assessed using the novelty suppressed feeding (NSF) test. Following
previously published protocols (Patricio et al., 2015), rats were food-deprived (18 h) before being
placed in a novel arena for 10 min, where a single food pellet was centrally placed. The latency
to eat was measured, being an indicator of anxiety-like behavior. Rats were then transferred to
their home cage and the amount of food consumed during 10 min was measured, as an indicator
of appetite drive.
Elevated plus maze test
Anxiety-like behavior was additionally assessed by the elevated plus maze (EPM) test. Rats at
PND 90 were placed in the center of a black polypropylene plus-shaped platform (Med Associates)
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with two open arms (50.8 × 10.2 cm) and two closed arms (50.8 × 10.2 × 40.6 cm), located 72.4
cm above the floor in a room illuminated with bright white light during 5 min. The time spent
in the open arms and the number of total entries were measured with an infrared photo beam
system and analyzed with a specific software (MedPCIV, MedAssociates,Georgia, VT). The level of
anxiety-like behavior was measured by the ratio of time spent in the open arms/total time and the
number of entries into each arm of the maze.
Sweet drive test
Rats were allowed to freely explore the sweet drive test (SDT) arena, previously described
(Mateus-Pinheiro et al., 2014), where regular (Mucedola 4RF21-GLP) or sweet pellets (Cheerios,
Nestlé) were accessible, for 10 min. The preference for sweet pellets was calculated by the
formula: sweet pellets consumed (g)/total pellets consumed (g) (Mateus-Pinheiro et al., 2014). The
decreased preference for sweet pellets was used as an indicator of anhedonic behavior.
Sucrose preference test
Anhedonia was assessed using the sucrose preference test (SPT). To test sucrose preference,
animals were food and water deprived for 12 h. For testing, animals were presented two preweighed bottles containing water or a 2% (m/v) sucrose solution for a period of 1 h. Sucrose
preference (SP) was calculated according to the formula: SP = (sucrose intake / (sucrose intake
+ water intake)) x 100. Anhedonia was defined as a reduction in sucrose preference relative to
controls.
Novel object recognition test
Novel object recognition (NOR) test evaluates the ability to distinguish between a familiar
and a novel object, a readout for recognition memory. Briefly, rats were placed in the arena in
the presence of two identical objects in shape, color, and size, during 10 min; 2 h later, one of the
objects was replaced by a different object in color and shape. Trials were video recorded and the
time spent in the novel and familiar objects was measured. The recognition index was measured by
the quotient: time exploring the novel object/(time exploring the familiar object + time exploring
the novel object).
Corticosterone determination
Blood samples from adult female rats were collected (puncture of the tail vein) at 8:00 a.m.
(diurnal nadir) and 8:00 p.m. (diurnal zenith) in the day preceding the sacrifice and processed to
isolate serum, where corticosterone (CORT) levels were measured using the CORT ELISA Kit
(Abcam, Cambridge, UK), according to the manufacturer’s instructions.
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Immunohistochemistry and tridimensional morphometric analysis of microglia
Rats were deeply anesthetized with an ip injection of sodium pentobarbital (60 mg/kg) and
transcardially perfused with heparinized saline and 4% paraformaldehyde (PFA). Brains were fixed
in 4% PFA overnight and transferred to 30% sucrose solution in phosphate buffered saline (PBS,
37 mM NaCl, 2.1 mM KCl, 1.8 mM KH2PO4 and 10 mMNa2HPO4.2H2O, pH 7.4) overnight at
4°C. After fixation, brains were cryopreserved at -80°C and sectioned (50 μm) in a cryostat. For
immunodetection of microglia, free-floating coronal sections containing the dHIP (stereotactic
coordinates of interaural 5.20 mm and bregma -3.80 mm) and the NAc (stereotactic coordinates
of interaural 10.20 mm and bregma 1.2 mm; Paxinos& Watson, 1998) were incubated in a
permeabilization and blocking solution of 5% BSA (bovine serum albumin) and 0.1% Triton X-100 in
PBS (2 h at room temperature, RT). Incubation with the primary antibody (rabbit anti Iba-1, 1:1000,
WAKO, Osaka, Japan) was performed for 48 h in the blocking solution at 4°C. After washing,
sections were incubated with the secondary antibody (donkey anti rabbit, 1:1000, Invitrogen,
Waltham, MA) for 2 h at RT and with DAPI (1:5000) for 10 min at RT. Sections were mounted on
gelatinized slices using glycergel (Dako mounting medium). Images of 10 random microglial cells
from each animal were acquired in the dorsal dentate gyrus (DG) of the hippocampus and in the
NAc with a laser scanning confocal microscope LSM 710 META connected to ZEN Black software
(Zeiss Microscopy, Oberkochen, Germany), using a 63 × objective lens (Plan-Apochromat 63×/1.40
Oil DIC M27).Tridimensional (3D) reconstruction of microglial cells was obtained by manual
reconstruction using the Neurolucida software (MBF Bioscience, Williston, VT). Morphometric
data (quantification of the number and the length of cellular processes) were extracted using
Neurolucida explorer.
Western Blot
Rats were anesthetized with an ip injection of sodium pentobarbital (60 mg/kg) and then
sacrificed by decapitation Brains were removed for dHIP and NAc dissection which was
subsequently frozen in liquid nitrogen and stored at -80°C. Frozen samples were digested in RIPA
(radioimmunoprecipitation) assay buffer supplemented with complete mini protease inhibitor
cocktail tablets and phosphatase inhibitors (Roche, Penzberg, Germany) and homogenized using
a tissue grinder. Homogenates were centrifuged at 16 100 g for 10 min at 4°C for supernatant
collection. The bicinchoninic acid (BCA) protein assay was used to determine the concentration of
total protein in each sample (Thermo-Scientific, Waltham, MA, USA). After sample denaturation
(95°C, 5 min) an electrophoresis was performed using an 8% resolving gel (120 V, 60 min, RT).
Proteins were electrotransferred (1 A for 120 min at 4°C) to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Membranes were blocked in a solution of 5 % BSA solution in Trisbuffered saline (10 mM Tris; 150 mM NaCl) with Tween 20 (TBS-T) 1 h at RT before overnight
incubation (4°C) with the primary antibody (mouse anti-A2AR, 1:200; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and 1 h at RT with secondary antibody (goat anti-mouse, 1:5000; BioRad)
prepared in 1% BSA in TBS-T. Membranes were washed and processed for protein detection
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using enhanced chemofluorescent (ECF, GE Healthcare) or enhanced chemiluminescence (ECL,
Advantsa, Menlo Park, CA, USA). Detection was done on Thyphoon FLA 9000, GE Healthcare
(for ECF) and Image QuantTM LAS 500, GE Healthcare (for ECL). All membranes were re-probed
for calnexin as a loading control.
Data and statistics
Data are means ± SEM. Means were compared using the Student’st test, when comparing two
conditions or one-way analysis of variance (ANOVA), followed by a Turkey’s post hoc test, when
comparing more than two conditions. The level of significance was set at p<0.05.

Results
Prenatal exposure to DEX leads to deficits in recognition memory and anhedonia in
adult females
Confirming previous reports (Caetano et al., 2017), females prenatally exposed to DEX (iuDEX,
Figure 4.1 A) present anxiety-like behavior, evaluated by two independent tests, the EPM (VEH:
0.44 ± 0.04, n=10; iuDEX: 0.26 ± 0.02, n=10; p<0.05; Figure 4.1 B) and the NSF (Supplementary
Figure 4.1 A). In line with previous results, iuDEX females did not display helplessness behavior, as
assessed by the FST (Supplementary Figure 4.1 B). iuDEX females compared with vehicle-treated
females (VEH), display a lower recognition index (VEH: 0.53 ± 0.06, n=9; iuDEX: 0.21 ± 0.03,
n=10; p<0.001; Figure 4.1 C). Moreover, iuDEX females presented anhedonia (VEH: 86.08 ± 1.35;
n=10; iuDEX: 77.52 ± 1.47, n=11; p<0.05; Figure 4.1 D) evaluated by SPT but no differences were
observed in SDT (Supplementary Figure 4.1 C). Additionally, iuDEX females presented altered
serum levels of CORT at 8 a.m. (iuDEX: 78.9 ± 5.90, n=7, p<0.001; Figure 4.1 E). We also observed
that iuDEX did not alter body weight (Supplementary Figure 4.1 D) at adulthood nor the distance
travelled or the velocity in the OF test, indicating that iuDEX does not affect global locomotor
function (Supplementary Figure 4.1 E).
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Figure 4.1- Effect of prenatal exposure to DEX on cognition, anxiety, anhedonia and
corticosterone levels. (A) Schematic view of the animal model and pharmacological treatment. Pregnant
Wistar rats received DEX (1 mg/kg/day sc) on days 18 and 19 of gestation. (B) Time spent in the open arms
per total time of the EPM test, performed to evaluate anxiety-related behavior. (C) The recognition index
(time spent in the novel object per total time spent in the novel and familiar objects) was calculated to
evaluate cognitive deficits, using the NOR test. (D) The preference for sucrose in the SPT was performed
to assess anhedonic-like behavior (E) Diurnal and nocturnal levels of corticosterone were measured by
ELISA, as an indicator of the HPA axis integrity. Results are presented as the mean ± SEM (n=6-11 animals);
*p<0.05 and ***p<0.001, comparing with saline, calculated using an unpaired Student’s t test.

A2AR blockade rescues iuDEX-induced changes
Confirming our previous report (Caetano et al., 2017), the chronic blockade of A 2AR with
the selective antagonist, SCH58261, administered for 21 days (0.1 mg/kg/day) before PND 90
(Figure 4.2 A) exerted, per se, an anxiogenic effect (SCH58261: 0.16 ± 0.06, n=7; VEH: 0.35 ± 0.03,
n=6; p<0.05; Figure 4.2 B) and was not able to ameliorate iuDEX-induced anxiety-like behavior
in females (for the EPM, iuDEX+SCH58261: 0.19 ± 0.04, n=10; iuDEX: 0.20 ± 0.04, n=7; p>0.05;
Figure 4.2 B; for the NSF, see Supplementary Figure 4.1 A). SCH58261 administered to control or
iuDEX adult females did not interfere with the performance of the animals in tests for helplessness
behavior (Supplementary Figure 4.1 B). In contrast, the chronic treatment of adult females with the
selective A 2AR antagonist, SCH58261, improved cognition in iuDEX females (iuDEX + SCH58261:
0.35 ± 0.02, n=7; iuDEX: 0.21 ± 0.03, n=10; p<0.05; Figure 4.2 C). However, iuDEX females treated
with SCH58261 still presented a cognitive impairment in recognition memory, as compared with
control animals (iuDEX + SCH58261:0.35 ± 0.02, n=7; VEH: 0.53 ± 0.04, n=7; p<0.05; Figure 4.2 C).
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This might be due to the surprising observation that, in contrast to the well-established
absence of effect on learning and memory tasks of A2AR antagonists in male rats (Cunha et al.,
2008a; Cognato et al., 2010; Kaster et al., 2015), the treatment with the A 2AR antagonist, per
se, deteriorated memory performance in female rats (SCH58261:0.37 ± 0.03, n=6; VEH: 0.53 ±
0.04, n=7; p<0.05; Figure 4.2 C). Additionally, the chronic treatment of adult females with the
selective A 2AR antagonist, SCH58261 was able to ameliorate iuDEX-induced anhedonic behavior
(iuDEX + SCH58261: 84.39 ± 1.24, n=11; iuDEX: 77.52 ± 1.47, n=11; p<0.05; Figure 4.2 D). Notably,
SCH58261 per se was anhedonic in females (SCH58261: 79.4 ± 2.24, n=11 vs VEH: 86.08 ± 1.35,
n=11; Figure 4.2 D). However, SCH58261 administered to control or iuDEX adult females did not
interfere with the performance of the animals in the SDT (Supplementary Figure 4.1 C). Body
weight and locomotor activity were also not affected by the treatment with SCH58261, alone
or to iuDEX animals (Supplementary Figure 4.1 D, E). Regarding serum levels of CORT, we again
confirmed our previous data (Caetano et al., 2017): SCH58261 per se did not alter these levels and
was not able to normalize DEX-induced alterations (Figure 4.2 E). We also evaluate the protein
levels of A 2AR in the dHIP and in the NAc. In dHIP no differences were observed in A2AR protein
levels in all conditions (Figure 4.2 F). The protein levels of A 2AR significantly decreased in iuDEX
females in the NAc (80.56±7.16 of the control, n=4, p<0.05) but no differences were observed
after the A 2AR blockade (Figure 4.2 F).
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Figure 4.2 - Effect of the chronic blockade of A2AR on behavior induced by prenatal exposure
to DEX. (A) Schematic drawing of the animal model and pharmacologic treatment: Animals from the
offspring of saline- or DEX-treated pregnant rats were chronically treated with SCH58261 (0.1 mg/kg/day,
ip) or saline for 21 consecutive days before PND 90. (B) Time spent in open arms per total time of the EPM
test, performed to evaluate anxiety-related behavior. (C) The recognition index (time spent in the novel
object per total time spent in the novel and familiar objects) was calculated to evaluate cognitive deficits,
using the NOR test. (D)The preference for sucrose in the SPT was performed to assess anhedonic-like
behavior (E) Diurnal and nocturnal quiescent levels of CORT were measured by ELISA, to evaluate the
endogenous serum corticosterone levels (F) The levels A 2AR in the dHIP and in the NAc were assessed
through western blot analysis and normalized to Calnexin or GAPDH. Results are presented as the mean ±
SEM (n=5-11 animals); *p<0.05, **p<0.01 and ***p<0.001, comparing with saline, $p<0.05, comparing with
iuDEX, calculated using a one-way ANOVA followed by a Turkey’s multiple comparaisons test.
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iuDEX induces short-term and long-lasting alterations in microglia morphology in
the dHIP and in the NAc
We next evaluated the impact of iuDEX on microglia morphology in the hippocampal DG and
in the NAc of PND 7 and of adult female rats (PND 90). The DG and their granule neurons are
associated with cognitive functions that include learning, spatial navigation and memory (Amaral
et al., 2007; Jonas and Lisman, 2014). The anhedonic-like behavior is mainly mediated by the NAc
and it is has been reported that stress exposure may trigger, in this particular brain region, later
adaptive alterations (Bessa et al., 2013). As previously found by our group in the mPFC (Caetano
et al., 2017), iuDEX induced a decrease in the total length of cellular ramifications in the dHIP,
without affecting their number at PND 7 (Figure 4.3 A-C, Supplementary Figure 4.2 A and raw
data and statistics in Supplementary Table 4.1). Microglia morphologic alterations are still observed
at adulthood. At this timepoint, an increase of the number of microglia ramifications was observed
compared with control animals in the dHIP, but the total length of ramifications was not different
from the control (Figure 4.3 D-F, Supplementary Figure 4.2 C and raw data and statistics in
Supplementary Table 4.2).
On the other hand, in the NAc, iuDEX induced an increase in the total length of microglia
in the first orders of ramification, with no impact in their number at PND 7 (Figure 4.3 G- I,
Supplementary Figure 4.2 B and raw data and statistics in Supplementary Table 4.1). Contrasting
with the alterations observed in dHIP, in NAc, adult females prenatally exposed to iuDEX displayed
a general decrease of microglial processes number and length (Figure 4.3 J-L, Supplementary Figure
4.2 D and raw data and statistics in Supplementary Table 4.3).

The morphologic complexity of microglia is different between the dHIP and NAc
The effect of iuDEX observed in the dHIP contrasts with its effect in the mPFC, where we
previously reported a decrease in the number of microglia ramifications (Caetano et al., 2017). On
the other hand, the effect of iuDEX observed in the NAc is similar to mPFC, since we observed an
atrophy of microglial cells in this region. Thus, we analyzed and compared microglia morphology
under physiological conditions in both regions at PND 7 and PND 90 of female rats. At PND
7, microglial cells in the dHIP exhibited a more complex morphology, with higher number of
ramifications, which are longer, compared with microglial cells from the NAc (Figure 4.4 A-C,
Supplementary Table 4.4). At adulthood, microglial cells in the dHIP exhibited a similar morphology,
in the number of ramifications and length of cellular processes compared with microglial cells from
the NAc (Figure 4.4 D-F, Supplementary Table 4.4).
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Figure 4.3 - Effect of prenatal exposure to DEX on the number and length of microglial
processes in the dHIP and NAc. Pregnant Wistar rats received DEX (1 mg/kg/day, sc) at ED 18
and ED 19. Microglial cells of female brains were immunostained with Iba-1 at PND 7 and PND 90 and
tridimensional reconstructions were performed using Neurolucida software. (A) Representative isolated
manual reconstruction (skeleton) of microglial cells from the dHIP at PND 7 of females. (B, C) Using
the morphometric data extracted from the Neurolucida software, the number and length of microglial
processes in the dHIP were assessed and compared between iuDEX-or saline-treated animals at PND 7.
(D) Representative isolated manual reconstruction (skeleton) of microglial cells from the dHIP at PND
90 of females. (E, F) Number and length of microglial processes in the dHIP were assessed and compared
between iuDEX-or saline-treated animals at PND 90. (G) Representative isolated manual reconstruction
(skeleton) of microglial cells from the NAc at PND 7 of females. (H, I) Number and length of microglial
processes resulting from the morphometric analysis of reconstructed cells from NAc, compared between
iuDEX- or saline-treated animals at PND 7. (J) Representative isolated manual reconstruction (skeleton)
of microglial cells from the NAc at PND 90 of females. (K, L) Number and length of microglial processes
resulting from the morphometric analysis of reconstructed cells from NAc, compared between iuDEX- or
saline-treated animals at PND 90. (H). Results are presented as the mean ± SEM (n=3-4 animals); *p<0.05,
comparing with saline, calculated using an unpaired Student’s t test.
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Figure 4.4 - Comparison of the number and length of microglial processes from NAc and dHIP
of control animals. Microglial cells of female brains were immunostained with Iba-1 at PND 7 and PND
90 and tridimensional reconstructions were performed using Neurolucida software. (A) Representative
isolated manual reconstruction (skeleton) of microglial cells from the dHIP and NAc at PND 7 of females.
(B, C) Using the morphometric data extracted from the Neurolucida software, the number and length of
microglial processes in the dHIP and Nac of control animals at PND 7. (D) Representative isolated manual
reconstruction (skeleton) of microglial cells from the dHIP and Nac at PND 90 of females. (E, F) Number
and length of microglial processes resulting from the morphometric analysis of reconstructed cells from
dHIP and Nac of control animals at PND 90. Results are presented as the mean ± SEM (n=3-6 animals);
*p<0.05, comparing with saline, calculated using an unpaired Student’s t test.
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A2AR blockade differentially affects microglia morphology in dHIP and in NAc
Regarding microglia morphology, in contrast to what happens in the mPFC, where A2AR
blockade was unable to normalize iuDEX-induced changes in females (Caetano et al., 2017), we now
observed that in the dHIP, iuDEX adult females treated with SCH58261 show a significant reduction
of the number of ramifications compared with iuDEX females, which recovers to control levels
(Figure 4.5 A, B; Supplementary Figure 4.2 C; Supplementary Table 4.2). Furthermore, the length
of processes was also diminished in iuDEX adult females treated with SCH58261 compared with
iuDEX females (Figure 4.5 D, Supplementary Figure 4.2 C, Supplementary Table 4.2). Importantly,
SCH58261 alone reduced the length of some microglial processes in the dHIP, compared with
control animals (Figure 4.5 E, Supplementary Figure 4.2 C, Supplementary Table 4.2), although
not affecting the number of processes (Figure 4.5 C, Supplementary Figure 4.2 C, Supplementary
Table 4.2). Interestingly, SCH58261 also decreased the number of microglia ramifications in the
mPFC, although it also decreased the total length of these ramifications (Caetano et al., 2017).
In the Nac, and similar to what happens in the mPFC, the A2AR blockade was unable to normalize
iuDEX-induced changes in females in terms of number and length of microglia processes (Figure
4.5 F-I, Supplementary Figure 4.2 D; Supplementary Table 4.3). Importantly, the blockade of A 2AR
per se caused a mild decrease in the number of processes of microglia cells in females, as we also
observed in the mPFC (Figure 4.5 H, J, Supplementary Figure 4.2 D; Supplementary Table 4.3).
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Figure 4.5 - Effect of A2AR chronic blockade on the morphologic alterations induced by prenatal
exposure to DEX regarding the number and length of dHIP and NAc microglia processes.
Microglial cells of females at PND 90 were stained with Iba-1 and tridimensional reconstructions were
performed using Neurolucida software. Using the morphometric data extracted from the Neurolucida
software. (A) Representative manual reconstruction of microglial cells from dHIP at PND 90. (B, C, D, E)
Number and length of microglial processes in the dHIP was assessed and compared between treatments
according to the respective branch order. (F) Representative manual reconstruction of microglial cells
from NAc at PND 90. (G, H, I, J) Number and length of microglial processes in the NAc was assessed and
compared between treatments according to the respective branch order. Results are presented as the mean
± SEM (n=3-4 animals); *p<0.05, comparing with saline, $p<0.05, comparing with iuDEX, calculated using a
one-way ANOVA followed by a Turkey’s multiple comparisons test.
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Discussion
In animal models, the prenatal exposure to high levels of steroids, namely GC (as occurs in maternal stress or during gestations requiring GC therapy to prevent respiratory complications associated with premature delivery), impairs brain development and results in abnormal behavior in
adult offspring (Leao et al., 2007; Fukumoto et al., 2009). We previously reported (Caetano et al.,
2017) that the prenatal exposure to DEX, a synthetic GC used in obstetrics, was associated with an
anxious phenotype, as already described by others (Oliveira et al., 2006; Oliveira et al., 2012). The
behavioral impact of iuDEX was accompanied by the morphologic adaptation of microglia in the
mPFC, a process of remodeling that is different between females and males. In the case of females,
microglia adopt a less complex morphologic phenotype, while microglia from males acquire a hyperramified phenotype. We proposed that microglia morphologic plasticity is important to the anxiouslike phenotype, considering that the chronic treatment of males with an experimental anxiolytic
that is also able to modulate microglia morphology (a selective antagonist of adenosine A 2ARs) and
ameliorates anxiety in parallel with the normalization of microglia morphology, whereas in females,
the drug was unable to correct microglia morphology or to promote its anxiolytic effect (Caetano
et al., 2017). In order to better explore and, eventually, take advantage of the therapeutic potential
of drugs that regulate microglia, we decided to study a new group of females prenatally exposed
to DEX and resilient to the anxiolytic effect of the A2AR antagonist, considering other symptoms
associated with anxiety, namely cognition and anhedonia. The main goal of the present work was
to confirm cognitive deterioration of anxious females resilient to the anxiolytic effect of the A 2AR
antagonist and to clarify if the drug, which is already known as a cognitive enhancer (Dall’Igna et al.,
2007; Kaster et al., 2015; Li et al., 2015; Machado et al., 2017), although unable to ameliorate anxiety,
would be able to treat cognitive deficits and if this effect was paralleled by microglia morphologic
remodeling in the dHIP, brin region critically involved in cognition. Additionally, since it has been
showed that iuDEX exposure induces increased vulnerability to depression (Oliveira et al., 2006;
Rodrigues et al., 2012; Borges et al., 2013), we also aimed to evaluate the impact of blocking A 2AR
in anhedonia, a core symptom of depressive-like behavior correlating with morphologic alterations
in microglia morphology in the NAc, strictly implicated in this behavior trait. In fact, it has been
proposed that depression and anxiety have a common substrate and anxiety may evolve into
depression through anhedonia (Paul, 1988; Merikangas et al., 2003; Grillo, 2016). We report that
female rats prenatally exposed to DEX present memory impairments and anhedonia at adulthood.
These behavioral alterations are paralleled by a process of morphologic remodeling of microglia:
hyper-ramification in the dHIP and atrophy in NAc. Notably, we describe, for the first time, an
opposite regulation of microglia morphology in different brain areas, namely in the dHIP (this
work) and in the mPFC (Caetano et al., 2017). Contrasting patterns of cellular plasticity across
the brain have already been described for neurons in response to stress conditions (Chattarji et
al., 2015); however, the regional morphologic adaptation of microglia to stress mediators, namely
GC, was not yet described. With our results, we demonstrated that brain regions adapt differently

119

4

when prenatally exposed to DEX. Regarding this particular issue, a process of microglia atrophy
in the hippocampus would easily reconcile with the already described neuronal atrophy in this
brain area in stress conditions (Chattarji et al., 2015). Although out of the scope of this work, it
would be important to further explore the opposite plastic phenomena that we observed in the
dHIP and in the mPFC of females upon in utero DEX exposure (Caetano et al., 2017): PFC, as
well as the hippocampus, control stress responses by negative feedback (Cerqueira et al., 2007;
McEwen and Morrison, 2013); thus, we would expect similar structural modifications triggered by
the prenatal exposure to DEX. Interestingly, we observed similar patterns of microglia remodeling
in NAc (an atrophy) and in the mPFC. The anhedonic-like behavior is mainly mediated by the
NAc, and is reported that stress-induced alterations in anhedonia are related to a hypertrophy
of medium spiny neurons (Bessa et al., 2013). Like other brain regions, namely dHIP and mPFC,
we hypothesize that in utero DEX exposure may trigger alterations in microglia morphology in
the NAc. Importantly, a functional relationship between the mPFC and the NAc has been demonstrated, since mPFC has been also involved in reward-seeking processes (Goeders and Smith, 1983;
Robertson, 1989). Besides mPFC is a core region in the control of anxiety, our results sug-gest
that the pattern of microglia morphology is similar in these two regions upon iuDEX exposure.
The detailed morphometric analysis here performed shows that, besides regional differences in
microglia remodeling associated with the model, the morphologic phenotype of these cells in the
dHIP is different when compared with the NAc in basal, physiologic conditions at PND7. Microglia
cells are more complex in the dHIP than in the NAc, a difference that disappeared in adulthood.
Physiologic differences in microglia morphology in early stages may also help explain the opposite
effect of prenatal DEX in microglia morphology. These data are in line with previous studies
reporting regional differences in microglia (Lawson et al., 1990; Schwarz et al., 2012), although most
studies use rudimentary approaches rather than 3D reconstitutions to study microglia morphology.
This regional heterogeneity of microglia is further heralded by distinct transcriptional identities of
microglia in the cortex and in the hippocampus (Grabert et al., 2016). However, further studies
are required to categorize region-specific functionalities of microglia to determine how these
differences influence microglia modulation for instance by purines (such as adenosine) and microglia
responses to insults or if alterations in microglia could not mirror changes in the behavior. The
remodeling of microglia could affect other cells with impact in behavior. For instance, the crosstalk
between microglia and neurons is an extremely important pathway to maintain homeostasis and
brain health (Sheridan and Murphy, 2013; Pagani et al., 2015). In fact, changing microglia function
by genetic deletion of CX3CR1, that allows the communication between microglia and neurons,
results in long lasting impairments, such as deficits in spatial memory, cognitive function and fear
conditioning (Rogers et al., 2011).
We also observe that the chronic blockade of A 2AR in iuDEX adult females normalize microglia
morphology in the dHIP and rescues cognitive deficits. These results confirm the already described
ability of A 2AR to control and rescue memory deterioration, now shown to be associated with a
microglia morphologic adaptation in a context of anxiety. The observation that iuDEX-induced
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cognitive deficits in the NOR test, which involves the hippocampal formation (Broadbent et al.,
2004), correlates with long-lasting changes in microglia morphology in this brain area, points towards
an impact of microglia in cognition that is in line with previous studies showing that microglia are
crucial cellular elements during development (Wu et al., 2015; Tay et al., 2017b). For instance,
the transient depletion of these cells during development leads to long-term deficits in synaptic
transmission, functional brain connectivity, synaptic plasticity and cognitive deficits (Paolicelli et al.,
2011; Rogers et al., 2011; Zhan et al., 2014; Torres et al., 2016). Taking into consideration the role of
microglia in synapse formation and pruning (Paolicelli et al., 2011; Schafer et al., 2012; Ji et al., 2013;
Lim et al., 2013; Parkhurst et al., 2013; Cristovao et al., 2014; Miyamoto et al., 2016), we anticipated
that iuDEX-induced microglia morphologic changes in the dHIP, already observed in the first postnatal week, would correlate with cognition. However, the chronic blockade of A 2AR in iuDEX
adult females was able to normalize anhedonia, but not the iuDEX-induced atrophy in the NAc.
It has been described the ability of A2AR as therapeutic approach to correct behavioral changes
in stressed rats, such as the reversion of anxiety, anhedonia and helpless-like behavior (Kaster et
al., 2015). However, iuDEX induces persistent morphological changes in microglia cells in NAc,
similar to mPFC (Caetano et al., 2017) that were not modulated by A 2AR blockade. It is important
to note that the A 2AR antagonist treatment per se induced a decrease in the number of microglia
processes in females in the NAc and in the mPFC (Caetano et al., 2017). Contrarily to the dHIP,
in the NAc, we did not observe a link between microglia morphology and behavior (anhedonia).
In fact, the improvement in symptom and behavior may not be related with a normalization of
the microglia morphology in a specific brain region closely related to this symptom. Besides the
involvement of NAc in anhedonia, other brain regions such as mPFC, ventral tegmental area,
amygdala and hippocampus play also important role in the reward circuit and consequently in
anhedonia (Heshmati and Russo, 2015). In line with our previous work in mPFC (Caetano et
al., 2017), we speculate that the lack of efficacy of A 2AR blockade as a normalizer of microglia
morphology in the NAc is due to decrease of A2AR density in iuDEX females observed in the
NAc. Several studies have previously shown that A 2AR blockade prevents memory deficits and
anhedonia associated with chronic stress or depression (Cunha et al., 2006; Batalha et al., 2013;
Kaster et al., 2015; Machado et al., 2017). These studies focused on the relation between synaptic
dysfunction and memory deterioration and have shown that neuronal A2AR were both necessary
and sufficient to trigger memory deficits (Li et al., 2014; Pagnussat et al., 2015; Viana da Silva et al.,
2016). Although the blockade of A 2AR is globally accepted as a cognitive enhancer and anxiolytic, in
animal models of disease, the majority of the studies were performed in males or the sex was not
specified. This topic is of particular relevance, considering that mood disorders have a sex-specific
susceptibility and that we previously described that the pharmacological manipulation of A 2AR in
our animal model of chronic anxiety (caused by prenatal exposure to DEX), differentially impact
on anxious behavior of males and females (Caetano et al., 2017). Altogether, these data raise new
questions about the physiological role of A2AR in behavioral differences between males and females
and about the role of these receptors in brain regions critically implicated in anxiety, cognition and
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anhedonia. We and others have described the ability of A 2AR to modulate microglia morphology
(Orr et al., 2009; Gomes et al., 2013; Gyoneva et al., 2014b; Santiago et al., 2014; George et al.,
2015; Caetano et al., 2017) and function (Gyoneva et al., 2009; Gomes et al., 2013; Gyoneva et
al., 2014b; Santiago et al., 2014; George et al., 2015). The data now presented make it clear that
there is also a marked heterogeneity of A 2AR-mediated microglia modulation according to the
brain region considered. In fact, in our previous work (Caetano et al., 2017), we observed that the
selective A 2AR antagonism was unable to correct microglia atrophy in the mPFC of females, but we
now observe that the same antagonist reverts microglia hyper-ramification in the dHIP but not the
atrophy in the NAc. In parallel, A2AR blockade reverts memory and anhedonic impairment (present
results), but not anxiety (Caetano et al., 2017) in these iuDEX females. These results suggest
that the functional uncoupling between anxiety, cognition and anhedonia in iuDEX females that
were treated with a selectiveA 2AR antagonist may be, at least partially, explained by a differential
regulation of microglia morphology by A 2AR in different brain regions. The reasons underlying
this region-specific response are still unexplored, but may be due to regional differences of A 2AR
function in the brain (Shen et al., 2013; Wei et al., 2014; Li et al., 2015) or to differences in microglia
function in different brain regions. In conclusion, the data obtained show that iuDEX, in conditions
mimicking the clinical use of GC in the early periods of brain development, induces alterations in
microglia morphology in a region-specific manner with impact in behavior. These observations
reinforce the link between microglia function and the control of mood and memory and emphasize
the importance of sex and brain region in the screening or design of novel therapeutic strategies
targeting microglia homeostasis to manage brain disorders.
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Supplementary Figure 4.1 - Effect of prenatal DEX, A2AR chronic blockade or both in body
weight and locomotor function. (A) Anxiety like-behavior was assessed in the NSF. (B) Learned
helplessness behavior was evaluated by the FST (immobility and latency to immobility) and (C) anhedonia
was measured by the SDT. (D) Body weight was assessed before the sacrifice of females. (E) Locomotor
activity was assessed by the distance travelled and velocity in the OF.
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Supplementary Figure 4.2 - Effect of prenatal DEX, A2AR chronic blockade or both on
microglial cells morphology. Microglial cells of females at PND 7 and PND 90 were stained with Iba-1
and tridimensional reconstructions were performed using Neurolucida software. (A) Representative images
obtained from the Iba-1 staining (green) of dHIP at PND 7 (B) Representative images obtained the Iba-1
staining (green) of Nac at PND 7 (C) Representative images obtained from the Iba-1 staining (green) of dHIP
at PND 90. (D) Representative images obtained from the Iba-1 staining (green) of Nac at PND 90.
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Supplementary Table 4.1 - Morphometric data and statistics for microglia morphology from
dHIP and NAc of females at PND 7 prenatally treated with DEX or saline: number and length
of ramifications.
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Supplementary Table 4.2 - Morphometric data and statistics for microglia morphology from
dHIP of females at PND 90 prenatally treated with DEX, chronic blockade of A2AR or both:
number and length of ramifications.
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Supplementary Table 4.3 - Morphometric data and statistics for microglia morphology from
NAc of females at PND 90 prenatally treated with DEX, chronic blockade of A2AR or both:
number and length of ramifications.

4
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Supplementary Table 4.4 - Morphometric data and statistics for microglia morphology from dHIP and
NAc of females at PND 90 in physiological conditions: number and length of ramifications.
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CHAPTER 5
General Discussion

Current lifestyle places individuals under increasingly greater loads of stress. Although the
mechanisms that are triggered by stress are primarily adaptive, it is now thoroughly established that
exposure to stress and/or to high levels of stress mediators, namely GCs during neurodevelopment
can have a long-lasting impact and increase vulnerability for neuropsychiatric disorders later in life.
In this PhD thesis, first, we aimed to evaluate the effect of Unpredictable Chronic Mild Stress
(uCMS) with two different durations in adulthood and its relationship with microglia and neurons
morphology considering sex-differences (Chapter 2). We reported that uCMS causes behavioral
alterations and contrasting patterns of morphologic remodeling in microglia and neurons of the
dHIP and NAc in both sexes.
Next, we evaluated the impact of uCMS in adulthood in a model of prenatal exposure to GCs
(iuDEX model) at a behavioral level and in the remodeling of microglia and neurons (Chapter
3). We show that iuDEX animals of both sexes have better performance in the anxiety- and
depressive-like behavioral tests than the non-exposed animals after chronic stress exposure in
adulthood. Interestingly, iuDEX animals present sex-dependent changes in microglia and neuronal
morphology in the dHIP and in the NAc, and after chronic stress, these cells undergo sex-specific
morphological remodeling.
Importantly, previous work from our group showed that iuDEX causes anxious-like behavior
and microglia morphology remodeling in a sex-specific manner in the PFC in adulthood (female
microglia is atrophied, whereas males have a hyper ramified microglia), but treatment with
antagonist of A 2AR reverts these effects, but only in males (Caetano et al., 2017). Therefore,
we also aimed to test the ability of A 2AR, to ameliorate iuDEX-induced anhedonia and cognition
deficits, as well as morphological microglia changes in females (Chapter 4). We report that iuDEX
impaired recognition memory and induced anhedonia. These behavioral deficits were paralleled by
microglia alterations in the dHIP and in the NAc. The chronic blockade of adenosine A 2AR, which
are core regulators of microglia morphology and physiology, ameliorated the cognitive deficits and
anhedonia. Notably, A 2AR blockade was also able to rectify the hypertrophy of microglial cells in
the dHIP but not the atrophy in the NAc.

The advantages and caveats of the uCMS model
Stress exposure has been shown to induce a variety of behavioral alterations associated with
psychiatric disorders, namely anxiety and depression. The uCMS model has been frequently
used to reproduce the etiologic characteristics of stress exposure in the development of stressrelated behavior. This model induces a depressive-like state essentially characterized by anhedonia
(Willner, 2005; Nollet et al., 2012), anxious-like behavior and mild cognitive dysfunction (D’Aquila
et al., 1994; Griebel et al., 2002; Song et al., 2006). Many of these behavioral phenotypes are
reversed by chronic antidepressant treatment (Strekalova et al., 2006). The major advantages of
this model are its good predictive validity, face validity and construct validity (Willner et al., 1987;
Willner, 1997; Willner, 2005). Therefore, the currently available uCMS model is the most widely
131

5

used animal model of depression. However, as any other model, uCMS presents limitations, namely
the difficulty in carrying out experiments, which are labor intensive, space demanding and long in
duration. The procedure can also be difficult to establish in a new laboratory setting and data can
be hardly replicated across laboratories (Willner, 1997; Willner, 2005). Moreover, the type and
the duration of stressor influence the stress response and sex differences could be mediated in a
complex way by the effects of gonadal hormones during brain development (organizational effect),
during puberty and in adulthood (activational effect) (Arnold, 2009). Considering the marked
gender differences in the prevalence of depression in humans (Marcus et al., 2005), there has been
a considerable interest in sex differences in anxious- and depressive-like symptoms expressed
in animal stress models. Nevertheless, sex differences in stress response are complex and vary
according to the characteristics of the stressor, such as timing, type and severity (Hodes and
Epperson, 2019).

Impact of uCMS in behavior
In our first work (Chapter 2), we implemented a uCMS protocol during 2 or 6 weeks in control
animals in order to evaluate the impact of a short- and long-exposure to stress in adulthood
between sexes. Here we showed that male and female rats exhibited behavioral changes in
response to stress, being males more affected. Anxiety-like behavior induced by stress occurs in
both sexes after a short and long-stress protocol, but only males presented anhedonia and despairlike behavior after 6 weeks of uCMS. uCMS-induced anxiety in both sexes are in line with other
studies showing that animals exposed to chronic stress spent less time in the open arms during the
EPM test (Kompagne et al., 2008; Yue et al., 2017; Wang et al., 2018). The EPM is a validated test to
measure the anxiety-like behavior in rodents. Only males subjected to 6 weeks of uCMS presented
anhedonia and helplessness/despair behaviors, core symptoms of depression, which have been
also described as characteristics of stress-related conditions (Bekris et al., 2005; Kompagne et al.,
2008; Bessa et al., 2009b; Bessa et al., 2013; Morais et al., 2014; Patricio et al., 2015; Alves et al.,
2017). Of notice, these studies were conducted only in males, contrary to this work, where both
sexes were evaluated.
Anhedonia was assessed by the SPT that is a reward-based test based on the natural ability to
experience pleasure. Reduced preference for the sweet solution (sucrose) in SPT is proposed to
represent anhedonia (Liu et al., 2018). The despair behavior was assessed by FST that is based on
the observation that when rats are exposed to water, after initial intense escape-directed behavior,
such as swimming and climbing, they stop struggling and show passive immobile behavior (Slattery
and Cryan, 2012). Stress-induced alterations in sucrose consumption are differently expressed
between male and female (Dalla et al., 2005; Dalla et al., 2008; Pitychoutis et al., 2009) due to sex
differences in taste and/or ingestive responses (Clarke and Ossenkopp, 1998; Curtis et al., 2004) or
in reward processing (Michaels and Holtzman, 2007). Other studies showed that females exposed
to CMS cope better with this adverse event, exhibiting increased active behavior during the FST
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session, whereas males were more vulnerable (Bielajew et al., 2003; Dalla et al., 2005). This data
is particularly interesting and puzzling because in humans, women are more susceptible than men
to depression (Frank et al., 1988; Marcus et al., 2005). Nevertheless, our findings showed that
short-term uCMS only induces anxiety-like behavior whereas long-term uCMS is associated to
anhedonia and despair behavior, behavioral symptoms associated to depression, with more impact
in males.

Implications of prenatal DEX exposure in behavior
Chapter 2 focus on the effect of uCMS using adult animal models, which do not account for the
contribution of well-defined developmental risk factors, namely fluctuations in GCs circulating levels
during critical periods. Considering this, we intended to study the effect of uCMS in adulthood in
the specification of risk for depressive-like behaviors between sexes in a model of in utero exposure
to dexamethasone (iuDEX) (Chapter 3). This model was initially created to mimic the clinical
administration of synthetic GCs to pregnant woman in risk of preterm delivery to guarantee
foetal lung maturation (Crowley, 1995; Oliveira et al., 2006). This treatment reduces the risk for
the newborn to develop respiratory distress syndrome, and decrease the prevalence of neonatal
death (Crowley, 1995). However, some deleterious effects have been reported in both animal
models and humans. For example, children prenatally exposed to DEX and born at term, showed
to develop social withdrawal, impairments in verbal working memory, increased emotionality
and general behavioral problems (Trautman et al., 1995; Hirvikoski et al., 2007; Hirvikoski et al.,
2012). The progeny of women prenatally exposed to multiple doses of GCs have reduced head
circumferences and show significantly increased aggressive/violent behavior and attention deficits
(French et al., 2004). Thus, it seems that exposure to iuDEX/stress potentiates the appearance of
cognitive, mood, affective and addictive disorders (Sinha, 2001; Heim and Nemeroff, 2002; French
et al., 2004; McArthur et al., 2005; Malaspina et al., 2008). Studies in animal models also showed
that synthetic GC exposure induces chronic anxiety and susceptibility to depression and present
increased emotional reactivity, social deficits, as well as drug-seeking behavior and decreased
motivation towards natural rewards (DeKosky et al., 1982; Benesova and Pavlik, 1985; Oliveira et
al., 2006; Nagano et al., 2008; Roque et al., 2011; Oliveira et al., 2012; Rodrigues et al., 2012; Borges
et al., 2013; Soares-Cunha et al., 2014; Caetano et al., 2017). Thus, we used this animal model that
presents a stable anxious phenotype and vulnerability to depressive-like behavior (Oliveira et al.,
2006; Borges et al., 2013; Caetano et al., 2017; Duarte et al., 2019) to understand the impact of
adult stress on top of the prenatal exposure to high levels of GC (Chapter 3), in both sexes.
Our group already described that iuDEX was associated with an anxious phenotype (Caetano et
al., 2017). However, it is still unclear if chronic stress differentially affects iuDEX males and females
in adulthood. Besides anxiety, we show that iuDEX is also associated with anhedonia in both sexes,
in concordance to previous reports (Roque et al., 2011; Borges et al., 2013). Surprisingly, here we
showed that in adulthood, iuDEX rats cope better with stress, improving their performance in
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anxious- and anhedonic-like behavioral tests (both sexes). Rats prenatally exposed to DEX and later
subjected to uCMS developed some type of stress resilience, similar to stress inoculation model
(Santarelli et al., 2014; Hsiao et al., 2016). Resilience refers to managing well in the face of stressors,
it is a response, an interaction between an individual and a stressor (Bonanno, 2004; Rutter, 2006).
Essentially, resilience is an interactive concept that is concerned with the combination of serious
risk experiences and a relatively positive psychological outcome despite those experiences (Rutter,
2006). Stress inoculation is a form of cognitive behavioral therapy that involves intermittent
exposure to mildly stressful situations increasing the efficacy of regulating future stress response
(Meichenbaum and Novaco, 1985; Saunders et al., 1996; Crofton et al., 2015). Literature strongly
suggests that prenatal adverse events can enhance vulnerability for anxiety- and depressive-like
phenotypes in adulthood (Lupien et al., 2009; Weinstock, 2017), including the iuDEX model
presented in this work. Paradoxically, iuDEX exposure adaptations also appear to confer some
degree of protection to the effects of adult chronic stress. This phenomenon is reminiscent of
a stress adaptive response or hormesis (Bateson et al., 2004), i.e., pre-exposure (prenatal) to a
certain adverse agent (GCs) results in a protective effect to that same agent later in life (adult
chronic stress), which is translated into an improved organism response (to stress in this case). In
the case of the fetus, this adaptive response is hypothesized to allow individuals to cope better with
the harsh conditions of the environment after birth, which is evolutionary advantageous (Reynolds,
2013). However, when there is a mismatch between the adaptive response and the environment
this can be detrimental, as in the case of iuDEX animals raised in non-stressful conditions, that
manifest anxious- and depressive-like behaviors. So, iuDEX exposure can therefore be either a
friend or a foe, depending on the postnatal environmental conditions.

A2AR as a potential therapeutic target in iuDEx animals?
In previous studies, we identified the adenosine A 2AR as a possible candidate mediating the
genesis of anxiety and showed that its pharmacological manipulation was effective in reverting
anxiety in iuDEX males, but not in females (Caetano et al., 2017). Considering this, and taking
advantage of the therapeutic potential of A2AR blockade, we decided to investigate the potential of
A 2AR antagonist, in the amelioration of cognitive deficits or anhedonia (Chapter 4). Considering
that A 2AR blockade prevents cognitive deficits and anhedonia (Prediger et al., 2005; Cunha et
al., 2008b; Rahman, 2009; Batalha et al., 2013; Kaster et al., 2015; Viana da Silva et al., 2016) we
investigated if A 2AR blockade recovers cognition and anhedonia induced by iuDEX. Using this
pharmacological approach, we showed that the chronic blockade A 2AR with the selective A 2AR
antagonist, SCH58261, rescued iuDEX-induced cognitive impairments and anhedonia (Chapter 4).
This data is interesting since patients with anxiety disorders commonly display cognitive
impairment (Kendler et al., 2018) and anhedonia could contribute to causing depression and anxiety
(Grillo, 2016; Winer et al., 2017).
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Stress induced contrasting morphological microglia remodeling in the dHIP and in
the NAc of males and females
Accumulating evidence suggest that the adult brain has a great capacity of plasticity, being able
to respond to intrinsic and extrinsic changes, including stress (Simons et al., 1993). Furthermore,
the correlation between neuronal and microglia alterations with mood- and anxiety-related deficits
in brain regions involved in the pathophysiology of mood disorders is still unknown.
During neurodevelopment, microglia are key players in the process of eliminating supranumerary
neurons. Microglia regulate synapse formation and maturation, reshaping brain wiring and behavior
(Paolicelli et al., 2011; Ji et al., 2013; Lim et al., 2013; Parkhurst et al., 2013; Cristovao et al., 2014).
The crosstalk between microglia and neurons is an extremely important pathway to maintain
homeostasis and brain health and highlights microglia involvement in synapse development and
activity-dependent circuit refinement (Paolicelli et al., 2011; Tremblay et al., 2011; Schafer et al.,
2012; Sheridan and Murphy, 2013). Studies using two photon microscopy showed that microglia
directly survey the functional state of synapses (Wake et al., 2013). Emerging evidence suggests
that microglia also play a key role in regulating neural circuits in the mature CNS, phagocytosing
the apoptotic neurons (Sierra et al., 2008). So, it is not surprising that there is increasing evidence
supporting a role of glial cells in the etiology of neuropsychiatric disorders (Hodes et al., 2015; Rial
et al., 2015). Microglia undergo morphological alterations upon chronic stress in the mPFC (Tynan
et al., 2010; Hinwood et al., 2013), dHIP (Tynan et al., 2010; Diz-Chaves et al., 2012; Kreisel et al.,
2014; Hellwig et al., 2016) and upon prenatal exposure to GC (Caetano et al., 2017). Some studies
described that stress induces microglial alterations that are critically involved in the development
of depression (Frank et al., 2007; Sugama et al., 2007; Kreisel et al., 2014).
Considering the importance of microglia in the immune response in the CNS, their responsiveness
to stress/GC, and the fact that microglia could also affects other cells, namely neurons, we
hypothesized both microglia and neurons were likely to be altered after exposure to chronic
stress, that iuDEX could further contribute to these alterations. In this work, we performed a
detailed morphometric analysis of microglia in the dHIP and NAc after stress exposure /iuDEX
(Chapter 2 and 3) and after chronic treatment with A2AR antagonist (Chapter 4). The analysis of
the morphology of microglia was performed using a 3D reconstitution method, which allows the
detailed quantification of morphological parameters (morphometry).
This methodology brings an added value to the conventional, bidimensional cellular analysis
(threshold method), particularly defective in the rigorous characterization of microglial processes
and branching degree, critical morphologic features with functional impact on the sensor ability
operated by processes. We have validated a methodological approach to perform fine morphometric
analysis of microglial features, with particular focus on cellular processes features at the 3D level
upon confocal imaging of immunolabelled cells. For each selected microglia, all processes and
different branch orders (degree of ramification) were reconstructed in three dimensions (3D).
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We focused our analysis in the dHIP and in the NAc due to their important role in mood
disorders. The NAc is recognized as a key component in the neural circuitry of reward, and
anhedonia, a core symptom of depression, is primarily due to NAc dysfunction (Gorwood, 2008).
Moreover, stress-induced alterations observed in anhedonia are related to a hypertrophy of
medium spiny neurons of this brain region (Bessa et al., 2013), so it is fair to hypothesize that a
stress exposure may trigger adaptive alterations in neurons and also in microglia in this region.
The HIP is one of the major brain regions that exerts strong regulatory control over the
HPA axis, being the most affected and studied brain region in the context of chronic stress and
depression (Jacobson and Sapolsky, 1991; Herman and Cullinan, 1997). Indeed, the DG of the dHIP
appears to be highly vulnerable to the deleterious effects of stress and GCs, which have been
recognized as relevant players in the development and improvement of behavioral deficits, namely
cognitive and emotional alterations that underlie neuropsychiatric disorders (Pham et al., 2003;
Snyder et al., 2011; Mateus-Pinheiro et al., 2013).
The behavioral alterations observed after short and long duration uCMS were accompanied
with contrasting patterns of morphologic remodeling in microglia in the dHIP and NAc in females
and males (Chapter 2). Our results indicate that in the dHIP, major alterations observed in microglia
morphology occur in females, in which long-term uCMS induced a hypertrophy and we observed
no differences in males. These findings are consistent with other studies that demonstrate that
both acute and chronic restraint stress increased microglia ramification in females, but not in
males in the mPFC (Kopp et al., 2013; Bollinger et al., 2016). These sex disparities in morphology
of microglia may mediate functional neuroimmune sex disparities. For example, juvenile peripheral
cytokine levels (specifically, IL-1ß, interleukin-6 (IL-6), and interleukin-10) have been seen to
predict later-life cognitive dysfunction in females, but not males (Grassi-Oliveira et al., 2016).
Relatively little work has examined potential sex differences in the morphological effects of stress.
To our knowledge few studies are performed regarding dHIP in females, though we described a
hypertrophy of microglia cells in females after prenatal stress (Duarte et al., 2019).
The novel and interesting observations of the present study came from our analysis of stressinduced morphological changes in the dHIP and in the NAc in both sexes. In fact, like the dHIP, we
demonstrated that uCMS significantly altered the morphology of microglia in a sex-specific manner
in NAc. Contrarily to the dHIP, where only long-term uCMS induced alterations in microglia
morphology, in the NAc, the short-term uCMS elicited significant microglia atrophy in females and
hypertrophy in males, an effect that was not observed with a long-term uCMS protocol (Chapter
2). Although analyzing other brain region, these results are in line with other authors, that revealed
that 21 days of restraint stress increased the complexity of microglia, enhancing ramifications in
the PFC in males (Hinwood et al., 2013).
In the CNS, there are differences in the microglia phenotype that are dependent on sex and
brain region (Schwarz et al., 2012) that are conserved among species specially in the dHIP and in
the mPFC (Simoes-Henriques et al., 2019). In our study, the opposite effect of stress observed
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in microglia morphology in females could be explained by the physiological differences observed
in microglia morphology in the dHIP and in the NAc, with the NAc exhibiting cells with a higher
degree of morphological complexity. These data are in line with previous studies reporting that
sex-specific microglia morphology, in brain regions involved in regulating emotional behaviors,
including the HIP and amygdala (Schwarz et al., 2012).
It is important to consider that microglia are in constant baseline motility (Franco-Bocanegra
et al., 2019). This allows microglia to effectively explore the environment in order to clear cellular
debris and remodel extracellular matrix (Nimmerjahn et al., 2005; Garden and Moller, 2006). Past
evidence has shown that early life stress exposure increased microglia motility in the adult mice
brain (Takatsuru et al., 2015), which may indicate that these cells could have been recruited to
support other brain regions that were affected by the stress protocol.
Microglia have a dynamic morphology that is indicative of their function in response to various
stimuli, so, alterations in their morphology could impact behavior, though this remains challenging
to prove as there are not so many tools available to modulate microglia function in a specific
manner (see below). The dHIP seems to be “resistant” to alterations in males in terms of microglia
morphology, although behavioral alterations were more pronounced in males. This may help
explain why microglia from males do not shift towards a reactive state upon exposure to stress,
and, instead, present a hyper ramified profile, which is believed to correspond to a lesser degree
of activation (Walker et al., 2013).
Our studies have focused in sex and brain regions differences. In fact, our group already
described, in the iuDEX model, long-lasting sex differences in microglia morphology in mPFC and
dHIP (Caetano et al., 2017; Duarte et al., 2019). In our second study (Chapter 3), we showed that
the major alterations observed in microglia morphology in the dHIP occur in females (similarly to
what was observed in Chapter 2 as well). iuDEX females presented a hypertrophy of microglia
and we observed a normalization of iuDEX-induced microglia hypertrophy after exposure to the
stress protocol. Since this model also presents anhedonia in both sexes, we evaluated microglia
morphology in the NAc. Interestingly, we report, for the first time, that iuDEX significantly altered
the morphology of microglia in a sex-specific manner in the NAc (Chapter 3), sex differences that
we also observed after uCMS in control animals (Chapter 2). It is important to note that, either
uCMS per se or iuDEX induces the same pattern of microglia remodeling in females and males
(Chapter 2 and 3).
Similarly, to what happens in the PFC (Caetano et al., 2017), iuDEX promoted a hyper-ramified
state in males, which has been described as characteristic of stress-related conditions (Hinwood
et al., 2013; Kreisel et al., 2014). Notably, iuDEX females, in NAc, displayed microglia with less and
shorter processes as we already observed in mPFC (Caetano et al., 2017). The NAc and mPFC
form a functional PFC–striatal circuit that is critical for the control regulating reward-seeking
processes and cognitive functions (Goeders and Smith, 1983). Besides, mPFC is a core region in
the control of anxiety (Calhoon and Tye, 2015). Importantly, our results suggest that the pattern
of microglia morphology is similar in these two regions upon iuDEX exposure.
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Contrasting patterns of cellular plasticity across the brain have already been described for
neurons in response to stress conditions (Chattarji et al., 2015); however, the regional morphologic
adaptation of microglia to stress mediators, namely GC, was not yet described. With our results,
we demonstrated that brain regions of each sex adapt differently when prenatally exposed to DEX.
Interestingly, we showed that in response to stress in adulthood, iuDEX rats cope better with
this challenge, improving their performance in anxious- and anhedonic-like behaviors, accompanied
by a recovery of microglia morphology in both sexes in dHIP and NAc.

Chronic treatment with A2AR antagonist ameliorated morphologic alterations in
dHIP, but not in the NAc in females
The observed dimorphic pattern of microglia between regions, as well as sex differences,
highlight the importance of considering these cells in therapeutic strategies in psychiatric conditions.
The blockage of A 2AR in microglia, appears as a candidate to normalize microglia morphology,
controlling its proliferation and neuroinflammatory profile (Gomes et al., 2013; George et al.,
2015). Our group showed that iuDEX causes microglia morphology remodeling in a sex-specific
manner in the PFC at adulthood (female microglia is atrophied when exposed DEX, whereas
males have a hyper ramified microglia), but treatment with SCH58261 (A 2AR selective antagonist)
reverts these effects only in males (Caetano et al., 2017). We also showed that the knocking out of
the A 2AR in healthy mice does not change the sex differences observed in physiology, but instead
increases the complexity of female microglia in the PFC (Simoes-Henriques et al., 2019).
In this study, we assessed if A 2AR differently control microglia morphology remodeling in the
dHIP and in the NAc, which are important for cognition and anhedonia, respectively (Chapter 4).
Microglia are equipped with A 2AR, which controls microglia functions such as process dynamics
and release of mediators that are critical for synapse formation (Gomes et al., 2013; Parkhurst et
al., 2013; Gyoneva et al., 2014a). Moreover, microglia dynamics are controlled by A 2AR (Gyoneva
et al., 2009), which are receptors known to be involved in anxiety and depression (Gomes et al.,
2013; Gyoneva et al., 2014a).
The behavioral alterations (cognitive deficits and anhedonia) induced by iuDEX are paralleled
by a process of morphologic remodeling of microglia: hyper-ramification in the dHIP and atrophy
in NAc in females. These observations reinforce the link between microglia function, the control
of mood and memory and emphasize the importance of sex and brain region in the screening or
design of novel therapeutic strategies targeting microglia homeostasis to manage brain disorders.
The chronic blockade of A 2AR in iuDEX adult females normalize microglia morphology in
the dHIP and rescues cognitive deficits (Duarte et al., 2019). These results confirm the already
described ability of A 2AR to control and rescue memory deterioration, now shown to be associated
with a microglia morphologic adaptation in a context of anxiety. However, the chronic blockade
of A 2AR in iuDEX adult females was not able to normalize the iuDEX-induced atrophy in the NAc.
It has been described the ability of A 2AR as therapeutic approach to correct behavioral changes in
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stressed rats, such as the reversion of anxiety, anhedonia and helpless -like behavior (Prediger et
al., 2005; Dall’Igna et al., 2007; Cunha et al., 2008b; Batalha et al., 2013; Kaster et al., 2015; Li et al.,
2015; Viana da Silva et al., 2016). However, iuDEX induces morphological changes in microglia cells
in the NAc, similar to mPFC (Caetano et al., 2017) that were not modulated by the A2AR blockade.
It is important to note that the A 2AR antagonist treatment per se induced a decrease in the number
of microglia processes in females in the NAc and in the mPFC (Caetano et al., 2017).
This part of the work provides new evidences that iuDEX may trigger, in this particular brain
region, later adaptive alterations in microglia morphology and the chronic blockade of A 2AR result
in the absence of an anhedonic phenotype but not in a the recovery of microglia morphology.
In fact, we speculate that the rescue of the behavior may not be related with a normalization of
the microglia morphology in a specific brain region closely related to this symptom. Besides the
involvement of NAc in anhedonia, other brain regions such as mPFC, VTA, AMY and HIP play also
important role in the reward circuit and consequently in anhedonia (Heshmati and Russo, 2015). In
line with our previous work in mPFC (Caetano et al., 2017), we speculate that the lack of efficacy
of A 2AR blockade as a normalizer of microglia morphology in the NAc is due to decrease of A2AR
density in iuDEX females observed in the NAc. Moreover, a postmortem analysis of human brains
revealed sex differences in the levels of adenosine in several brain areas, namely lower levels of
adenosine in women´s total cortex (Kovacs et al., 2010).

5

Stress altered the cellular architecture in the HIP and in the NAc
Considering the crosstalk between neurons and microglia, allowing for physiological adaptations
in both cell populations in a chemical (Kettenmann et al., 2011; Paolicelli et al., 2011; Sheridan and
Murphy, 2013) and activity-dependent manner (Tremblay et al., 2011), it is important to perform
the same morphometric analysis for both neurons and microglia in both sexes after stress.
The exposure to chronic stress and/or its main stress hormones, GCs, can cause a profound
impact on neuronal structure and function, which culminates in impairments of behavior (Lucassen
et al., 2014). Moreover, remodeling of microglia could also affect other cells, namely neurons, with
impact in behavior (Paolicelli and Ferretti, 2017).
Some studies demonstrated that chronic stress can cause dendritic remodeling in some brain
regions, but the HIP is one of the most intensely studied structures in stress response. In our
first study (Chapter 2), stress did not affect the dendritic length of neurons in females neither in
the dHIP nor in the NAc. However, in males, our findings demonstrated that short-term uCMS
induced contrasting patterns of dendritic remodeling in dHIP (atrophy of granule neurons) and
NAc (hypertrophy of medium spiny neurons), an affect that was not observed after long-term of
uCMS.
It has been described that stress induces synapse loss and dendritic atrophy in the mPFC of
males (Cook and Wellman, 2004; Radley et al., 2005), with no differences in females (Garrett
and Wellman, 2009; Moench and Wellman, 2017). Pioneering studies revealed that chronic stress
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produces significant dendritic atrophy in hippocampal CA3 pyramidal neurons (Watanabe et al.,
1992; Magarinos et al., 1996; Bessa et al., 2009a; Sousa and Almeida, 2012) and in DG (Bessa et
al., 2009a; Patricio et al., 2015), but this studies were performed only in males. Those studies also
showed that some antidepressants can revert dendritic arborization of the dorsal dentate granule
cells of the dHIP to pre-stress levels (Bessa et al., 2009a; Patricio et al., 2015). Contrary to the
atrophy in dHIP, uCMS in adult males leads to dendritic hypertrophy of dendrites of medium spiny
neurons of the NAc. These results are in line with other authors that described that chronic
stress caused hypertrophy of the dendritic tress in the core division of the NAc, an effect that was
reverted after administration of antidepressants (Bessa et al., 2013).
The impact of CGs has been extensively characterized in terms of neuronal morphology (Sousa
et al., 1999; Leao et al., 2007; Oliveira et al., 2012; Sousa and Almeida, 2012) and spine density
(Oliveira et al., 2012; Rodrigues et al., 2012) in several brain regions, and has been associated
with their long-term consequences in behavior and predisposition to brain disorders (Oliveira
et al., 2006; Oliveira et al., 2012; Rodrigues et al., 2012). In our second study, we also observed
that iuDEX induces alterations in neurons in the dHIP and in the NAc. Like what was observed
in Chapter 2, iuDEX did not affect the dendritic length in females in the dHIP and iuDEX males
presented an atrophy of granule neurons of the dHIP.
In the NAc, iuDEX induced contrasting patterns of dendritic remodeling: an atrophy in females
and a hypertrophy in males similar what we observed in our study (Caetano et al., 2017). In
the NAc, and similar to what we observed in microglia, both sexes show opposite patterns of
dendritic remodeling that were recovered after uCMS, which was quite surprising. Many studies
have suggested a role for the NAc in depression, in which anhedonia is a cardinal symptom (Di
Chiara et al., 1999; Rada et al., 2003; Gorwood, 2008). Additionally, studies described that the
prenatally administration of synthetic GC delays the maturation of neurons, myelination, glia and
vasculature in the offspring, altering neuronal structure and synapse formation (Seckl, 2008) that
could have an impact later in life, namely in the morphology. These changes have been observed
in the mPFC, where the treatment with the DEX and with corticosterone resulted in a significant
reduction in the total length of apical dendrites (Cerqueira et al., 2005; Cerqueira et al., 2007). The
morphological alterations were also accompanied with behavioral deficits, such as impairments
in working memory and behavioral flexibility (Cerqueira et al., 2005). Moreover, we observed an
increase in volume and dendritic length in the BNST whereas the AMY showed opposite effect,
with a reduced volume due to a significant dendritic atrophy (Pego et al., 2008; Oliveira et al.,
2012), demonstrating that distinct brain regions adapt differently when prenatally exposed to
corticosteroids, namely DEX.
Remarkably, in the NAc we also observed a normalization of iuDEX-induced neurons
remodeling after a stress protocol. In line with our previous results, in that we observed sexspecific remodeling in microglia in PFC associated with anxiety, here we were able to associate
anhedonia with dimorphic morphological differences.
It is important to refer that, in NAc, stress (iuDEX or uCMS) induce the same type of
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remodeling in neurons and microglia but different between males and females. In females, stress
and/or iuDEX induces an atrophy of microglia and neurons and in males stress and/or iuDEX
induces a hypertrophy of microglia and neurons.
Altogether, these findings provide further evidence that chronic stress causes brain regionspecific alterations in microglia and neurons responses, accompanied with behavioral and cognitive
alterations. Our data raises the possibility that alterations in neuronal and microglia morphology
in the dHIP and NAc represent highly relevant plastic events due to stress that may lead to the
observed behavioral manifestations of enhanced emotionality.
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Figure 5.1 - Summary of behavior and morphological alterations in microglia and neurons after stress exposure.

CHAPTER 6
Conclusion

Within this thesis we have mainly focused on microglia remodeling, that has for long been
implicated in the control of different behavioral dimensions and described to be particularly
vulnerable to environmental events. Our main aim was to focus on anxiety and depression in a
gliocentric perspective.
Using an animal model of depression, the uCMS model, with a clear impact on structural
neuroplasticity and microglia cytoarchitecture, we also demonstrated that iuDEX animals
cope better with stress in adulthood, restoring morphologic changes in neurons and microglia.
Thus, stress-induced structural plasticity in dHIP and NAc neurons and microglia may provide
a candidate cellular substrate for affective disorders triggered by chronic stress. Together, the
neuroplastic alterations observed in microglia and neurons in dHip and NAc can contribute to the
pathophysiology of anxiety and depression.
Indeed, the necessity to explore how adults that were prenatally exposed to stress/GCs cope
with stress in adulthood is fundamental, not only to gain insight into the neurobiological basis of
environmentally-induced adaptations and behavioral patterns, but also to understand how our
most essential neuroadaptive responses may degenerate into maladaptive pathological outcomes.
Taken together, these findings illustrate the complex nature of microglia and neurons morphology,
demonstrating the dynamic nature of stress-induced morphological alterations in both sexes.
Microglia and neurons, are, therefore, likely to play different roles in the male and female brain,
implicating them in sex-specific effects of adversity.
Further insight on this field will come with the development of strategies to selectively manipulate
microglia, a big caveat in the field. Microglia represents a promising therapeutic target for the
treatment of depression, but the absence of selective pharmacological tools is a major obstacle
to the in vivo study of microglia. In fact, during the work developed under this PhD thesis we
started to optimize a microglia-specific activating/inhibiting tool based on the Gq- and Gi-coupled
Designer Receptor Exclusively Activated by a Designer Drug (DREADD) (Pei et al., 2010). These
DREADDs would allow the selective and brain-region specific stimulation or inhibition of microglia,
respectively (APPENDIX I). We created an adeno-associated virus expressing a Gi DREADD
(modified G-protein coupled receptor), under the control of a CD68 - microglia/macrophage
specific promoter. This virus is administered intrathecally; and the receptor is activated upon the
administration of a biologically inert drug, CNO (Grace et al., 2016). We used a DREADD that was
shown to work in the modulation of microglia spinal cord (Grace et al., 2016). However, when we
performed a pilot study and injected the AAV5-CD68-mCherry in the mPFC and in the dHIP, we
observed that the construct (that was supposed to be CD68 specific) is not specific for microglia,
being expressed in neurons as well (APPENDIX I). These results were surprising because we were
expecting a microglia-dependent expression, which was not observed. Further studies are needed
to develop this (or other) tools that selectively activate/inhibit microglia activity in a temporally
controlled manner. These tools would be crucial to underpin the individual participation of glial
cells to different brain functions, as well as their role in the stress-related disorders.
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CHAPTER 7
APPENDIX
Optimizing new approaches to modulate microglia

Introduction
An important goal of this thesis was to develop and use a tool to study the specific effects of
microglia in response to chronic stress in a model of anxiety and susceptibility to depression, as
well as sex differences in this response. For that, we aimed to develop a tool to selectively stimulate
or inhibit microglia in dHIP and NAc, in order to clarify the relevance of microglia in the response
of anxious males and females to stress. However, the absence of selective pharmacological tools
for microglia is a major obstacle to the in vivo study of microglia.
Chemogenetics refers to the technique that allows to selectively modulate the activity of defined
cellular populations, primarily through a systemic drug injection that acts on a genetically-expressed
modified receptor (Armbruster et al., 2007; Alexander et al., 2009). Designer receptors exclusively
activated by designer drugs (DREADDs) are genetically modified G-protein-coupled receptors
(GPCRs) that are activated by a biologically “inert” compound. This technology allows researchers
to gain control of Gi- or Gq-signaling pathways, activating or inhibiting neurons in a geneticallydefined and temporally restricted manner (Wess et al., 2013; Sternson and Roth, 2014; Urban and
Roth, 2015). Structurally, DREADDs represent mutant muscarinic receptors that can be activated
by clozapine-N-oxide (CNO), an otherwise pharmacologically inert agent, with high potency and
efficacy (Armbruster et al., 2007; Guettier et al., 2009). The three main types of signaling pathways
for muscarinic-based DREADDs are Gq, Gi and Gs. The Gq DREADDs stimulate phospholipase C,
releasing intracellular calcium stores (Conklin et al., 2008). Gs DREADDs are less commonly used,
stimulating cAMP production (Conklin et al., 2008). Gi DREADDs inhibit cAMP production (Urban
and Roth, 2015). The DREADDs technology has been frequently used to regulate the activity of
various types of neurons. Through application of selective ligands, CNO can stimulate or inhibit
certain populations of glutamatergic, GABAergic or dopaminergic neurons (Dell’Anno et al., 2014;
Koga et al., 2017; Zhang et al., 2020).
Recently, while we were planning to develop a similar strategy for microglia manipulation, Grace
et al. demonstrated that chemogenetic inhibition of spinal microglia via human Gi-coupled M4
muscarinic receptors (hM4Di) attenuates mechanical allodynia following peripheral nerve injury,
while chemogenetic activation of spinal microglia via human Gq-coupled M3 muscarinic receptors
(hM3Dq) induces mechanical allodynia in naive rats using viral gene transfer (Grace et al., 2016).
In this case, DREADDs are expressed under the control of a cluster of diferentiation 68 (CD68)
- a marker of microglia/macrophage - promoter, and the construct is encapsulated into AAV9
and administered intrathecally. Once expressed in microglia, the receptors are activated upon the
administration of CNO (Grace et al., 2016).
There are other approaches to evaluate the functional involvement of microglia in the response
to stress: in vivo depletion of microglia by CSF-1R inhibitor (PLX) or by clodronate (Elmore et al.,
2014; Torres et al., 2016). Microglia are the only type of immune cells expressing CSF-1 in the CNS
under physiological conditions (Waisman et al., 2015). Pharmacological treatment of adult mice
with a reagent that inhibits CSF-1R signaling (PLX3397) during 7 days resulted in 99% ablation of
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microglia (Elmore et al., 2014; Rice et al., 2017). Microglia can be fully repopulated 14 days after
cessation of this treatment (Elmore et al., 2014). PLX3397 can cross the blood brain barrier and
thus rapidly deplete microglia in the CNS (Elmore et al., 2014).
Liposomal clodronate injection can be regarded as another method to specifically deplete
microglia. A single hippocampal injection of clodronate in adult mice provides specific anatomical
depletion of Iba-1+ microglia, leading to alterations in spatial learning and sociability (Torres et al.,
2016). Encapsulation of clodronate in lipid vesicles specifically targets clodronate to phagocytic
macrophages that engulf and degrade the liposome, leading to clodronate accumulation and
subsequent cellular apoptosis (van Rooijen and Hendrikx, 2010). Unlike free clodronate, clodronateliposomes (clo-lip) globally deplete macrophages and other phagocytic cells (van Rooijen and
Hendrikx, 2010; Lin and O’Connor, 2017).
In this work we used a microglia-specific Gi-DREADD approach, and also performed stereotaxic
injections of clodronate and PLX in order to deplete microglia as a complementary approach.

Methods
Animals
Adult male Wistar Han rats, 3-months old (Charles River Laboratories, L’Arbresle, France)
were housed and kept under standard laboratory conditions: 22°C, 55% relative humidity, 12
h light/dark cycle (lights on at 8:00h) with standard rodent chow and water available ad libitum.
Health monitoring was performed according to FELASA guidelines. All experimental procedures
were approved by the EU -Directive 2010/63/EU and the Portuguese National Authority for animal
experimentation, DGAV. All protocols were approved by the Ethics Committee of the Life and
Health Sciences Research Institute and by DGAV (#19074).
Drugs
DREADDs CD68-hM4D(Gi)-mCherry plasmid was obtained from ADGENE and is published
elsewhere (Grace et al., 2016). The plasmid was packaged in serotype 9 (AAV9) by the UNC Gene
Therapy Center Vector Core (University of North Carolina, NC, USA). AAV9 vector titres were
1.3x1013 viral molecules/ml as determined by dot blot. PLX3397 (Sigma-Aldrich) was diluted in
saline. Clodronate-loaded liposome suspension (5mg/ml) (Clodronate Lipossomes) was purchased
to clodronateLiposomes.org.
Surgery
Rats were anaesthetized with 75 mg /kg ketamine (Imalgene, Merial) plus 0.5 mg /kg medetomidine
(Dorbene, Cymedica). Virus (µL) was unilaterally injected into the dHIP (coordinates from bregma,
according to Paxinos and Watson: -3.0 mm anteroposterior (AP), + 1.6 mm mediolateral (ML), and
-3.3 mm dorsoventral (DV)), n=3. PLX3397 (50 µM and 5 µM) and clodronate (1 µL and 5 µL) were
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injected into the right hemisphere of the NAc (- 1.2 mm AP, + 1.2 mm ML, and -6.5 mm DV) n=3.
Rats were removed from the stereotaxic frame, sutured and let to recover during 3 days before
de sacrifice.
Immunofluorescence
Animals were deeply anaesthetized with sodium pentobarbital (20%; Eutasil®, Sanofi, Gentilly,
France) and transcardially perfused with 0.9 % saline followed by 4% paraformaldehyde. Brains were
removed, post-fixed in 4% paraformaldehyde (PFA), cryoprotected in 30% sucrose and sectioned
coronally on a vibratome at a thickness of 50 μm. Briefly, free-floating sections of the dHIP and the
NAc were blocked with 5% bovine serum albumin (BSA) and 0.1% Triton X-100 for 2 h at room
temperature (RT) and incubated with rabbit anti-Iba-1 (1:1000, WAKO, Osaka, Japan), chicken anti
m-Cherry (1:1000, Henbiotech) antibodies for 24 h at 4°C. Afterwards, sections were washed
and incubated with the appropriate secondary antibody antibodies were used (1:500, Invitrogen).
Finally, all sections were stained with 40,6-diamidino-2-phenylindole (DAPI; 1:1000). Images were
acquired with by confocal microscopy (Olympus FluoViewTMFV1000).

Results
In the case of DREADDs, after 3 weeks to allow viral expression, we sacrificed animals and
processed brains for immunofluorescence against the microglia marker Iba-1 and mCherry (tag
of the CDC68 DREADD virus). We observed that the virus was being expressed in the dHIP
but that did not colocalize exclusively with microglia (Figure 7.1 A). Surprisingly, it seems that the
construct (that included the CD68 promoter, and thus it´s expression is supposed to be restricted
to microglia) is being expressed mostly in neurons, as depicted in Figure 7.1 B. To further confirm
this, we performed double immunofluorescence with mCherry and a neuronal marker (NeuN).
Surprisingly, tthe virus coloalize with neurons (Figure 7.1 B). This result eliminated the possibility of
using these virus. We are not certain of the reason why this construct was expressed in neurons,
since we have sequenced the vector and confirmed it has the CDC68 promoter. Unfortunately,
during the PhD thesis we did not have additional time to repeat these experiments.
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Figure 7.1 - Injection of AAV9-CD68-mCherry is not specific for microglia. (A)
Immunohistochemistry for Iba-1 and m-cherry in the dHIP after stereotaxic injection of pAAV9/CD68hM4D(Gi)-mCherry. (B) Immunohistochemistry for NeuN and m-Cherry in the dHIP after stereotaxic
injection of pAAV9/CD68-hM4D(Gi)-mCherry.

In another set of animals, we injected either PLX or clodronate in the NAc. There were no
apparent differences regarding microglia abundance comparing controls and PLX (Figure 7.2 A)
or Clodronate-injected (Figure 7.2 B) animals. We were certain that these two compounds were
working because they were being used by other lab members to deplete microglia in cell cultures
(Aires et al., 2019).

Figure 7.2 - Injection of PLX3397 and clodronate did not deplete microglia in the NAc. (A)
Immunohistochemistry for Iba-1 in the NAc after stereotaxic injection of PLX3397 (50µM and 5µM), 3 days
after the injection. (B) Immunohistochemistry for Iba-1 in the NAc after stereotaxic injection of clodronate
(1µL and 5 µL), 3 days after the injection.
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Discussion
Even though the molecular mechanisms of Gi-DREADD have been well documented in neurons
(Urban and Roth, 2015), the effects of Gi-DREADD in non-neuronal cells are poorly understood.
Regarding microglia, only two groups of researchers demonstrated that induction of Gi-DREADD
may attenuate the activation of microglia with inflammatory phenotypes (Grace et al., 2016;
Coleman et al., 2020). Nevertheless, detailed mechanisms and state-dependent effects of Gi- or
Gq-DREADD on intracellular signaling in microglia are still unclear. In our case, the fact that very
little co-expression of Iba-1 and mCherry were observed and mCherry seems to be staining neurons
was a major limitation, that harnessed the continuation of the work.
The PLX is one of the most widely used approaches used to deplete microglia (Elmore et al.,
2014; Li et al., 2017). This model was used to study the source of the repopulating microglia. Two
days after ceasing the treatment, it was found that CNS-intrinsic microglial precursors expressed
transiently the neuronal marker nestin and gave rise to new microglia in the brain parenchyma
(Elmore et al., 2014). The advantage of this method is that the drug can be administered in the chow
and can therefore be used to treat any mouse strain. In this study we tried to inject the drug in a
specific brain region, since our aim was to deplete microglia in a specific brain region. Moreover,
we sacrificed the animals 3 days after the injection, which could be a limitation since in this time
microglia could already repopulate this region.
Liposome-encapsulated clodronate is commonly used to eliminate macrophage populations
because it causes functionally irreversible inhibition and apoptosis once phagocytized by
macrophages.
Recent studies have shown that microglia can be depleted in disease models by injecting
clodronate liposomes into the brain parenchyma (Han et al., 2019). However, it is unclear whether
intracerebral administration of clodronate liposomes is a practical method of eliminating microglia
under physiologic conditions or whether microglial depletion induces damage to other brain cells.
Han and colleagues described that an injection of 1 μL of clodronate liposomes into the striatum
of mice caused ablation of microglia at 1 day that persisted for 3 days (Han et al., 2019). Although
other studies indicated that intracerebral injection of Clodronate-lipossomes is an effective route
for depleting parenchymal microglia (Faustino et al., 2011; Fernandez-Lopez et al., 2016; Han et al.,
2019), in our results, stereotaxic injection in the NAc was ineffective for eliminating microglia in the
adult brain. Maybe higher doses would be needed for depletion of microglia in adult animals.
All of these techniques would add value in the understanding of the role of microglia in the brain
and in behavior. Unfortunately, we did not have the time during this PhD thesis to further explore
these tools, but this is an ongoing work.
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