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Abstract

In major depressive disorder (MDD), one of the most consistent findings from post-mortem
studies is decreased astroglia number and function in limbic brain regions including the
prefrontal cortex (PFC). However, the contribution of astroglial pathology in synaptic
dysfunction and depressive symptoms associated with MDD remains unclear. Here, using
chronic restraint stress (CRS) in mice to model MDD, we demonstrate that CRS induced time-
dependant decreases in astrocytic and synaptic protein expression in the PFC, which correlated
with both anxiety- and anhedonia-like deficits. We also investigated CRS effects on astroglial
cell morphology using Sholl analysis and found CRS decreased distal processes while increasing
proximal processes. This structural rearrangement may parallel functional astrocytic and
synaptic changes. Furthermore, we validated a custom-designed plasmid, allowing astroglial
activity enhancement in vitro. This novel tool will allow us to test if PFC astroglial activation
prevents CRS effects. This work substantiates astroglia as targets for antidepressant

development.
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1  Project Overview

Major Depressive Disorder (MDD) is a debilitating mental illness that affects a large portion of
the population worldwide. It is estimated that 1 in 4 Canadians are suffering from depression,
resulting in significant economic burden. According to the World Health Organization, there are
more than 300 million adults living with depression (WHO, 2017). MDD is a multifaceted
disease with various contributing risk factors, including genetics, sex, environment,
socioeconomic status. The importance of these factors and how they interact to affect aspects of
MDD, including its time course and severity, remain unclear. Growing evidence suggest that
MDD is a morphological pathology where brain regions, cells, and cell compartments lose

integrity, complexity, and function.

Research over the past 20 years has consistently demonstrated structural and cellular changes in
the brains of individuals with MDD and other stress-related illnesses (see for review Banasr and
Duman, 2007; Duman et al., 2016; Rajkowska and Miguel-Hidalgo, 2007; Sanacora and Banasr,
2013; Sheline et al., 2003). Evidence from post-mortem and preclinical studies implicates
synaptic dysfunctions affecting glutamatergic neurons (Duric et al., 2013; Northoff and Sibille,
2014; Sanacora, 2010), but also astroglial anomalies (Nagy et al., 2015; Rajkowska and
Stockmeier, 2013; Sanacora and Banasr, 2013), as underlying substrates of MDD. Replicable
findings show marked changes in the number and function of astroglial cells (Nagy et al., 2015;
Rajkowska and Stockmeier, 2013; Sanacora and Banasr, 2013) as well as neuronal atrophy and
synaptic loss found in MDD (Duric et al., 2013; Kang et al., 2012), and further characterized in
rodent models (Duman and Duman, 2015; Duman et al., 2016; Li et al., 2011; Qiao et al., 2016;
Radley et al., 2006; Son et al., 2012). In support of a role for astroglial dysfunction in MDD, it
was demonstrated that: 1) similar synaptic and astrocyte changes occur in rodent chronic stress
models (Banasr et al., 2010; Lin and Sibille, 2015; Son et al., 2012; Voleti et al., 2013); 2)
induction of astroglial dysfunctions produce depressive-like behaviours within 3 days (Banasr
and Duman, 2008); and 3) enhancing synaptic or astroglial function has antidepressant-like
potential (Banasr et al., 2010; Li et al., 2010; Lin and Sibille, 2015). Together, these findings
provide conceptual evidence that both synaptic and astroglial dysfunctions occur in MDD, and
suggest that depression is partly “a glial-based synaptic dysfunction” (Rial et al., 2015)



Here | propose to investigate a potential link between the astroglial dysfunctions and
glutamatergic synapse dysfunctions associated with chronic stress in mice (Aim 1) and
characterize the astroglial morphological changes induced by chronic stress (Aim 2) in the
prefrontal cortex (PFC). Lastly, | will adapt a new tool based on the Designer Receptor
Exclusively Activated by Designer Drugs (DREADDs) method and validate its ability to alter
the activity of astroglia (Aim 3).

1.1 Three Experimental Aims

1.1.1 Aim 1: Identify chronic stress-induced astroglial and synaptic
alterations and determine their contribution to specific depressive-like
behaviours.

Rationale: Chronic stress induces depressive-like behaviours and decreases in astroglial and

synaptic markers. However, the trajectory or clear links between these changes, and the

development of behavioural deficits, remains to be determined.

Hypothesis: Chronic stress induces astroglial alterations similar to depression that contribute to

the synaptic and depressive-like behavioural deficits.

Approach: To test this hypothesis, mice were subjected to 1, 2, 3, 4, or 5 weeks of stress and
underwent a battery of tests measuring anxiety- and anhedonia-like behaviour. | then
characterized the changes in expression level of specific astroglial and synaptic proteins using
western blot analysis. Finally, I performed correlation analysis to assess potential contributions
of these molecular changes to each other and to the behavioural deficits observed.

Predictions: Chronic stress would altered the animal’s regular behaviour and this effect would
progressively worsened over the stress exposure. At the cellular level, | anticipated that
astroglial-specific protein expression changes would precede or be concomitant to the synapse-
specific protein expression changes, and both would correlate with each other and behavioural

performances.



1.1.2 Aim 2: Identify astroglial morphological changes induced by chronic
stress.

Rationale: Chronic stress and depression are associated with decreased astroglial marker

expression and astroglial density. However, the question remains whether chronic stress alters

the morphology and complexity of astrocytes.

Hypothesis: Chronic stress alters astrocyte morphology and complexity in a time dependent

manner.

Approach: Mice were subjected to 1, 3, or 5 weeks of stress and underwent a battery of tests
measuring anxiety- and anhedonia-like behaviour. I then adapted a technique classically used to
measure neuronal morphology to astrocytes (Sholl analysis) and determined whether stress

induced changes in the astrocyte morphology and complexity.

Predictions: | anticipated that chronic exposure to stress would induce a progressive atrophy and
reduction of astrocyte complexity in the PFC. This would be associated with a decrease in the

number of processes and branching.

1.1.3 Aim 3: Validate the action of hM3Dq receptors in astrocytes and
comparing ligand exposure.

Rationale: Since depression- & chronic stress-induced astroglial pathology in the PFC is thought

to contribute to expression of depressive behaviour, enhancing astroglial function may oppositely

have antidepressant and resiliency effects.

Hypothesis: Enhancing cortical astroglial activity prevents stress-induced cellular alterations that

contribute to depressive-like deficits.

Approach: | aimed to adapt and validate the Designer Receptor Exclusively Activated by
Designer Drugs (DREADD) method to activate the function of astrocytes. | used HEK293 cell
and astrocyte culture to validate the effectiveness of a custom-designed plasmid, expressing the
hM3Dq (modified human M3 muscarinic receptor) receptor, and confirmed activation of the

transfected cells upon application of the DREADD ligand.



Predictions: | will have successfully adapted this technique to increase astroglial activity. Cells
would conditionally express the hM3Dq receptor and show cell activation upon application of
the DREADD ligand.

At completion, these studies will provide a deeper understanding of the nature and role of
astroglial dysfunction in MDD and stress-related illnesses. This work will provide critical insight
into the underlying mechanisms involved in the synaptic and astroglial changes associated with
MDD as well as shed light onto the potential role of impaired neuron-astroglia cross talk in the
context of stress-related disorders. Finally, this study will also set the stage toward a new avenue

of investigation for the development of novel antidepressant treatment targeting astroglia.

2  Background

2.1 Major Depressive Disorder

2.1.1 Major Depressive Disorder Symptomology

MDD is a debilitating disorder affecting a large portion of the population worldwide. Affected
individuals experience a host of symptoms including core symptoms of low mood and
diminished interest/anhedonia (Fried et al., 2016; Kendler, 2016; Kessler et al., 2005;
Zimmerman et al., 2018). According to DSM-V, MDD can also be accompanied by significant
weight/appetite changes, psychomotor agitation/retardation, fatigue, excessive feelings of
worthlessness/inappropriate  guilt, diminished ability to concentrate, and recurrent
thoughts/ideations of suicide or suicide attempts (DSM-V, 2013). For an individual to be
diagnosed with MDD, they must be experiencing five or more symptoms (mentioned above) for
a minimum of 2 weeks, and one of the symptoms must be either depressed mood or anhedonia.
Often these symptoms continue for months and affect an individual’s daily life, productivity, and
coping abilities (Deussing, 2006; Dunkley et al., 2017; WHO, 2018). Additionally, mental
awareness shifts from external to internal, leading to detrimental rumination (Northoff and
Sibille, 2014). MDD is often accompanied by other physiological and systemic disorders such as
diabetes or cardiovascular disease (Baghai et al., 2018; Deschenes et al., 2015; Fugger et al.,
2019; Goldstein et al., 2015; Rosedale et al., 2015). MDD is a chronic recurrent disorder which

is often comorbid with other psychiatric illnesses such as anxiety disorders, addiction, substance



abuse, cognitive impairment/dementia, etc. (Read et al.,, 2017; Thaipisuttikul et al., 2014).
Various subtypes of depression have been described and classified depending on either the
etiology (e.g. post-partum, atypical, etc.) or associated comorbidities (e.g. anxious depression)
(Nagayama et al., 1991; Payne et al., 2009; Rantala et al., 2018; Ten Have et al., 2016). MDD is
a highly complex heterogeneous disorder, which may partially explain why antidepressants are
only effective in 50% of patients (Al-Harbi, 2012; Fava, 2003; Ward and lrazoqui, 2010).
Indeed, MDD patients often require a combination of multiple therapeutic interventions (drug
treatment, cognitive therapy, etc.). Nevertheless, 4-13% of the MDD population do not respond
to multiple treatment attempts and are characterized as treatment-resistant (Holtzheimer and
Mayberg, 2011; Narasimhan and Lohoff, 2012; Rush et al., 2006).

2.1.2 Epidemiology of Major Depression

Societal impact: According to the World Health Organization (WHO), depression is the leading
cause of ill health and disability worldwide. In 2017, WHO reported that there are more than 300
million people living with depression worldwide, showing an increase of more than 18%
between 2005 and 2015. At the most extreme depression can lead to suicide, which is the leading
cause of death in 15-29 year-olds (WHO, 2017). In general, patients with MDD account for
almost 60% of all suicides completed per year (Mann, 2003). MDD affects 1 in 8 Canadians at
some point of their lives and is a source of great economic burden (Statistics Canada, 2013).
According to the Canadian Mental Health Association each year 6.5% of youth between 15-24
experience MDD, 7% of seniors experience some form of depression, a third of people with
chronic physical illnesses experience depression, and 12-16% of Aboriginal Canadians are
affected (CMHA, 2013).

Sex: Sex differences are associated with MDD, with women being twice more likely to be
diagnosed with MDD than men (Albert, 2015; Kessler, 2003; Kessler et al., 2005; Piccinelli and
Wilkinson, 2000; Rai et al., 2013; Whiteford et al., 2013). Women often report greater number
and severity of symptoms including changes in weight, appetite, anxiety, loss of interest, and
psychosomatic symptoms (Frank et al., 1988; Kessler et al.,, 1993; Labaka et al., 2018;
Silverstein, 2002; Smith et al., 2008; Young et al., 1990). These differences may be associated
with gonadal hormonal changes, thus increasing the risk of MDD especially during the post-

partum and post-menopausal periods in women (Cohen et al., 2006; Hammarstrom et al., 2009).



Genetics: MDD incidence has been shown to be linked to genetic factors, as there is a greater
chance of an individual to be diagnosed with MDD if they have a first degree relative with the
disorder (Sullivan et al., 2000). Twin studies have shown an additive 37% genetic contribution of
MDD with an overall heritability of 31-42%, and that women had higher heritability rates
compared to men (42 vs 29%) (Kendler et al., 2006; Sullivan et al., 2000). Specific genes have
been linked to depression and/or response to antidepressant including genes that encode the
serotonin transporter SHTT (or SLC6A4 or SERT) (Camp et al., 2005; Caspi et al., 2003;
Middeldorp et al., 2009; Serretti et al., 2007), brain derived neurotrophic factor (BDNF)
(Homberg et al., 2014; Hosang et al., 2014; Peng et al., 2018), or the tryptophan hydroxylase-2
(TPH2) gene (Gao et al., 2012; Lopez de Lara et al., 2007; Ping et al., 2019). Genome wide
association studies and meta analyses have found common genetic variants between individuals
but with limited success in elucidating universal genetic markers for MDD (Bosker et al., 2011;
Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium et al., 2013;
McMahon et al., 2010; Witt et al., 2017; Wray et al., 2012).

Comorbidity: Major depression is often comorbid with many disorders. One major comorbid
disorder is anxiety, which is usually seen in 21-57% of patients with MDD (Hirschfeld, 2001,
Melartin et al., 2002; Thaipisuttikul et al., 2014). Studies have also found significant
comorbidities with substance abuse including alcohol use disorders and drug dependence (Boden
and Fergusson, 2011; Currie et al., 2005; Melartin et al., 2002). Thaipisuttikul et al. (2014)
described comorbidities with dysthymia, psychotic disorders, personality disorder, past
panic disorder, obsessive-compulsive disorder, and suicidal risk. Other than mental disorders,
MDD is also comorbid with physical disorders including a 1.5 to 2-fold increase in
cardiovascular disease as well as strong association with chronic pain (Bair et al., 2003;
Swardfager et al., 2011).

Age: With increasing life expectancy comes higher risk for the development of neurological
illnesses including neuropsychiatric disorders and depression (Fiske et al., 2009). While MDD is
less prevalent (~1%) in elderly (> 65 years of age) than in young individuals (Weissman et al.,
1988), 15-25% of elders experience depressive symptoms without meeting MDD criteria but
show significant distress and disability (Koenig and Blazer, 1992). Elderly people with MDD
suffer from a greater risk of medical comorbidities and cognitive impairments, although it is

unclear if depression is a result of these comorbidities or vice versa (Alexopoulos, 2005;



Mitchell and Subramaniam, 2005; Schaakxs et al., 2018). There are many psychosocial factors
that can cause late-onset depression including disability, isolation, caregiving, loss of family and
friends, and cognitive issues (Alexopoulos, 2005; Steffens and Potter, 2008; Wilson et al., 2015).
Elderly people also have increased levels of corticosterone, which has been associated with

increased chances of developing mood disorders (Savas et al., 2019).

2.1.3 Antidepressant Medications

Traditional antidepressants (ADs) enhance monoaminergic transmission to counteract the
monoaminergic neurochemical imbalance extensively reported as the primary issue in MDD
(Kohler et al., 2016; Meyer et al., 2006; Mulinari, 2012). Two major classes of monoaminergic
ADs are the selective serotonin (5HT) reuptake inhibitors (SSRIs) and serotonin &
norepinephrine (NE) reuptake inhibitors (SNRIs) (Machado and Einarson, 2010; Thase, 2008).
SSRIs work by blocking the presynaptic 5HT reuptake transporter SERT, allowing greater 5SHT
levels to remain in the extra-synaptic cleft for a longer duration (Nutt et al., 1999; Stahl, 1998).
SNRIs work by blocking both SERT and the NE reuptake transporter (NET), leading to an
increased 5HT and NE in the synaptic cleft (Lambert and Bourin, 2002). Other classes of ADs
include atypical antidepressants, tricyclic antidepressants, and monoamine oxidase inhibitors
(MAOQis); all increasing monoaminergic levels or pathway which, along with the documented
decreased in monoamine in MDD, gave rise to the “monoamine hypothesis of depression”
(Hillhouse and Porter, 2015; Kohler et al., 2016; Mulinari, 2012). More recently, the field moved
beyond this hypothesis linking other processes and dysregulations affected in MDD, which are
reversed by antidepressants. For example, the ‘neurotrophic hypothesis of depression’ is based
on studies describing reduced neurotrophic support including brain derived neurotrophic factor
(BDNF) expression in the blood and brain of MDD patients, while treatment with ADs for at
least four weeks restored BDNF levels (Guilloux et al., 2012; Lee and Kim, 2010; Sen et al.,
2008). Similar parallel findings regarding other factors have been described and led to multiple
new hypotheses including the y-aminobutyric acid (GABA)-ergic (Chang et al., 2014; Lin and
Sibille, 2013; Luscher et al., 2011) or glutamatergic hypothesis of depression (Popoli et al.,
2011; Sanacora et al., 2012). It is important to mention that these hypotheses are not exclusive.
For example, scopolamine (a newly identified rapid acting antidepressant) exerts its
antidepressant effect through blockade of the muscarinic receptors present on the GABAergic
neurons (Anacker, 2018; Drevets et al., 2013; Wohleb et al., 2017) and increases BDNF release



(Ghosal et al., 2018; Wohleb et al., 2017). Ketamine, the first identified rapid acting
antidepressant (Andrade, 2017; Wohleb et al., 2017), a selective antagonist of the N-methyl-D-
aspartate (NMDA\) receptor (Abdallah et al., 2016; Strasburger et al., 2017; Wohleb et al., 2017),
was found to exert its antidepressant effect through increased BDNF release (Cavalleri et al.,
2018; Choi et al., 2017; Wohleb et al., 2017), increased 5HT levels (Pham and Gardier, 2019),
and was shown to induce synaptogenesis within 24 hours (Li et al., 2010) in animals subjected to
chronic stress (Li et al., 2011). The synaptogenic effect of ketamine (and scopolamine, Voleti et
al., 2013) may counteract the reduced spine density and neuronal atrophy seen in MDD (Kang et
al., 2012, see section 2.3 for details).

2.2 Chronic Stress Based Rodent Models

One of the common approaches to model aspects of human MDD pathology, either behavioural
or cellular, in rodents employs the use of chronic stress-based paradigms (Nollet et al., 2013;
Willner and Belzung, 2015). Current models use environmental, physical, or endocrinological
approaches to study depressive-like symptomology in animals. These models include chronic
stress exposure such as the chronic unpredictable stress (Willner, 2005), chronic restraint stress
(Wood et al., 2008), or chronic exposure to social defeat (Takahashi et al., 2017). Other models
may be more physical, such as foot shock or learned helplessness, but are critically closer to
models of post-traumatic stress disorder than depression (Cryan and Mombereau, 2004).
Additionally, models may use transgenic approaches such as knockout of receptors or
transporters (e.g. glucocorticoid receptor or glutamatergic transporter) (Perona et al., 2008;
Soderlund and Lindskog, 2018), or are specific to rodent physiology such as olfactory
bulbectomy (OBX) (Morales-Medina et al., 2017; Rajkumar and Dawe, 2018). Since rodents
strongly rely on their sense of smell, OBX was shown to induce depressive-like behaviours
(Morales-Medina et al., 2017; Rajkumar and Dawe, 2018; Song and Leonard, 2005).
Pharmacological approaches, including chronic corticosterone administration (Bai et al., 2018;
Guarnieri et al., 2012; Ma et al., 2018), have also been used to induce depressive-like deficits.
These models are traditionally employed in adult animals but it is important to mention the
existence of specific stress models that measure the impact of early-life stress in adulthood, such
as prenatal stress (Fatima et al., 2017; Sickmann et al., 2018) or maternal separation (Olivier et
al., 2013; Vetulani, 2013). In this section I will focus on the chronic restraint stress (CRS) and
the unpredictable chronic mild stress (UCMS) paradigms since they are the 2 models primarily



used to study neuronal/synaptic morphology (see Qiao et al., 2016) and astroglial function in the
context of depression (Banasr et al., 2010; Banasr et al., 2007; Miguel-Hidalgo et al., 2018;
Simard et al., 2018).

Chronic Variable Stress: Chronic variable stress is a generic term that encompasses various
models including unpredictable chronic mild stress (UCMS) or chronic unpredictable stress
(CUS). These procedures involve subjecting animals to mild or variable stressors on a
randomized schedule over an extended period of time (usually for a minimum of 3 weeks)
(Bambico et al., 2019; Castanheira et al., 2018; Cryan and Sweeney, 2011; Ferreira et al., 2018;
Mahar et al., 2014; Willner, 2017a, b). The UCMS and CUS are extensively used to study
depressive-like behaviour and cellular changes associated with chronic stress exposure that
potentially parallel human MDD behavioural or cellular pathology (Banasr et al., 2017; Hamani
et al., 2012; Li et al., 2011; Prevot et al., 2019b). Exposure to UCMS or CUS induces
behavioural deficits that include helplessness- (Strekalova and Steinbusch, 2010; Valentine et al.,
2008), anhedonia- (Banasr and Duman, 2008; Hamani et al., 2012; Mabhar et al., 2014; Papp et
al., 2017), and anxiety-like deficits (Belzung and Lemoine, 2011; Soumier and Sibille, 2014).
The main issue with this paradigm is the variability in response at the behavioural and cellular
levels, in particular as the individual stressors are, by definition, ‘mild’. A recent survey of
UCMS paradigm users reports that one-fifth of experimenters have difficulties replicating their
results (Willner, 2017b). Because of mild nature of the stressors and small magnitude changes in
neuronal morphology classically documented (see below section synaptic section), we decided
that the CRS model might be better-suited and more practical for trajectory analysis, such as in

the present study.

Chronic Restraint Stress: The CRS paradigm requires restricting the animal’s movement during
15 minutes to 6 hours, and for 7 days to 5 weeks, depending on the studies (see Qiao et al.,
2016). The CRS model can be criticized for its weaker face validity compared to the UCMS or
CUS models regarding MDD, and for the potential risk of habituation when the same stressor is
applied. However, many studies report physical deterioration, anxiety- and anhedonia-like
(Ampuero et al., 2015; Strekalova et al., 2004) behavioural deficits in animals subjected to CRS
similar to UCMS or CUS. Indeed, CRS studies have shown increased anxiety-like behaviour in
the elevated plus maze and open field tests (Gameiro et al., 2006; Manchanda et al., 2011), in the

novelty suppressed feeding and the phenotyper tests (Prevot et al., 2019b). One element of high
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relevance in the context of my study is that CRS model is widely used to assess morphological
and synaptic changes induced by chronic stress in the PFC and in the hippocampus (Donohue et
al., 2006; Imbe et al., 2012; Lowery-Gionta et al., 2018; Qiao et al., 2016; Zhang et al., 2019).

2.3 Importance of Morphological Changes in Depression

Macromorphological changes: Imaging studies have shown that volumetric changes within
specific brain regions of the corticolimbic circuit occur in brains of MDD patients (Arnone et al.,
2012; Konarski et al., 2008; Maller et al., 2018). These changes, usually identified using
structural MRI (magnetic resonance imaging), were related to changes in activity or connectivity
of these brain regions, which were determined using fMRI (functional magnetic resonance
imaging) (Hariri and Holmes, 2015). More precisely, brain imaging studies reported that patients
with MDD showed volumetric changes in the prefrontal cortex (Drevets et al., 2008; Nakano et
al., 2014; Scheinost et al., 2018), hippocampus (Bremner et al., 2000; Hamilton and Gotlib,
2008; MacQueen et al., 2003; Sheline et al., 2019), and the amygdala (Bremner et al., 2000;
Frodl et al., 2008; Hamilton and Gotlib, 2008). Other studies have shown reduced grey matter in
various cortical regions such as the anterior cingulate cortex and medial orbitofrontal cortex, as
well as the thalamus and nucleus accumbens (Ancelin et al., 2018; Disabato et al., 2014,
Hastings et al., 2004). Some of these volumetric changes were shown to be directed correlated
with the duration of the illness (MacQueen et al., 2003), and were reversed/normalised in
remission or in patients taking antidepressant medications (Arnone, 2019; Chen et al., 2007; Dusi
et al., 2015; Frodl et al., 2008).

Neuronal changes: These macromorphological changes have been attributed to neuronal and
glial alterations (Banasr et al., 2011; Cobb et al., 2013). Growing evidence from post-mortem
studies report increased microglial and decreased oligodendrocytes density, morphology, and
function in MDD brains (Miyata et al., 2015; Pepper et al., 2018; Singhal and Baune, 2017;
Yirmiya et al., 2015). However, in this thesis we will limit our focus to the glutamatergic
neuron/synaptic (see in this section) and astroglial changes (see section 2.4) associated with
MDD (in humans) and chronic stress (in rodents), with particular attention to changes found in
the PFC.

Historically, post-mortem studies have reported neuronal atrophy as well as reduced size of

neurons, but there were inconsistent findings regarding reduced neuronal density in the PFC and
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hippocampus (Boku et al., 2018; Cotter et al., 2002; Qiao et al., 2016). Parallel rodent studies
using chronic stress models described similar neuronal atrophy in these brain regions (Qiao et al.,
2016). Few key studies suggest that chronic stress may not induce neuronal loss since these
neuronal atrophy can be reversed after a stress-free period (Qiao et al., 2016) or antidepressant
treatment (McEwen et al., 1997). Other studies have shown decreased neuronal marker
expression in the PFC but not actual numbers of cells in MDD post-mortem brains (Rajkowska
et al., 2007; Seney et al., 2015). The dendritic shrinkage of the pyramidal neurons of the PFC and
altered dendritic complexity (Kang et al., 2012) may be associated with reduced synaptic
proteins as well as physical number of synapses (Kang et al., 2012). The same changes were
initially identified in rodents subjected to CRS in the PFC and the hippocampus (Cook and
Wellman, 2004; Radley et al., 2006; Radley et al., 2004), and shown to translate into reduced
synaptic protein expression (Kang et al., 2012; Li et al., 2011; Voleti et al., 2013). Post-mortem
and preclinical studies report that neuronal atrophy or impaired function affects both
glutamatergic and GABAergic neurons (see review by Duman et al., 2019). In short, there are
decreases within both the glutamate and GABA neurotransmitter systems leading to decreased
cellular markers (MRNA and protein), signal to noise ratio, and synapse-associated receptors
(Duman et al., 2019). These findings suggest that atrophy is occurring but not necessarily

apoptosis, thus shifting focus towards a more synapse-centered hypothesis of depression.

Synaptic protein changes: Decreased both pre- and post-synaptic proteins were reported in post-
mortem and preclinical studies. For example, Kang et al. (2012) found a decrease in synaptic-
function-related genes (including the vesicle release protein synapsin 1 (Synl)) in the
dorsolateral PFC of subjects with MDD, a finding replicated by Li et al (2011) and Mitra et al.
(2018) using stress-based rodent models. In glutamatergic neurons, the vesicular glutamate
transporter (vGLUTL1) is important for packaging glutamate inside the vesicles, and it was found
reduced in post-mortem MDD brains and rodents subject to stress (Uezato et al., 2009; Zink et
al., 2010). Additional rodent studies have shown vGLUT1 knockout mice displayed higher levels
of anhedonia-like behaviour compared to wild type controls (Garcia-Garcia et al., 2009; Munoz-
Cobo et al., 2017; Yu et al., 2018). Similarly the post-synaptic scaffolding protein post-synaptic
density 95 (PSD95) was shown to be decreased in the PFC in MDD brains (Doucet et al., 2012;
Feyissa et al., 2009; Karolewicz et al., 2009), and in CUS and CRS models (Li et al., 2011; Qiao
et al., 2016; Voleti et al., 2013).
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Glial changes: Astroglial changes in MDD and chronic stress models will be addressed at length
in the next section, but it is important to mention that microglia and oligodendrocytes also are
affected in MDD.

Microglia are resident immune cells of the nervous system and are involved in regular
maintenance and inflammation responses, in healthy and pathological conditions (Wolf et al.,
2017). In MDD, most studies describe increases in activated microglia in size and number
(Mechawar and Savitz, 2016; Reus et al., 2018; Wohleb et al., 2016) as well as increased
inflammatory cytokines such as interleukin-1p and tumor necrosis factor-a (Reus et al., 2015).
The consistency in changes demonstrating activated microglia in MDD gave rise to the
“inflammatory hypothesis of depression” (Steiner et al., 2011). Chronic stress-based studies
reported similar findings in rodents, and administration of drugs that inhibit microglial activation
reverses behavioural deficits induced by chronic stress (Wang et al., 2018).

Oligodendrocytes are responsible for myelination of axons and creating white matter tracts in
the normal brain (Bradl and Lassmann, 2010). Studies have described decreased oligodendrocyte
function, genes, density, and ultrastructure in post-mortem brains of MDD patients (Edgar and
Sibille, 2012; Pantazatos et al., 2017; Rajkowska et al., 2015; Rajkowska and Miguel-Hidalgo,
2007) reflected in compromised white matter integrity (Miguel-Hidalgo et al., 2017; Miyata et
al., 2016; Sacchet and Gotlib, 2017). These changes were also observed in chronic stress rodent
models, with detrimental changes occurring as early as one week following stress (Edgar and
Sibille, 2012; Liu et al., 2018).

2.4 Astrocytes in Depression

2.4.1 General Aspects Concerning Astrocytes

In the brain, astrocytes are responsible for many functions including ion homeostasis, providing
nutrients to neurons, neurotransmitter and hormone recycling, structural and trophic support, and
maintaining the extracellular space to name a few (Singh and Abraham, 2017; Vasile et al., 2017,
Verkhratsky et al., 2017). Astroglia represent ~40% of all brain cells, have a 1:1 ratio of
abundance compared to neurons, and are highly heterogeneous between species and brain areas
(Verkhratsky et al., 2017). During development, astrocytes have region-specific differences that
aides in the formation of the correct type of synapse in the forming brain (Testen et al., 2019).

Sex-specific astroglial differences in formation and response are also found due to regulation by
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gonadal hormones (Bollinger et al., 2019; Chowen et al., 2018; McCarthy et al., 2003). Although
there are almost as many types of astrocytes as there are neurons, they are usually separated into
protoplasmic (located in grey matter) or fibrous (located in white matter) astrocytes, and are
important in the fabrication, organization and maintenance of extracellular matrix as well as
maintenance of neurons (Wiese et al., 2012). Over the past years, astrocytes have emerged as
important regulators/maintainers of synaptic function and synaptogenesis, in addition to clearing
glutamate from synapses to avoid excitotoxicity (see Elsayed and Magistretti, 2015) . Astrocytes
are involved in regulating the formation, size, maturation and elimination of synapses
(Kucukdereli et al., 2011; Risher et al., 2014). Additionally, each astrocyte is involved in the
regulation of 100 000 synapses (Allen and Eroglu, 2017). Altogether, substantial evidence
demonstrate that astrocytes are crucial for neuronal function and plasticity (Bolton and Eroglu,
2009; Eroglu and Barres, 2010). Although this will not be addressed in this thesis, it is important
to mention that astrocytes are also involved in regulating the function of all the cells in the brain
including microglia, oligodendrocytes, or endothelial cells (Domingues et al., 2016; Jha et al.,
2019; Kiray et al., 2016) . In this section, we will focus on markers specifically expressed by
astrocytes in the cortex and known to be affected in MDD and chronic stress models.

2.4.2 The Glutamatergic Tripartite Synapses

One of the primary roles of astrocytes in regulating neuronal functions is the tight modulation of
the neurotransmitter function of GABA and/or glutamate tripartite synapses (Elsayed and
Magistretti, 2015; Haydon, 2001; Martin and Rimvall, 1993; Risher et al., 2014; Schousboe and
Waagepetersen, 2006; Serrano et al., 2006; Yoon et al., 2012). Neurons rely on astrocytic
participation to synthesize and metabolize GABA and glutamate de novo (Martin and Rimvall,
1993). In the glutamatergic tripartite synapse (Figure 1), glutamate is released by neurons and
binds to its receptors including post-synaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) or NMDA receptors, which are maintained at the membrane surface via a
scaffolding protein called post-synaptic density 95 (PSD95) (Chen et al., 2011; Sun and
Turrigiano, 2011). Excess glutamate is up taken by astrocytes via the high affinity glial
glutamate transporters (GLT1 and GLAST) or the neuronal transport EAAT3 (Figure 1). In the
astrocytes, glutamate is then converted to glutamine via glutamine synthetase (GS) (Suarez et al.,
2002). Glutamine re-enters the pre-synaptic neuron where it is converted back to glutamate via

glutaminase (Hertz et al., 1999; Schousboe and Waagepetersen, 2006), which is then transported
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back into vesicles via vesicular glutamate transporter including vGLUTL1. This process is called
the astroglial glutamate-glutamine shuttle and the aforementioned proteins will be the focus of
this thesis (Figure 1).

2.4.3 Astrocytes in Post-Mortem MDD Brains

Considering the tight relationship between astrocytes and synapses, and the fact that MDD/
chronic stress alters synapse morphology and function (Duman and Duman, 2015; Duman et al.,
2016; Qiao et al., 2016), it is not surprising that astroglial dysfunction are found in MDD.
Indeed, post-mortem studies of brain tissue from adult MDD patients consistently report reduced
number, density, and size of glial cells (Cotter et al., 2002; Cotter et al., 2001; Ongur et al., 1998;
Rajkowska, 2000; Rajkowska and Miguel-Hidalgo, 2007; Rajkowska et al., 1998). Rajkowska et
al. (1998) found a reduction in both density and size of neurons and glial cells in the
supragranular and infragranular layers of the dorsolateral PFC. Many studies have described
significantly lower protein and mRNA levels of the microtubule associated protein glial fibrillary
associated protein (GFAP) in limbic regions including dorsolateral PFC, orbitofrontal cortex,
anterior cingulate cortex, and hippocampus (Meyer, 2017; Miguel-Hidalgo et al., 2010; Si et al.,
2004). Similarly, post-mortem studies have found decreases in GS densities in the cortical
regions, and reduced methylation levels in the genes encoding for GS (Bernstein et al., 2015;
Nagy et al., 2015). GLT1 levels were also seen reduced in the PFC and striatum of depressed
patients (Rappeneau et al., 2016; Takahashi et al., 2015; Zhao et al., 2016). Other studies have
reported reductions in specific markers of astroglial cell function (Miguel-Hidalgo et al., 2010;
Nagy et al., 2015), including aldehyde dehydrogenase 1 family member L1 (ALDH1-L1) and
connexion-43, clearly suggesting reductions in astroglia number and function in MDD
(Choudary et al., 2005; Miguel-Hidalgo et al.; Nagy et al., 2015). For details see review by
Sanacora and Banasr (2013).

2.4.4 Astrocytes in Stress-Based Rodent Models

Parallel reports have described decreased number of GFAP+ cells in the hippocampus following
chronic stress exposure (Czeh et al., 2006). Importantly, these findings are numerous and highly
consistent in the PFC. Specifically, reduced levels of GFAP mRNA expression, number of
GFAP+ cells and reduced glutamate/glutamine cycling were found in rodent subjected to CUS
(Banasr et al., 2010; Banasr and Duman, 2008; Gosselin et al., 2009). Additionally, loss of
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GFAP+ cells (via ablation or gliotoxin) in the PFC induces anxiety- and anhedonia-like
behavioural deficits similar to those seen following chronic stress (Banasr and Duman, 2008;
Banasr et al., 2014). Altering astroglial function in the amygdala also produces anxiety-like (via
blockade and activation) and anhedonia-like (via blockade) behaviours in rodents (Martin-
Fernandez et al., 2017). In addition, UCMS mice displayed decreased GS expression levels, and
GS inhibition induces anhedonia-like behaviour, which is reversible by intracerebral infusion of
L-glutamine (Lee et al., 2013; Rao et al., 2016). This suggests that impairing glutamate-
glutamine conversion may alter depressive-like state of the animals. In parallel, the GLT1
expression levels were also found decreased in animals subjected to stress; similarly, glutamine
supplementation rescues GLT1 expression and behavioural effects (Baek et al., 2019; Zink et al.,
2010). Importantly GLT1 knockout or blockade induces anhedonia-like behaviour in rodent (Cui
et al., 2014; John et al., 2012; John et al., 2015). Other key markers expressed by astrocytes
including aquaporin-4 and connexin-43 were shown to be reduced in chronic stress animals
(Bernard et al., 2011; Ernst et al., 2011; Rajkowska et al., 2013; Rajkowska and Stockmeier,
2013; Sun et al., 2012). It is important to note that while not all astrocytes express detectable
amount of GFAP in healthy tissues, and may express other astroglial markers such as S1008,
chronic stress-induced effects on astrocytes appear selective to GFAP+ astroglial while cortical
S100B+ cell density remains unaffected by chronic stress (Cobb et al., 2013; Gosselin et al.,
2009; Miguel-Hidalgo et al., 2000; Miguel-Hidalgo et al., 2002; Nagy et al., 2015; Rajkowska
and Stockmeier, 2013; Torres-Platas et al., 2016). For these reasons, we opted to use the GFAP
promoter for transgenic studies for targeting this astrocyte population in our experiments.
Finally, most rodent studies focused either on the synaptic changes or on astroglial changes
independently and no correlations or links were made between the two compartments nor to

behaviour, a primary aim of the present work.

3  Materials & Methods
3.1 Animals

In this study, we used three mouse lines to conduct the designed experiments and achieve our
aims. The first experiment was performed on adult male and female C57BL/6 mice (wild-type
mice purchased from Jackson Laboratories, Bar Harbor, Maine, USA), the second required

transgenic mice expressing GFP (green fluorescent protein) under an astrocyte specific promoter
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(GFAP-GFP mice on a C57BL/6 background generated in our colony), while the third
necessitated mice expressing Cre under the GFAP promoter (GFAP-Cre mice on the same
background purchased from Jackson Laboratories and bred in our facility). All animals were
housed under normal conditions, an artificial 12h light/dark cycle (light from 7:00-19:00) with
ad libitum access to food and water, except when deprived for testing. To allow for individual
monitoring of sucrose or water intake and weekly behavioural assessment, all animals (including
control groups) were single-housed the week before the beginning of the stress experiments. All
procedures and experiments followed guidelines set by the Canadian Council on Animal Care
(CCAC) and approved by Centre for Addiction and Mental Health (CAMH) animal care
committee (ACC).

Experiment 1: Eight-week-old male and female C57BL/6 (Jackson Laboratories) were allowed 2
weeks of habituation to the animal facility conditions before the start of the experiment. This
experiment required 6 animal groups subjected to different durations of CRS exposure mice
(n=16/group, 50% female), entailing 96 animals in total. Because of the workload associated
with such large sample size, this experiment was split in two identical cohorts of 38 each (6
groups, n=8/group, 50% female). As the first cohort was antecedent to my arrival in the lab, I
was only responsible for conducting the behavioural and cellular analysis of the second cohort,
and data pooling and analysis of both studies. Results from the pooled analysis are presented in

this thesis.

Experiment 2: The FVB/N-Tg(GFAPGFP)14Mes/J transgenic mice (Jackson Laboratories,
stock #003257) were backcrossed with wild type (WT) C57BL/6 mice for five generations to
generate the GFAP-GFP mouse line on C57BL/6 background used in this study. Then, GFAP-
GFP mice were harem bred (one wild type C57BL/6 male with two heterozygous GFAP-GFP
females) to generate the 32 GFAP-GFP+ mice required for the second experiment. The GFAP-

GFP negative animals were euthanized.

Experiment 3: C57BL/6.Cg-Tg(Gfap-cre)77.6Mvs/2]) transgenic mice (Jackson Laboratories,
stock #024098) were harem bred (one heterozygous GFAP-Cre+ male with two wildtype females
from Jackson Laboratories) to generate the animals required for the 3" experiment. This entailed
the validation of the plasmid before we could infuse the virus in the PFC of animals. For this set

of experiments, primary astrocytes cultures were generated from PO pups (N=12 GFAP-Cre+,
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N=41 wild type littermates) and used for the in vitro studies (western blot analysis and

immunocytochemistry).

At P21, the CAMH animal facility staff conducted the weaning, ear tagging, and genotyping of
the animals, using the following primers: GFAP-Cre mouse line (Forward:
TCCATAAAGGCCCTGACATC, Reverse: TGCGAACCTCATCACTCGT); GFAP-GFP
mouse line (Forward: AAGTTCATCTGCACCACCG, Reverse:
TCCTTGAAGAAGATGGTGCG). For the in vitro experiments, | collected tails from the PO
pups and the animal facility staff conducted the genotyping.

3.2 Chronic Restraint Stress

In this thesis, we used the CRS paradigm to induce depressive-like behaviours in mice. The
restraint stress procedure consisted of placing each mouse in a custom-made Falcon® Tube (with
a hole at the bottom and on the cap to allow air to flow), twice a day, every day for various
durations (see experimental design Figure 2). The tube containing the animal was placed back
horizontally inside the home-cage and the animal was released after 1h. Animals belonging to
the CRS groups were housed without environmental enrichment to prevent blunting the effects
of CRS. In addition, CRS animals were housed in a different room from the control group to
prevent smell and noise disturbances from the CRS procedure to affect the controls. Throughout
the experiment, control animals were handled daily.

As illustrated in Figure 2A, animals from Experiment 1 were divided in 6 groups subjected to
CRS of either 0, 1, 2, 3, 4, or 5 weeks (16 animals per group, 50% females) to examine the
trajectory of the behavioural effects of chronic stress on behaviour and their potential link to
astroglial and synaptic protein expression changes in the PFC. Animals from Experiment 2 were
subjected to either 0, 1, 3, or 5 weeks of CRS (8 animals per group, 50% females) to determine

the effects of chronic stress on astroglial morphology in GFAP-GFP mice (Figure 2B).

3.3 Behavioural Assessments

All animals from Experiment 1 were behaviourally assessed in each test, once, on the last week
of experimentation (see Figure 2A). All animals from Experiment 2 were tested at baseline (one
week before the start of the CRS procedure) and on a weekly basis during the experiment (see
Figure 2B). For each study, the experimenters were blinded to the mouse treatment history.
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3.3.1 Coat State Assessment

Coat state was evaluated following the method described by Yalcin et al. (2005): seven body
parts were assessed (head, neck, dorsal coat, ventral coat, tail, forepaws, and hind paws) and a
score of 0, 0.5, or 1 was given to each body part. A score of 0 was attributed to a good coat state
and a score of 1 to a dirty, deteriorated fur. Intermediary score of 0.5 could be assigned if the
area is just starting to look deteriorated. Scores from each area were summed to present the

overall deterioration score of the animal’s coat state.

3.3.2 Sucrose Preference

The sucrose consumption test was used to assess anhedonia-like behaviour. Animals were
habituated to a 1% sucrose solution for 48h. Mice were then fluid deprived overnight from 6pm
to 10am. At 10am, the animals were given access to a bottle filled with 1% sucrose solution and
the consumption (ml) was measured for a 1h period. The same design of water habituation,
deprivation and 1h consumption test was used to measure water consumption.

For repeated sucrose consumption testing, animals were re-habituated to sucrose every week for
only 24h prior to the fluid deprivation and tested for 1h as above. Sucrose and water tests were
performed in the same environmental conditions for the same duration.

Sucrose preference was calculated as:

Sucrose consumption

100

Sucrose Preference (%) =
f ( /0) (Sucrose consumption+water consumption)

Two animals from Experiment 2 had to be removed from the analysis as they did not drink

during the test.

3.3.3 Phenotyper Test

The phenotyper test is a recently designed assay developed in the lab that measures conflict
anxiety-like behaviour in mice (Maluach et al., 2017; Nikolova et al., 2018; Prevot et al., 2019b).
Each animal was placed in a PhenoTyper® (Noldus: Leesburg, VA, USA) apparatus, which
consist of a home cage-like 30cm square arena with delineated food and shelter zones. A
spotlight is located over the food zone that can be controlled by a computer, and an infrared
camera in the box’s ceiling records the animal’s behaviour during the dark cycle. After 1h for

habituation (6pm-7pm), the animals were monitored for a 12h period (7pm-7am). This test
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allows for observation of the animal’s normal behaviour (4h baseline) as well as their response
during and after an aversive stimulus applied for 1h (spotlight challenge from 1lpm-12am).
Hourly time spent in either the food or the shelter zone before, during and after the challenge was
quantified using the Ethovision® software.

Residual Avoidance calculation: Based on previous finding from our group, the common
indicator of anxiety-like behaviours in this test across stress models (UCMS, CRS) is the
continued reluctance of the stress-exposed animals to leave the shelter zone, even after
termination of the light challenge. This indicator is calculated for the 5 hours duration following
the light challenged and is called “Residual Avoidance in the Shelter Zone (RA)” (see details in
Prevot et al., 2019b). In this case, greater time spent in the shelter zone after the light challenge
indicates higher anxiety-like behaviour. The RA was calculated as follows (“Time” is the time

spent in the shelter zone):

Y. Time(12am-sam) — TiMe(11pm-12am)
Average Control Group [Z Time(12am-sam)— TiMe(11pm-12am)

]—1)><100

The RA calculation provides a quantitative measure of how stress-exposed animals react after
the light challenge compared to controls. Control animals have a RA of zero while positive RA

means the animal favours the shelter zone.

3.4 Sample Preparation and Western Blot Analysis

Animals from Experiment 1 were euthanized via live decapitation the day after the last
behavioural testing and 24h after the last CRS session. The brains were removed from the skull
and placed on an ice-cold glass platform where the PFC of one hemisphere was dissected and
collected for RNA/protein extraction. The other hemisphere was kept intact and frozen on dry ice
for downstream experiments outside the scope of this thesis. RNA and proteins were extracted
from the PFC samples using the Allprep RNA/protein Kit (Qiagen, Toronto, Ontario, Canada).
PFC samples then were lysed with 300 uL lysis buffer (0.1% SDS (sodium dodecyl sulphate),
phosphatase inhibitor (Roche, Mississauga, Ontario, Canada), protease inhibitor (Roche)),
homogenized, sonicated and vortexed before following the kit instructions and running the

homogenates through the protein cleanup column and RNAeasy spin column (Qiagen). After
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protein and RNA extractions, samples were kept at -80C until further investigation. This thesis

focuses on the data collected from the protein sample analysis.

Protein concentration from PFC or primary culture homogenates (see below section 3.9) was
measured using the Pierce BCA (Bicinchoninic Acid) Protein Assay Kit (Thermofisher,
Massachusetts, USA). 20ug of protein were separated onto pre-cast gels (BioRad Criterion TGX
Stain-Free Precast Gels, 4-20%; Mississauga, Ontario, Canada). Total protein was imaged using
a molecular imager (ChemiDoc XRS, BioRad) and quantified with ImageLab™ software prior to
transferring the gel onto a nitrocellulose membrane (Trans-Blot Turbo Transfer System,
BioRad). Membranes were washed in 1X TBS-T (Tris buffer saline-tween 20), blocked in 3%
bovine serum albumin (BSA) or 5% skim milk in 1X TBS-T for 1h, washed 3 times with 1X
TBS-T and incubated overnight at 4°C with 1° antibody in 3% BSA. We used primary antibodies
against the 3 main astroglial markers (GFAP, GS, GLT1) and 3 synaptic markers associated
primarily with glutamatergic neurotransmission (vVGLUT1, Synl, PSD95) for Experiment 1.
Refer to Table 1 for antibody lists and buffers combination used for western blot analysis.
Membranes were then washed and incubated with 2° antibody in 5% milk for 1h at room
temperature (see Table 1). Enhanced chemiluminescence (ECL) substrate (Clarity Western ECL
Substrate BioRad) was used to detect protein bands which were analyzed with ImagelL.ab™
software. For further western blotting, membranes were stripped with stripping buffer (62.5 mM
Tris-HCI, 2% SDS, 0.7% p-mercaptoethanol), washed, blocked and re-incubated with primary

antibody. Membrane was discarded after a maximum of 2 strippings.

3.5 Sample Preparation and Immunostaining

For experiment 2, animals were anesthetised with avertin (125mg/kg, i.p.) and intracardially
perfused with 4% paraformaldehyde (PFA, pH 7.4), at a speed of 250mL/h using a Pharmacia
pump (Cole-Parmer Model 07554-90, Montreal, Quebec, Canada). The brains were post-fixed in
4% PFA overnight at 4°C, cryoprotected in a 30% sucrose solution (48h at 4°C) and frozen on
dry ice before being stored at -80°C until sectioning. Using a cryostat (Leica CM1950, Buffalo
Grove, Illinois, USA), 40um-thick sections containing the PFC regions were cut, placed in 12-
well plates containing cryoprotectant (30% sucrose, 1% PVP-40, 30% ethylene glycol) and

stored at -20°C until immunohistochemistry.
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Free-floating sections were washed thrice for 10 mins in 0.3% PBS (phosphate buffer saline)-
TritonX (PBS-T), then incubated with 3% H20- in PBS for 20 mins at room temperature. After 2
PBS-T washes (10 min) washes, sections were blocked for 1h at room temperature in 10%
normal donkey serum (NDS) in PBS-T, then incubated with 1° antibody (diluted in 3% NDS
PBS-T) for 48h at 4°C. Sections were then washed with PBS and incubated in the 2° antibody (in
1X PBS) for 2h at room temperature. Following multiple PBS washes, sections were mounted
onto glass slides with a brush, and cover-slipped with mounting media with or without DAPI
(4°,6-diamidino-2-phenylindole) (Vector Laboratories H-1500 or H-1400, respectively;
Burlington, Ontario, Canada). Slides were labelled, coded for blinding, and kept horizontally in
4°C until imaging. For Experiment 2, a subset of sections was used to first validate the
transgenic GFAP-GFP line, using double labelled for GFP and antibodies against either GFAP
(astroglial marker), Ibal (ionised calcium binding adaptor molecule 1, microglial marker), or
NeuN (neuron nuclei protein, neuronal marker). Refer to Table 2 for 1° and 2° antibodies used.
Then, on a separate set of sections that included all animals, we performed
immunohistochemistry against GFAP and GFP for the Sholl analysis necessary for Experiment
2. For Experiment 3, immunocytochemistry was conducted on HEK293 cells and astrocytes from
primary cultures using similar antibodies and procedures as detailed here, except cells were fixed

on coverslips prior to immunostaining (see section 3.9).

3.6 Confocal Microscopy and Sholl Analysis

A total of 6 GFAP+ and 6 GFP+ cells from the PFC of each animal were imaged using the
Olympus Confocal microscope (Olympus, Center Valley, Pennsylvania, USA) with oil-based
100X objective. Non-overlapping immunopositive cells were selected for most accurate Sholl
analysis measurements. For each cell, the Z-axis diameter was determined by identifying the
upper and lower Z-plane, and the average was defined as middle of the astrocyte or Z0 (Figure
3C,J). Five (GFAP+ cells) or 3 (GFP+ cells) z-stacks equally spanning Z0 (z-step = 5um or 10
pum, respectively) were imaged using the FluoView FV10-ASW 4.0b software. The chosen z-
steps for each cell type was determined based on pilot acquisition and quantification trials
optimised for process visualization despite considerable astrocyte complexity (Figure 30-P). The
images were saved as .TIFF and opened in Imagel’s plug-in FIJI (Maryland, USA) (Schindelin
et al., 2012). Each cell’s stack was z-projected using max intensity. Resulting images were
converted to 8-bit, optimized for brightness-contrast before thresholding with minimal
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background noise. Maximum surface (AREA) of each GFAP+ and GFP+ cell was determined
using a circle of a radius, set by a straight line drawn from the middle of the soma to the end of
the most distal process. For the Sholl analysis, we used the aforementioned radius and radius step
size, set as one-tenth of the total radius length for each GFAP+ and GFP+ cells. Fixed radius
steps allowed for comparing number of intersections across cells and groups, independently from
potential bias due to cell length or size. Number of intersections per radius step, defined as
number of times processes cross each delineated circle (see Figure 3), as well as the total number
of intersections (sum of intersections for all 10 radius steps) were measured automatically. To
normalize the number of intersections to the cell-size, total number of intersections was divided
by AREA for each cell.

3.7 HEK293 Cell Cultures

HEK293 cells were maintained in DMEM (Dulbecco's Modified Eagle's medium with high
glucose, L-glutamine and sodium pyruvate; Gibco, California, USA) containing 5% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Gibco) in 10cm culture dish (Costar, Austin,
Texas, USA) in an incubator at constant temperature and CO. concentration (37°C, 5%
respectively). Media were changed every 2-3 days until cells reached confluence. Cells were
then detached by adding 0.25% trypsin (Gibco, 37°C for 2 mins), and re-plated onto 6-wells
plates containing sterilized circular glass coverslips at the bottom for immunocytochemistry.

Cells were maintained under these conditions for a minimum of 48h prior to transfection.

3.8 Primary Astrocyte Cultures

GFAP-Cre heterozygous and WT littermate pups were collected within 24h of birth (PO) and
kept in a warm (30°C) box with ventilated holes until dissection. Each pup was rapidly
decapitated and tail clipped for a posteriori genotyping. Under a binocular microscope, cortices
of each brain were dissected in sterile PBS and meninges were removed. Cortices were then
mechanically dissociated in 2 mL regular astrocyte media (RAM: 1X DMEM, 10% inactivated
FBS, 5% inactivated horse serum (Sigma, Oakville, Ontario, Canada), 1% penicillin-
streptomycin (Gibco). Cell suspension was then diluted into a total of 12ml RAM and plated
onto 6-well plates (2 mL per well). Cells were maintained in RAM for 12 days (media changed
every 3-4 days) at 37°C with 5% CO». This medium allowed for astrocyte proliferation, and cells

reached confluence within 2 weeks. On Day 12, RAM was switched to defined astrocyte media
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(DAM) containing 1X DMEM, 0.5mg/mL BSA, 5ug/mL human insulin, 1% penicillin-
streptomycin and 250uM dBcAMP (dibutyryl cyclic adenosine monophosphate, Sigma). Cells
were maintained under these conditions for a minimum of 7 days (media changed every 3-4
days). This medium allowed astrocyte differentiation and astroglial processes were visible within
24-48 h following the switch to DAM. Primary astrocyte cultures were coded and maintained as
‘one plate : one brain’ and then recoded once genotype was identified. Each 6-well plate was
divided such that 3 wells were used for immunocytochemistry and contained sterile circular
coverslips (Fisherbrand 12-546, Massachusetts, USA) placed at the bottom of the wells, while

the wells without coverslips were used for western blot analysis.

3.9 Plasmid Transfection

Plasmids used for transfection included the cytomegalovirus (CMV)-hM3Dqg-GFP (purchased
from Virovek, Hayward, California, USA), CMV-codon improved Cre (iCre, purchased from
Vector Biolabs, Malvern, Pennsylvania, USA), CMV-enhanced GFP (eGFP, purchased from
Virovek), and CMV-mCherry (purchased from Virovek). See Figure 4 for details. Importantly,
the hM3Dg-GFP plasmid contains 2 sets of lox sequences strategically placed around the
inverted hM3Dq and GFP coding sequences (separated by a T2A sequence, Figure 4). In the
presence of either endogenous (GFAP-Cre cells) or exogenous (cells co-transfected with the
CMV-iCre plasmid) Cre, DNA recombination and cleavage occurs and the CMV promoter is
expected to drive the expression of hM3Dq and GFP. This is known as the “FLEX-switch”
system (for details see Urban & Roth, 2015). For plasmid amplification, competent E. coli
(Invitrogen, Massachusetts, USA) in lysogeny broth (LB) were transformed with each plasmid.
Plasmid containing bacteria were selected using LB-agar plates with ampicillin (100pg/mL;
Bioshop, Burlington, Ontario, Canada). Picked colonies were amplified in 75ml LB-ampicillin
media. Circular plasmids were purified using a midiprep kit (Qiagen, #12243). DNA from
plasmid elution was quantified using a Nanophotometer (IMPLEN P360, Westlake Village, CA,
USA). One mL of a standard transfection solution containing 10uL of lipofectamine 2000
(Invitrogen 11668027) and 2.5ug of each plasmid diluted in OptiMem® (Gibco) was applied
dropwise to each well of HEK293 cells and cultured astrocytes, and incubated for 6 h (37°C).
Note that since HEK293 cells do not express the Cre protein, conditions included co-transfection
with Cre expressing plasmid (CMV-iCre). After transfection, HEK293 cells were maintained for

48 h with a low serum concentration media (2% FBS) to limit cells proliferation and subsequent
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plasmid dilution. For astrocytes, since dBCAMP is a cell permeable analogue of CAMP and can
activate the cells (or increase cFos expression), cells were placed dBcAMP-free DAM the day

before ligand exposure.

Forty-eight hours after transfection cells were treated with the ligands, i.e. clozapine-N-oxide
(CNO, Tocris 4936; Burlington, Ontario, Canada) or DREADDs agonist 21 (compound 21 or
C21, Tocris 5548), diluted at a concentration of 10 uM in vehicle (0.01%DMSO-PBS). Cells
were washed with PBS and collected in 100uL lysis buffer (as in section 3.4), 15 minutes after
the ligand or vehicle exposure. Cells were sonicated and homogenized, then stored at -80°C until
BCA and western blot analysis, which were performed as described in section 3.4. hM3Dg-GFP
construct functional validation was conducted on primary astrocyte cultures following ligand
exposure. Here, we used the level of phosphorylation of 2 keys kinases of this pathway as an
index of activation: MAPK (mitogen-activated protein kinase) and Akt (protein kinase B). Refer

to Table 1 for antibodies used.

Additional validation of hM3Dq plasmid cell activation was performed in both HEK293 and
astrocyte cultures using cFos immunocytochemistry. In this case, CNO, C21 and vehicle (10
p1M) were applied for 1.5h after which the cells were fixed on the coverslips using 4% PFA.
Following 1h fixation, and several PBS washes, plates were stored at 4°C until
immunocytochemistry. Immunolabelling was conducted using similar procedures and antibodies

as described in section 3.5, with the addition of cFos and mCherry antibody (see Table 2).

Time differences in ligand exposure between the 2 assays was strategically chosen for peak
detection of phosphorylated MAPK and Akt proteins (Blaukat et al., 2000; Eishingdrelo and
Kongsamut, 2013; Law et al., 2016; Murga et al., 1998) or of increased cFos genomic expression
(Cullinan et al., 1995; Kazi et al., 2004).

3.10 Calcium Mobilization Assay

The calcium mobilization assay was carried out on HEK293 live cells following the procedure
adapted from Uemura et al. (2016). We did not perform this assay in primary astrocyte culture
because mouse astrocytes have slight auto-fluorescence in vitro that interfere with the
fluorescence of the dye used for calcium mobilization detection. Briefly, the assay was

performed with the BD pathway 855 High Cell Content Imaging system (BD Biosciences, San
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Jose, CA, USA) at 37°C, 5% CO2 under subdued ambient light. One day before the assay, cells
were transferred from their culture dishes and seeded (2-2.5 X10%) in 96 well imaging plates (BD
Bioscience) that had been pre-coated with poly-D-lysine (0.1 mg/mL, Sigma). The day of the
assay, cells were gently washed twice with Fura-2 assay buffer (HBS: 20mM HEPES, 140mM
NaCl, 5mM KCI, 1.2mM MgClz, 2mM CaClz, 10mN glucose, pH 7.4) with 2.5 mM probenecid
(Thermofisher) and incubated with Fura-2 dye solution (assay buffer with 5uM Fura-2/AM,
Thermofisher) for 30 minutes at 37°C. After incubation, cells were gently washed 3 times with
the Fura-2 assay buffer. Cells were left in the third wash and put back in the incubator for an
additional 30 minutes at 37°C, prior to acquisition. Images of 5-75 cell bodies or regions of
interest (ROI) were captured with a 10X objective. After measurement of the baseline Fura-2
fluorescence (Fasor30 ratio) for 10 sec, effects of 10 uM CNO, 10 uM C21 or vehicle control
(0.01%DMSO-PBS) were assessed. Images were captured every 2 seconds for 80 seconds.
Following assay completion, a single image was captured to measure GFP fluorescence

(excitation 488nm, emission 510nm) and monitor transfection efficacy for the experiment.

3.11 Statistical Analysis

For Experiment 1, statistical differences between groups were determined by analysis of variance
(ANOVA) with sex as factor, followed by Fisher’s post hoc analysis, on StatView 5 (SAS
Institute Inc., Cary, NC, USA). Relationship between behaviour assessment vs. cellular markers
and between markers were tested using Pearson’s correlation analysis. Pearson’s correlation
analysis between coat state and protein levels were not conducted since such analysis requires
multiple discrete variables to correlate with continuous variables. However, the coat state
analysis used here only had 5 measurement points, which was not enough to properly correlate
with the protein levels (continuous variable). For behavioural assays performed in Experiment 2,
repeated measure ANOVA was used to determine the effects of stress and potential interactions
with time and sex. Similarly, repeated measure ANOVA was used to determine the effects of
stress on the number of intersections per the radius step. Statistical differences between groups in
total intersections/AREA was determined using ANOVA with sex as factor, followed by
Fisher’s post hoc analysis. Relationships between number of intersections and size of the
astrocytes (AREA) were determined using Pearson’s correlation analysis. For experiment 3,
repeated measure ANOVA was used to determine the effects of ligand exposure to different
conditions of plasmid (co)transfections for the calcium mobilization assay, while an ANOVA
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was used to determine differences in total area under the curve (from time 0 onwards) in the
calcium mobilization assay and western blots of phosphorylated/total Akt and MAPK.
Fisher’s post hoc analysis was conducted to determine significance between conditions. All data
are expressed as mean = standard error of the mean (SEM). The level of statistical significance
was set at p<0.05. Note that we mention some potential trends in the result section, where trend

level was set at 0.05<p<0.1.

4  Results

Experiments were carried out using animal groups consisting of 50% females and analyses were
performed using sex as a cofactor. All sex effects will be mentioned in the results section but
only the results with significant main effect of sex will be shown as an insert in the

corresponding figures.

4.1 Experiment 1 — Effects of CRS on Astroglial and Synaptic
protein levels

4.1.1 Behavioural Changes

Coat state, sucrose preference and residual avoidance were performed in animals subjected to 7,
4,21, 28, 35 days of CRS and compared to controls (Figure 2A).

Coat state: ANOVA of coat state degradation scores, with sex as a factor, revealed a significant
main effect of stress (Fsg.=14.98; p<0.0001), a strong trend for an effect of sex (F1g2=3.78;
p=0.055) and no stress*sex interaction (Figure 5A). Post hoc analysis identified an increase in
coat state deterioration induced by CRS exposure significant for the CRS7 group (p<0.05) as
well as all the animal groups subjected to at least 14 days of CRS (CRS14-35: p<0.01),
compared to controls (Figure 5A). On this measure, males showed an overall greater coat state

degradation than females (Figure 5A”).

Sucrose preference: Similar analysis performed on sucrose preference data showed a significant
main effect of stress (Fs79=2.73; p<0.05) but no significant effect of sex or stress*sex interaction
(Figure 5B). Exposure to CRS induced a significant decrease in sucrose preference when animals
are subjected to 21, 28 and 35 days of CRS (CRS21 p<0.05; CRS28 p<0.05; CRS35 p=0.01),

compared to controls (Figure 5B).
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Residual avoidance: Animals were then tested in the phenotyper test and residual avoidance
calculated for the shelter zone time after the light challenge. Statistical analysis revealed a
significant effect of stress (Fs:32=10.23; p<0.0001) and sex (Fig>= 14.55; p<0.001) with no
stress*sex interaction (Figure 6B). Post hoc analysis identified that animals subjected to CRS
displayed greater time in the shelter zone following the light challenge compared to controls; this
increased residual avoidance was significant for all CRS animal groups (CRS7, 14, 21, 28, 35, all
p<0.001) (Figure 6B) with the CRS males showing an overall greater residual avoidance than
females across groups (Figure 6B”).

4.1.2 Western Blotting Results for Astroglial and Synaptic proteins

Western blot analysis of PFC astroglial (GFAP, GS, GLT1) and synaptic (vGLUT1, Synil,
PSD95) markers was performed in animals subjected to 7, 4, 21, 28, 35 days of CRS and
compared to controls. These markers were correlated to sucrose consumption and residual

avoidance, as well as between each other.

GFAP: ANOVA of GFAP protein expression levels, with sex as a factor, revealed a trend in
main effect of stress (Fs:82=1.96; p=0.092), a significant main effect for sex (F1.82=7.59; p<0.01)
and no stress*sex interaction (Figure 7B). Post hoc analysis identified a significant decrease in
GFAP levels induced by CRS exposure at 7, 14, and 28 days (CRS7 p<0.05; CRS14 p<0.05;
CRS28 p<0.01), plus trends toward decreased GFAP protein levels at 21 and 35 days of CRS
(CRS21 p=0.067; CRS35 p=0.051) when compared to controls (Figure 7B). On this measure,
males showed overall higher levels of GFAP than females (Figure 7B’).

Correlation analysis showed no significant link overall between GFAP protein levels and
residual avoidance (R?=0.004, p=0.544). However, similar analysis performed separately in
males and females showed that GFAP protein levels and residual avoidance negatively correlated
in males (R?=0.16, p<0.01) and not in the females (R?>=0.005, p=0.635) (Figure 7C). Indeed,
males with lower levels of GFAP protein expression spent more time in the shelter zone after the
light challenge, i.e. displayed greater anxiety-like deficits. In addition, we found a significant
positive correlation between GFAP protein levels and sucrose preference (R?=0.15, p<0.05).
Although significant overall (both sexes), this correlation was not significant in the females
(R?=0.003, p=0.698) and was driven by the males (R?=0.094, p<0.05) (Figure 7D); males with
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lower levels of GFAP protein expression displayed lower sucrose preference, i.e. greater

anhedonia-like deficits.

GS: ANOVA of GS protein levels, with sex as a factor, revealed no main effect of stress
(Fs:82=1.20; p=0.315), sex, or stress*sex interaction (Figure 8A). Nevertheless, exploratory
comparisons between groups identified a significant decrease in GS protein levels in the CRS28
animal group (p<0.05) and a trend towards a decrease for the CRS35 group (p=0.086) when
compared to controls (Figure 8A).

We then investigated potential links between GS protein levels and behavioural performances,
and found that while the GS protein levels in males significantly correlated with both sucrose
preference (positively, R?=0.16, p<0.01) and residual avoidance (negatively, R?=0.12, p<0.05),
no correlation was found in females (sucrose preference: R?=0.009, p=0.524; residual avoidance:
R?=0.002, p=0.755). Males with lower levels of GS protein expression displayed lower sucrose
preference and greater residual avoidance, i.e. greater anhedonia- and anxiety-like deficits
respectively (Figure 8B-C). Note that this effect in males translated into an overall (both sexes)
trend towards correlations between GS protein levels and sucrose preference (R?=0.03, p=0.059)
or residual avoidance (R?=0.03, p=0.070) (Figure 8B-C).

GLT1: ANOVA of GLT1 protein levels, with sex as a factor, revealed no main effect of stress
(Fs:66=0.69; p=0.626), sex, stress*sex interaction (Figure 9A). Nevertheless, exploratory
comparisons between groups identified a trend towards a decrease in GLT1 protein levels after
35 days of CRS exposure (p=0.075) when compared to controls (Figure 9A).

A significant negative correlation was identified between GLT1 protein levels and residual
avoidance (R?=0.06, p<0.05). As with GFAP and GS protein levels, low GLT1 protein levels
was associated with greater time in the shelter following the light challenge, i.e. greater anxiety-
like deficits in males (R?=0.27, p<0.001) and not in females (R?=5.94e-5, p=0.964) (Figure 9B).
In addition, we found a significant positive correlation between GS protein expression and
sucrose preference, overall (R?=0.16, p<0.001) and in both males (R?=0.21, p<0.01) and females
(R?=0.17, p<0.05) when analysed separately. Animals with lower levels of GS protein
expression displayed lower sucrose preference, i.e. greater anhedonia-like deficits (Figure 9C).
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Synl: Analysis of Synl protein levels showed a significant main effect of stress (Fs:.82=2.43;
p<0.05) and sex (F1:82=12.33; p<0.001) but no stress*sex interaction. We identified an overall
significant decrease in Synl protein levels in the CRS35 group (p<0.05) when compared to
controls (Figure 10A). Post hoc analysis revealed a trend toward decreased Synl protein levels
in the CRS28 group (p=0.059) and a significant decrease in the CRS35 group (p<0.001) in males
(Figure 10A”), while the females showed no significant effects between groups (Figure 10A°)

when compared to controls.

There was a significant negative correlation between Synl protein levels and residual avoidance
(R?=0.05, p<0.05) which was driven by data collected in males (R?=0.09, p<0.05) but not in
females (R?=0.003, p=0.698) (Figure 10B). Similarly, we found the significant positive
correlation between Syn1 protein expression and sucrose preference (R?=0.07, p<0.05) which
was driven data obtained in the males (R?=0.11, p<0.05) but not the females (R?>=0.01, p=0.384)
(Figure 10C). These results indicate that animals with lower levels of Synl protein expression
displayed lower sucrose preference and greater residual avoidance, i.e. greater anhedonia- and
anxiety-like deficits respectively; although this association was observed when animals of both
sexes were combined, it was highly significant in males (Figure 10B-C).

vGLUT1: ANOVA of vGLUT1 protein levels, with sex as a factor, revealed a significant main
effect of stress (Fs.ss=2.76; p<0.05), but no main effect of sex or stress*sex interaction (Figure
11A). Post hoc analysis identified significant decreases in vGLUT1 levels in all groups subjected
to CRS (CRS7, CRS21, CRS35: p<0.01; CRS14, CRS28: p<0.05) when compared to controls
(Figure 11A).

There was no correlation between vGLUT1 protein levels and residual avoidance (R?=4.57e-4,
p=0.850) or sucrose preference (R?=0.001, p=0.837) overall (both sexes), in males (residual
avoidance: R?=0.004, p=0.696; sucrose preference: R?=0.01, p=0.473) or females (residual
avoidance: R?=0.008, p=0.620; sucrose preference: R?=0.06, p=0.149) when analysed separately
(Figure 11B-C).

PSD95: Statistical analysis of PSD95 protein levels indicated a significant main effect of stress
(Fs:82=3.12; p<0.05) but no main effect of sex or stress*sex interaction (Figure 12A). Post hoc

analysis revealed a significant decrease in PSD95 levels in the CRS28 group (p<0.01) and a
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trend towards a decrease in the CRS21 and CRS35 groups (p=0.054 and p=0.095 respectively)

when compared to controls (Figure 12A).

There was no correlation between PSD95 protein levels and residual avoidance (R?=0.01,
p=0.237), across sexes, or in males and females when analysed separately (males: R?=0.01,
p=0.377; females: R?>=0.02, p=0.320) (Figure 12B). No correlation was found between sucrose
preference and PSD95 protein levels (R?=0.02, p=0.115) across sexes, however when analysed
separately males with lower PSD95 protein levels displayed lower sucrose preference (R?=0.10,
p<0.05). No correlation between the two variables was found in females (R?=1.55e-4, p=0.934)
(Figure 12C).

Marker x marker correlation: We found strong correlations between the three astrocytic
markers (GFAP, GS, GLT1) (Figure 13A-B). The two functional astroglial markers (GS and
GLT1) correlated with each other and strongly co-varied with the structural astroglial marker
GFAP (Figure 13A-B). Regarding the synaptic markers (PSD95, Synl, vGLUT1), they did not
significantly correlate with each other, but there was a trend toward a positive correlation
between PSD95 and Synl levels (Figure 13C). Interestingly, none of the pre-synaptic markers
correlated with the astroglial markers, but the levels of the postsynaptic protein PSD95 strongly
co-varied with GS levels (P<0.05) and GFAP levels (p=0.055) (Figure 13C). For all marker

correlations and sex differences, see Appendix 1.

4.2 Experiment 2 — Effects of CRS on Astrocyte Morphology
4.2.1 Behavioural Changes

Coat state, sucrose preference and residual avoidance were measured at each week in GFAP-
GFP mice subjected to 7, 21, 35 days of CRS (Figure 2B).

Coat State: Repeated measures ANOVA of coat state degradation scores, with sex as a factor,
revealed a significant main effect of stress (Fs3:=14.36, p<0.0001), sex (F23:1=16.22, p<0.0001),
and a trend toward an stress*sex interaction (Fs3:1=1.90, p=0.095) (Figure 14A). Post hoc
analysis showed that the CRS35 animal group displayed significant deteriorated coat state scores
from the second week of CRS (day 14 to 35) (p<0.01). Similarly, the CRS21 animals also
showed significant deteriorated coat state scores from second week of CRS (day 28 to 35)

(p<0.05). CRS7 animals were not statistically different from controls (Figure 14A). Results
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obtained at the end of CRS exposure (day 35) are similar to the results obtained in Experiment 1
(Figure 5A). As in Experiment 1, males showed greater coat state deterioration scores compared

to females (data not shown).

Sucrose Preference: Similar analysis performed on weekly sucrose preference data showed a
trend towards a main effect of stress (Fs20=2.13, p=0.063), no main effect of sex or stress*sex
interaction (Figure 14B). Exploratory analysis revealed only the CRS35 animal group on day 35
showed a statistically significant decrease in sucrose preference (p<0.05) (Figure 14B).

Residual Avoidance: Animals were also tested in the phenotyper test weekly. Analysis of the
residual avoidance calculated for the shelter zone time after the light challenge revealed a
significant effect of stress (Fs31=5.70, p<0.0001) and sex (F231=22.09, p<0.0001) with no
stress*sex interaction (Figure 15). Post hoc analysis showed that the CRS35 group displayed
significantly increased residual avoidance on day 35 (p<0.05) with trends on days 7 (p=0.079)
and 28 (p=0.064) (Figure 15A,D). CRS21 group showed significantly increased residual
avoidance after 2 weeks (day 28) (p<0.05) and a trend after 3 weeks of CRS exposure (day 35)
(p=0.061) (Figure 15B,D). CRS7 showed a significant increase in residual avoidance after one
week of CRS (day 35) (p<0.05) (Figure 15C,D). As in Experiment 1, the main effect of sex was
due to males showing an overall greater residual avoidance compared to females (data not

shown).

4.2.2 Verification of the GFAP-GFP Transgenic mouse line

Immunohistofluoresence and confocal analysis was performed on PFC sections from GFAP-GFP
heterozygous mice to determine if GFP+ cells of this mouse line were co-labelled with either
NeuN, Ibal or GFAP staining. We found no overlap between GFP+ and NeuN+ cell populations
(Figure 16A-D). Similarly, GFP+ and Ibal+ cells represented two distinct cell types with no
overlapping immunostaining (Figure 16E-H). However, we qualitatively found that a vast
majority of the GFP+ cells were also GFAP co-labelled (Figure 16I-L). Note that half of GFP+
cells were not co-labelled with GFAP and that half of the GFAP+ cells were not GFP+; these
findings will be addressed in the discussion. Wild-type littermates did not express any GFP+

immunofluorescence (Appendix 2).
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4.2.3 Sholl Analysis of Astrocytes

Sholl analysis was performed on 6 astrocytes per animal, with 8 animals in each group (4
females and 4 males); because of the small sample size if sex was considered, sex was not

included as cofactor in the following analyses.

AREA: Analysis of the AREA of GFAP+ cells revealed a trend towards an effect of stress
exposure (ANOVA, F3188=2.14, p=0.097). Comparison between groups showed that the CRS21
animal group display GFAP+ cells with greater AREA than the control group (p<0.05) (Figure
17A). Regarding the AREA of the GFP+ cells, there was no difference between groups
(F3,164=2.08, p=0.104) (Figure 17B).

Total intersections: Similar analysis conducted for the total intersection counts revealed no
effect of stress exposure for GFAP+ cells (Fz183=1.26, p=0.289) nor for the GFP+ cells
(F3,164=0.80, p=0.494) (Figure 17C-D).

Total intersections/AREA: ANOVA of total intersections/AREA of GFAP+ cells identified a
trend toward an effect of stress exposure (Fs1ss=2.12, p=0.098). Comparison between groups
identified a significant decrease in total intersectionss/AREA of GFAP+ cells of animals
subjected to 21 days of CRS compared to controls (Figure 17E). Similarly, analysis of total
intersections/AREA of GFP+ cells identified a trend toward an effect of stress exposure
(F3,164=2.26, p=0.082). Comparison between groups determined that total intersections/AREA of
GFP+ cells was significantly decreased of animals subjected to 7, 21 or 35 days of CRS (all
p<0.05) compared to controls (Figure 17F).

Frequency of intersections: Number of intersections was analysed for each radius-step. Note
that the number of radius-steps relative to the soma was fixed to account for potential bias due to
cell size. For the GFAP+ cells, ANOVA of the intersection frequency (or number of intersection
per radius) showed no main effect of stress exposure (Fz18s=1.01, p=0.386), but a significant
main effect of radius-step (Fio,1830=401.28 p<0.0001) and a stress*radius-step interaction
(F30,1880=2.23, p=0.0001) (Figure 18A). Post hoc analysis revealed that GFAP+ cells from the
CRS35 animal group displayed significant increases in number of intersections at the proximal
radius-steps (R4,R5 p<0.05) and decreases at more distal steps (R10 p<0.05) compared to
controls (Figure 18A). For the GFP+ cells, intersection frequency analysis also revealed no main
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effect of stress exposure (Fs164=0.74, p=0.526), but a significant main effect of radius-step
(F10,1620=534.36, p<0.0001) and a stress*radius-step interaction (Fzo,1640=4.05, p<0.0001) (Figure
18B). Compared to the control group, CRS7, CRS21 and CRS35 animals showed significant
decreases in the frequency of intersections at the distal radius-steps (CRS7: R9,R10 p<0.05;
CRS21: R9,R10 p<0.05; CRS35: R8,R9,R10 p<0.05) compared to controls (Figure 18B).
Interestingly the CRS21 and CRS35 groups showed concomitant increase in the number of
intersections at proximal areas (CRS21: R3 p<0.05; CRS35: R2,R3 p<0.05) (Figure 18B).

Relationships between GFAP+ or GFP+ cell morphological changes (AREA, total intersection,
total intersections/AREA or frequency of intersections for proximal and distal radius-steps) and
final behaviour performances (residual avoidance and sucrose preference) measured was tested
using correlation analysis. No significant correlation was found between any of these variables
(data not shown).

4.3 Experiment 3 — In Vitro Validation of DREADDs Construct
4.3.1 hM3Dqg-GFP Plasmid Validation in HEK293

Immunocytochemistry: Using plasmids expressing GFP or mCherry only, we first tested in vitro
co-transfection efficacy of 2 plasmids in HEK293 cells. Qualitatively, using our protocol we
achieve a ~65% transfection rate (DAPI+ vs. DAPI+/GFP+ or DAPI+/mCherry+, Figure 19),
where >99% of the HEK293 cells were co-transfected (GFP+/mCherry) and <1% expressed one
of either fluorescent protein (Figure 19). We then verified that cells transfected with the
designed hM3Dg-GFP plasmid required to be co-transfected with Cre to express GFP (Figure
20G); no GFP was detected in conditions without Cre plasmid (Figure 20D-F). We also had to
validate activation of the hM3Dq receptor upon CNO or C21 exposure. Cells transfected with the
plasmid expressing GFP only showed GFP+ immunostaining and low levels of cFos expression
per cell when VEH, CNO or C21 was applied (Figure20A-C). Similar levels of cFos expression
were detected in HEK293 cells transfected only with the hM3Dqg-GFP plasmid and treated with
either VEH, CNO or C21 (Figure 20D-F). However, following co-transfection with hM3Dg-GFP
and Cre plasmids, GFP+ cells qualitatively showed greater cFos immunofluorescence when
treated with CNO and C21 compared to VEH (Figure 20G-I). This increased cFos

immunofluorescence was observed only in hM3Dqg-GFP+ cells (Figure 20 G-I, I’-I""”").
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Ca?* Assay: We then further validated the efficacy of the hM3Dg-GFP construct using Ca?*
mobilization assay in HEK293 cells (hM3Dg [CNO] N=4; hM3Dqg+Cre [VEH] N=6;
hM3Dg+Cre [CNO] N=7; hM3Dg+Cre [C21] N=5). Repeated measures ANOVA of Ca?
mobilization data revealed a significant main effect of plasmid (Fzes0=18.97, p<0.0001), time
(Fa4,660=72.52, p<0.0001) and plasmid*time interaction (F132,660=15.98, p<0.0001) (Figure 21A).
Post hoc analysis revealed that HEK293 cells co-transfected with hM3DqGFP and Cre plasmids
showed a 22-42% increase in Fura2 Fsa4o013s0) ratio, significant from 4 to 80sec after CNO or C21
application compared to VEH (Figure 21A) or compared to HEK293 cells transfected with
hM3DqGFP only treated with CNO (Figure 21A). Note that surprisingly we found a small (~7%
F(340/380) ratio) but significant difference between these two “control groups” starting 40sec after
the ligand application (Figure 21A). Area under curve (AUC) after ligand application was then
calculated for each condition. ANOVA of Ca?* mobilisation AUC (F317=23.56, p<0.0001)
revealed that HEK293 cells transfected with both hM3Dg and Cre plasmids treated with CNO or
C21 show significant increases in F(aos3s0) ratio Ca?* mobilization (both p<0.0001) compared to
VEH or cells transfected with only the hM3Dq plasmid treated with CNO (Figure 21B).

4.3.2 hM3Dg-GFP Plasmid Validation in Primary Astrocyte Cultures

Immunocytochemistry: After establishing this method in the lab, I had to verify that the primary
astrocyte cultures originated from GFAP-Cre pups were pure astrocyte cultures using
immunocytofluorescence and confocal analysis. We found that all cells were GFAP+ (Appendix
3A) and found no NeuN+ or Ibal+ cells (Appendix 3B-C). Then, using a similar protocol as with
the HEK293 cells, we tested the constructs in astrocytes from GFAP-Cre or WT littermates; this
approach also tested that endogenous expression of Cre was sufficient to achieve expression of
the hM3Dq receptor. Qualitatively, we estimated that a ~90% transfection rate in primary
astrocyte cultures from either genotype was attained (Figure 22 & 23). We then verified that cells
transfected with the designed hM3Dg-GFP plasmid expressed GFP only in the presence of Cre
i.e. either when astrocytes are generated from GFAP-Cre pups (Figure 23A,D), or in WT
astrocytes co-transfected with a Cre expressing plasmid (Figure 22B); no GFP was detected in
conditions without Cre plasmid (Figure 23A). We also had to validate activation of the hM3Dq
receptor upon CNO or C21 exposure. WT cells transfected with the hM3Dq-GFP plasmid only
(Figure 23A-C) or GFAP-Cre cells transfected with the GFP plasmid only (Figure 22A)

displayed low levels of cFos immunoreactivity. Qualitatively higher levels of cFos
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immunofluorescence were found in cells transfected with the designed hM3Dg-GFP plasmid in
the presence of Cre (i.e. GFAP-Cre astrocytes (Figure 23D-F), or in WT astrocytes co-
transfected with a Cre plasmid (Figure 22B-D)) treated with CNO and C21 compared to VEH.
This increased cFos immunofluorescence was observed only in hM3Dg-GFP+ cells (Figure 22C-
D, 23E-F). In the CNO and C21 conditions, increased cFos immunofluorescence was observed
only in hM3Dq transfected and GFP+ cells (Figure 22-23).

Western blot analysis: After multiple attempts, we were not able to optimize the Ca?*
mobilization assay in primary astrocyte cultures. This was due to 2 experimental limitations:
astrocytes display auto-fluorescence that interferes with Fura2 signal and low survival rate after
transfection at cell densities optimal for Ca?* mobilization assay. Thus, we decided to confirm
hM3Dqg-GFP construct efficacy in the GFAP-Cre transgenic line by demonstrating activation of
the G-protein coupled receptor (GPCR) pathway. ANOVA of phospho/total (p/t) Akt levels
(Fs.12=4.79, p<0.01) revealed a significant increase in p/t Akt protein levels upon C21 and CNO
exposure compared to VEH in GFAP-Cre astrocyte cultures transfected with the hM3Dq plasmid
(both p<0.01, Figure 24). GFAP-Cre astrocytes transfected with GFP plasmid or WT astrocytes
transfected the hM3Dq plasmid did not show increased p/t Akt protein levels upon C21 and
CNO exposure compared to VEH (Figure 24). Similar analysis was performed on p/t MAPK
protein levels. We found no changes in p/t MAPK protein levels (Fs12=1.61, p=0.218) following
CNO or C21 in WT or GFAP-Cre astrocyte cultures transfected with hM3Dq plasmid (data not

shown).

5 Discussion

5.1 Summary of findings

Our findings demonstrate that CRS induces coat state deterioration, anxiety- and anhedonia-like
behaviour. CRS also induced time-dependant decreases in astrocytic (GFAP, GS, and to a
smaller extent GLT1) and synaptic protein (vGLUT1, PSD95, Synl) expression levels in the
PFC. The protein changes in GLT1, GS, GFAP, and Synl correlated with both anxiety- and
anhedonia-like deficits, in both sexes. However, most of these effects were driven by strong
correlations in males. Indeed, in males GLT1, GS, GFAP, Synl protein levels correlated with
residual avoidance performances while all these markers and PSD95 correlated with sucrose

consumption. Interestingly, vGLUT1 protein levels did not correlate with any of the behaviours.
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Females only showed correlation between sucrose preference and GLT1 protein expression
levels. We also analysed using the same approach the effects of various duration of CRS
exposure on astrocyte morphology labelled with GFAP or GFP in GFAP-GFAP mice and found
that astrocyte maximal AREA and total number of intersections did not differ between the
groups. However, CRS induced a decrease total number of intersections/AREA of GFP+ cells as
early as 7 days of CRS exposure and a rearrangement of GFP+ cells where decreased distal
processes were accompanied by increased proximal processes. GFAP+ cells showed similar
rearrangement following CRS, however of a lesser magnitude. Furthermore, as part of the
preliminary steps aiming to develop a virus that would allow enhancing astroglial activity to
prevent the effects of CRS, we validated (in-vitro) a custom-designed plasmid (hM3Dg-GFP)
and validated its effectiveness in culture (HEK293 and primary cortical astrocyte culture from
GFAP-Cre mice). We demonstrated conditional expression of the hM3Dq receptor and activation
of cFos in both HEK293 and astrocyte culture in the presence of (exogenous or endogenous) Cre
expression. Activity of the receptor in these conditions was demonstrated by increased calcium
mobilisation and phosphorylation of Akt upon CNO or C21 in HEK293 and astroglial cells

respectively.

5.2 Chronic stress exposure induced increases in anxiety-like
and anhedonia-like behaviours

Previous work using the CRS model have reported coat state deterioration, anxiety- behavioural
deficits, including previous studies from our group (Banasr et al., 2017; Nikolova et al., 2018;
Prevot et al., 2019a; Prevot et al., 2019b). Here we confirm these changes and found that CRS
induced anhedonia-like as indexed by decreased sucrose preference. These results parallel a
plethora of data of the literature demonstrating that chronic exposure to stress induces physical
changes, as well as anxiety- and anhedonia-like deficits (Ampuero et al., 2015; Strekalova et al.,
2004). In addition, while studying the trajectory of the effects of chronic stress exposure, we
determine that CRS induces anxiety- (from 7 days, Prevot et al., 2019b) and anhedonia-like
(from 21 days) behaviour in a time dependent manner. Here, we confirm that at least 3 weeks of
chronic stress exposure are generally required to induce depressive-like behaviour in mice
(Willner, 2017a). Interestingly, in our study, females displayed lower levels of coat deterioration
and anxiety-like behaviour but followed the same trajectory of change (just at a smaller

magnitude). In addition, previous studies have found differences in anxiety-like behavioural
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deficits between males and females where the females usually show a lower extent of deficits
than males (An et al., 2011; Franceschelli et al., 2014; Seney and Sibille, 2014). While in
experiment 1 coat state degradation and sucrose preference deficits were significant at time
points earlier than those in experiment 2 i.e. first and third week of CRS (experiment 1) and
second and fifth week of CRS (experiment 2), these behavioural findings from Experiment 1
were overall similar to those of Experiment 2. This apparent discrepancy may be due to the fact
that Experiment 1 had 16 animals per group (while Experiment 2 had 8 per group) and was
powered to detected smaller changes. Similarly, residual avoidance was generally increased in all
3 groups of stressed animals (Experiment 2) from the first week of stress, similar to what was

seen in Experiment 1 and to our previous published work (Prevot et al., 2019b).

5.3 Chronic stress exposure resulted in altered astroglial and
synaptic protein expression levels

Previous studies have shown that chronic stress exposure reduces astroglial and synaptic
markers. Indeed, separate studies have shown that chronic stress to induce decreases in PSD95,
Synl (Li et al., 2011; Mitra et al., 2018), vGLUTL1 (Yu et al., 2018; Zink et al., 2010), as well as
decreases GFAP (Banasr et al., 2010; Banasr and Duman, 2008), GLT1 (Baek et al., 2019; John
etal., 2012; John et al., 2015; Zink et al., 2010), and GS (Lee et al., 2013; Rao et al., 2016) in the
PFC. Here, we showed that all these markers are reduced in the PFC of CRS animals of the
same study, and these changes are linked to behavioural deficits. Specifically, our results showed
that the astroglial structural protein GFAP decreased from the first week of CRS while the
functional proteins (GLT1 and GS) decreased from the fourth week onwards. This suggests that
CRS may alter astroglial morphology, and with chronicity affects their function. Note that this
hypothesis is supported by the results obtained for the GFAP-GFP+ cells from Experiment 2
where the morphological rearrangements found paralleled, in time, the findings of reduced
GFAP protein expression. Regarding the synaptic markers, the functional protein vGLUT1 was
decreased from the first week of stress but the synaptic proteins involved in the synapse structure
and strength (Synl and PSD95) required four weeks of CRS or more to be affected. Altogether,
from these results we could speculate that at early state of stress exposure glutamatergic neurons
of PFC compensate by trying to package less glutamate (reduced vGLUTL1) into vesicles while
the astrocytes may atrophy (reduced distal reach, Experiment 2) but retain functionality related to

the glutamate-glutamine shuttle (no change in GS or GLT1 at the early stage of CRS exposure).
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Extended stress exposure alters integrity of the shuttle as indexed by decreased GLT1 and GS
expression, which may then reduce synaptic structure and strength as supported by GS/PSD95
and PSD95/Syn1 correlations.

5.4 Astroglial marker levels correlated with behavioural changes
and each other, while synaptic marker levels did not
systematically correlate with each other or with behavioural
changes

In our study, although the three astroglial markers had individual trajectory of response to CRS,
they tightly positively correlated with each other. A recent study supports this close link between
the three astroglial proteins since knockdown of GLT1 results in reduced numbers of GFAP+
and GS+ astrocytes (Fullana et al., 2019). This suggests that GLT1 function can regulate
structural integrity and number of the astrocytes, while our results of GFAP reduction prior to
GS and GLT1 changes suggests that altered morphology may affect function. Considering the
strong correlations between the markers found in the present study, it is not surprising that a link
between structure and function would be bidirectional for astrocytes, as it is well known for
neurons. It is interesting to note that we did not find correlations between astroglial markers and
the pre-synaptic proteins i.e. Synl and vGLUTL1 (only correlations between astroglial markers
and PSD95). This could be potentially explained by the fact that PSD95 from the analysed
samples originates exclusively from the resident PFC neurons, while Synl and vGLUT1 are
markers of all neuronal processes, including processes from PFC inputs from other brain regions
(Collins et al., 2018; McGarry and Carter, 2017). Indeed, our approach i.e. western blot analysis
of PFC homogenates do not allow us to discriminate between local cortico-cortical synapses or
synapses resulting from different inputs of the PFC. This could dilute potential correlations with

markers from resident astrocytes and pre-synaptic markers.

In addition, we correlated the protein expression levels with behavioural performances and found
all three astroglial markers positively correlated with anhedonia-like behaviour while the two
functional astroglial markers (GS and GLT1) correlated with anxiety-like behaviour. The only
synaptic marker that correlated with anhedonia- or anxiety-like behaviour was Synl. This
suggests that astroglial structural deficits are associated with the initial anxiety-like behaviour
while the functional deficits are more related to the later-onset anhedonia-like behaviour and/or

maintenance of anxiety-like behaviour. The lack of correlations between changes in synaptic
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markers and behavioural outcomes may be due to the cell populations represented by these
markers (multiple cell populations from multiple brain regions) or due to complementary
contribution of synaptic alterations from other limbic regions involved in emotion regulation
such as the hippocampus or the amygdala. Indeed, our lab recently demonstrated that changes in
PSD95 expression in the amygdala correlated with performances in the phenotyper test
(Nikolova et al., 2018). Interestingly, data analysis revealed that males drove the overall
correlations between behaviour and marker expression levels. One potential explanation could be
that additional variability due to gonadal hormone cycling in females may interfere with
potential correlations with behaviours or cellular readouts. Indeed, estrus cycle affects the
function of astrocytes (Acaz-Fonseca et al., 2016; Nelson and Lenz, 2017) and synapse numbers
(Alexander et al., 2018; Chen et al., 2009) in the PFC. Since we did not perform vaginal swabs to
track the estrus cycle during behavioural assessment or at euthanasia, we could not include this

factor/bias in our analysis.

5.5 Chronic stress results in reorganisation of cortical astrocyte
(proximal and distal) processes

Since the GFAP-GFP transgenic line was backcrossed in-house, we had to validate the line. We
found no overlap with the most commonly used neuronal or microglial markers but only half of
GFP+ cells co-labelled with GFAP and that half of the GFAP+ cells were GFP+. Ideally, we
expected a 100% overlap of GFP+ cells with GFAP+. There are a few potential reasons for this
differential pattern of expression between GFAP and GFP. Since the GFAP-GFP transgenic line
expresses GFP under a human GFAP (hGFAP) promoter randomly inserted into the genome,
nearby regulatory promoters may alter the expression profile of GFP in comparison to
endogenous mouse GFAP (mGFAP) expression. Previous groups have encountered similar
issues when using the hGFAP promoter to express GFP in vivo (Bai et al., 2013; Nolte et al.,
2001). Additionally, Moon et al. (2011) found the hGFAP promoter-derived GFP expression
differs depending on the subtype of astrocyte. Another explanation for this different expression
profile between GFAP and GFP may be due to a competition between the mGFAP and hGFAP
promotors for the cell’s transcriptional resources. Finally, we found that the GFP signal needed
to be amplified for the type of analysis we wanted to perform. It is possible that the IHC
antibodies and dilutions used, although optimal for the morphology analysis, might not have

been optimal for correctly estimating of the number of GFAP+ cells or GFAP+ signal intensity,
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or its overlap with the GFP+ signal. We addressed this potential limitation by analyzing the
morphology of both the GFAP+ and GFP+ cell populations, and believe that we are observing
the same cell population since GFP+ and GFAP+ cells showed similar rearrangement following
CRS, albeit in a lesser extent for the GFAP+ cells.

In this study, we identified reductions in total number of intersections/AREA of GFP+ cells that
appeared as early as the first week of CRS exposure. However, we did not find similar changes
for the GFAP+ cells except in the CRS21 animals group. The discrepancy between findings
obtained with the two markers could be due to the differences in localisation of the GFP and
GFAP proteins. Indeed, GFAP as a structural microtubule protein and its immunolabelling only
allowed for the detection of major processes/branching while GFP labeling was located
throughout the cytoplasm of the cell and in all branching including in the fine astrocyte
processes. This would explain why lesser magnitude of the CRS-induced changes were found
with GFAP immunostaining as compared to the GFP immunostaining when Sholl analysis was
performed. Morphology of the GFAP+ and GFP+ cells at distinct distances from the soma
(number of intersections at radii farther from the soma) were decreased by chronic stress
exposure. Specifically, CRS exposure for 35 days induced a loss in distal processes observable
with both markers, however this “astrocytic atrophy’ was probably ongoing and affected the fine
processes of the astrocytes since we found reduced GFP+ cells’ distal processes in animals
subjected to stress for 7 and 21 days. Interestingly, with both markers we found concomitant
increase in proximal processes (number of intersections at radii closer to the soma) in animals
subjected to 35 days of stress. The distal processes atrophy accompanied by increases in
proximal processes suggests that it may not be solely atrophy but more likely a rearrangement of
the morphology of the astrocytes. In addition, this proximal reorganisation may be a
compensatory mechanism associated with chronic (35 days) stress but was not observed with 7
days of stress. In other words, it is possible that initially repeated stress may cause the astrocytes
to lose distal processes and that when the stress becomes chronic, a rearrangement occurs where
proximal processes branch out to compensate for the process loss at the distal ends. This
astroglial atrophy could be due to excitotoxicity from poor synaptic glutamate regulation (Haas
and Erdo, 1991; Matute et al., 2007), increased corticosterone (Zhang et al., 2015; Zhao et al.,
2018), or oxidative stress (Bhatia et al., 2019; Palmer and Ousman, 2018). It is important to
mention that we observed reductions in GFAP+ protein expression levels from 7 days of CRS
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exposure but did not find parallel differences in GFAP+ cell morphology at early time points.
There are three possible reasons for this apparent discrepancy: (1) the astrocyte AREA
measurement was an overestimated measure (maximal potential surface area covered by the
astrocyte) based on the longest process, and not the actual surface area of the cell. It is possible
that longer exposure to stress is required to alter the morphology of major processes; (2) the
approaches used for two experiments were radically different i.e. measuring GFAP protein
expression in total PFC homogenates vs. analysis of 6 individual GFAP+ astrocytes per animal;
(3) chronic stress may reduce GFAP cells density (Banasr and Duman, 2008; Simard et al., 2018)
by decreasing the total number of astrocytes as reported in human MDD brains (Cobb et al.,
2016; Rajkowska et al., 2018) and the present study highlighted an additional effect of chronic
stress, i.e. rearrangement of astrocytes morphology. Needlessness, if we were establishing a
parallel between the cellular outcomes obtained in Experiment 1 and 2, we could speculate that
initially repeated stress may cause atrophy of distal processes and decreased GFAP protein, but
at this stage astroglial function is maintained since GS and GLT1 protein level are unchanged.
When the stress becomes chronic, the morphological rearrangement and decreased GLT1 and GS
expression may have additive actions on the glutamatergic synapse function. Indeed, reduced
glutamate uptake and lower rate of glutamate-to-glutamine conversion associated with chronic
stress exposure would impair synaptic function and structure. This is supported by our findings
of reduced PSD95 or Synl expression and data of the literature showing reduced spine numbers
and density in animals subjected to chronic stress (Qiao et al., 2016). It would be interesting to
investigate in the same animals whether the synaptic morphological changes parallel the

astroglial morphological rearrangement.

5.6 Limitations

Our study is not without limitations. First, we focused on the PFC as sole brain region of interest
for the analyses performed in both experiments. However, it is highly important to mention that
many other limbic areas associated with MDD and chronic stress show altered astrocytic and
synaptic function or morphology including the amygdala and hippocampus. We focussed first on
the PFC since chronic stress experiments and post-mortem studies on MDD brains have shown
greater consistency regarding the astroglial changes in this brain region compared to others.
However, at sacrifice we collected other brain regions (hippocampus and amygdala) and
sectioned the entire brain for further analysis targeting key brains regions involved in depression
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and stress-related illnesses. Second, our study focussed on characterising the cellular changes
focussing on only six proteins or markers of synaptic and astrocyte function (3 for each
compartment), in addition to only investigating GFAP+ or GFP+ cell morphology. Future studies
analysing other markers may yield complementary or additional insight into the trajectory of the
effects of chronic stress on astroglial and synaptic function. Third, although the first experiment
was powered to assess potential sex differences, this could not be done for the morphological
analysis of the second experiment; a second cohort replicating experiment 2 would address this
limitation. Finally, we focused on glutamatergic synapses but other synaptic changes were
associated with chronic stress and depression including impaired GABAergic neurotransmission.
Limitations notwithstanding, we provide evidence for time dependent synaptic and astroglial
alterations associated with chronic stress in mice and found morphology reorganization
supporting that astrocyte processes (like synaptic processes) are susceptible to chronic stress

exposure.

5.7 Validated the DREADDSs technique in astrocytes using the
hM3Dq receptor (in vitro)

In this thesis we also hypothesised that enhancing astrocyte function may be a valid approach for
the development of new MDD pharmacological treatment. Using drugs that enhance glial
glutamate transport expression or activity, it has been shown that targeting GLT1 induces
antidepressant effects in rodent stress models (Banasr et al., 2010; Gourley et al., 2012) and in
human (Zarate and Manji, 2008). Oppositely, drugs that impair GLT1 function or ablate
astrocytes were found to induce anxiety- and anhedonia-like deficits (Gasull-Camos et al., 2017;
John et al., 2015). These results, in addition to the findings of this thesis, suggest that impaired
astroglial function (not necessarily astroglial loss) may be involved in the expression of
depressive-like behavioural deficits. Thus, we set out to demonstrate that silencing astrocytes in
the PFC would directly induce anxiety- and/or anhedonia-like behaviours. To test this
hypothesis, we planned on using the DREADDs hM4Di (modified human M4 muscarinic
receptor) method to hyperpolarize astrocytes, thereby silencing their action. In the meantime, a
recent study by Durkee et al. (2019) was published (originally presented as a Society for
Neuroscience poster in 2018) showing the hM4Di receptor hyperpolarizes neuronal cells but
surprisingly activates astroglial cells, invalidating the use of the hM4Di receptor to test our

working hypothesis. For this reason, we adapted our experimental design to demonstrate that
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enhancing PFC astrocyte function prevent the development of depressive-like behaviour and
render the animals resilient to stress. Due the unexpected effect of the hM4Di receptor in
astrocytes, it was imperative to test the efficacy of the hM3Dq receptor at activating this cell
type. Therefore we tested the hM3Dg-GFP plasmid in vivo using both HEK293 cells and
primary cortical astrocyte cultures and used 2 assays for each cell type to demonstrate cell
activation. Additionally, there had been several controversy surrounding the use of CNO: 1)
clozapine, reverse-metabolized from CNO is a potent psychoactive drug that may affect
emotion-related behaviour independently of the presence of the hM3Dq receptor (Gomez et al.,
2017; Raper et al., 2017); 2) clozapine may be the ligand of the hM3Dq receptor and CNO may
not cross the blood-brain barrier (MacLaren et al., 2016; Manvich et al., 2018), however this last
statement is to be taken with caution as it is still controversial. To circumvent this caveat, a
modified ligand, compound 21 (C21), was designed and shown to activate the DREADD hM4Di
receptor and silence the cells (Jendryka et al., 2019; Thompson et al., 2018). Additional evidence
was required regarding cell activation following C21 binding onto hM3Dq receptor. In this aim, |
needed not only to validate the efficacy of hM3Dg-GFP plasmid to express the hM3Dq receptor
in the presence of Cre but also the use of the approach in astrocytes and activation upon ligand
application. In this study, we found that only cre-transfected HEK293 cells and astrocyte
cultures from GFAP-Cre+ mice showed GFP expression when transfected with the hM3Dg-GFP
plasmid. Additionally, only GFP+ cells showed increased cFos levels i.e. greater cell activation
(Adamsky et al., 2018; Groves et al., 2018) upon exposure to CNO or C21. Furthermore, cell
activation was confirmed by demonstrating greater Ca?* mobilization and phosphorylation of
Akt, protein of the G-protein coupled receptor (GPCR) pathway (Law et al., 2016; Nakano et al.,
2017) in the presence of CNO or C21. Interestingly, we also demonstrated that the two ligands
(CNO and C21) show similar efficacy at activating hM3Dq receptor in vitro. The question
remains whether these ligands have similar efficiency in vivo. Now, the plasmids can be
packaged into an adeno-associated virus (AAV5) and infused into the PFC of GFAP-Cre+ mice.
In vivo validation of infection and activation of the astrocytes following CNO or C21 i.p.

administration will be conducted using cFos immunohistochemistry.

6  Conclusions & Future Directions

Robust morphological changes in the brain are associated with MDD and stress-related

disorders. Post-mortem and preclinical research including our own has focused on the in-depth
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characterization of the underlying mechanisms of MDD pathophysiology. The work presented
here is based on an innovative concept, focusing on the contribution of non-neuronal cells in
MDD. Specifically, we are fuelling the hypothesis that astrocytes and astrocyte-synapse cross
talk may be vulnerable nodes underlying the neuronal/synaptic dysfunction associated with
stress- and depression-related behaviour. We used multi-disciplinary approaches that combined
behaviour, genetics, molecular biology, and microscopy to investigate cell-specific molecular
mechanisms relevant to chronic stress and MDD. In addition, in this thesis we adapted and
established in the lab many tools, classically used for neuronal cell analysis, including Sholl
analysis and hM3Dq receptor approach to astrocytes. Altogether this work, although employing
rodent models, is translational since it builds on well-replicated human post-mortem evidence of
synaptic and astroglial dysfunctions in MDD, as well as establishing a link between chronic
stress and astrocyte/synaptic impairment. Finally, my work set the stage for future experiments
aiming to demonstrate that astroglia could be targeted to prevent the effects of chronic stress.
Indeed, the overarching goals of this work is to better understand the role of astroglia in MDD
and stress-related illnesses and identify new targets for the development of novel and more
effective therapeutic approaches.

Since our work primarily focussed on a small set of proteins expressed by astroglia and the
glutamatergic synapse in the PFC, the immediate future directions would be to extend this study
to other astroglial and glutamatergic synapse proteins, as well as markers of the GABAergic
tripartite synapses. In addition, we could perform similar analyses in the collected samples from
other brain regions involved the mood regulation such as the hippocampus and amygdala.
Correlating astrocytic, glutamatergic and GABAergic changes to the behavioural and cellular
changes associated with CRS would provide a more complete picture of how the tripartite
synapses of these brains are affected by chronic stress exposure. Regarding the work conducted
on the effects of chronic stress exposure on astrocyte morphology, we could try to link the
rearrangement of the astroglial processes to the synaptic atrophy known to be associated with
stress. For this we could, for example, perform a double staining for GFP and PSD95 and
conduct a PUNCTA density analysis of PSD95 immunofluorescence overlapping GFP+
astrocytes. This may allow us to determine if the stress-induced reduction of GFP+ distal
processes maps onto a reduction of PSD95 puncta density, and oppositely if the increased GFP+

proximal processes maps onto maintenance of PSD95 puncta density. This analysis would
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address a possible effect of chronic stress exposure on synapse-astrocyte coupling. Furthermore,
although our work characterized a stress-induced astroglia dysfunction and altered morphology,
the mechanisms underlying these effects remain unknown. Future studies aiming at identifying
these mechanisms can be performed in the GFAP-GFP mouse line | validated. Indeed, we could
isolate GFP+ cells from GFAP-GFP mice subjected to CRS, using fluorescence activated cell
sorting (FACS), and perform RNAseq analysis. This would permit identifying astroglial-specific
gene expression changes induced by chronic stress. Some of these identified genes or pathways
could be targeted using viral or genetic approaches to determine if manipulations of these genes
either mimics or prevents the effects of chronic stress. In this context, the methods | helped
establish in the lab regarding the in vitro validation of the hM3Dg-GFP plasmid could be

instrumental to test/validate new plasmids and viruses.

Overall, the work I performed during my Master’s provides critical insight into the role of
astroglia dysfunction in the cellular and behavioural effects of stress, and fuels to the rising
hypothesis that depression can be an astroglial-based synaptic disorder (Rial et al., 2015). |
believe that a better understanding of the underlying mechanisms involved in the stress-induced
astroglial dysfunctions could lead to novel targets for antidepressant development, translating

these findings towards clinical applications.
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Tables & Figures

Table 1: List of antibodies for western blot analysis.
List of primary (1°) antibodies, blocking solutions, and the concentrations used for the western

blot analysis for both 1° and secondary (2°) antibodies.

Antibody Blocking | Dilution Reference
Rabbit a-GLT1 (EAAT2) 5% Milk 1:2000 Santa Cruz Blotechn_ology sc-15317
(Mississauga, Ontario, Canada)
. . . Cell Signaling Technology 12389
- 0,
Rabbit a-GFAP 5% Milk 1:5000 (Danvers, MA, USA)
. . Abcam ab176562
- 0, :
Rabbit a-GS 5% Milk 1:5000 (Toronto, Ontario, Canada)
. . Millipore AB1543
- 0, .
Rabbit a-Synl 5% Milk 1:100 000 (Etobicoke, Ontario, Canada)
* Wi -
GuineaPig a-vGLUT1 5% Milk 1:5000 SYSY™ 135304 (Rudolt-Wissell-Str.
1° 28, Goettingen, Germany)
. . , Cell Signaling Technology 2507S
- 0,
Rabbit a-PSD95 5% Milk 1:5000 (Danvers, MA, USA)
. Cell Signaling Technology 4691S
- 0, :
Rabbit a-tAkt 3% BSA 1:1000 (Danvers, MA, USA)
. _ Cell Signaling Technology 4060S
- 0,
Rabbit a-pAkt 3% BSA 1:1000 (Danvers, MA, USA)
. Cell Signaling Technology 4695S
- 0, .
Rabbit a-tMAPK (Erk1/2) 3% BSA 1:1000 (Danvers, MA, USA)
. . Cell Signaling Technology 4370S
- 0,
Rabbit a-pMAPK (Erk1/2) 3% BSA 1:1000 (Danvers, MA, USA)
. , Vector Labs PI-1000 (Burlingame,
yo Goat a-Rabbit HRP - 1:10 000 CA. USA)
. . , Invitrogen A18769
Goat a-GuineaPig HRP - 1:10 000 (Massachusetts, USA)

*SYSY = Synaptic Systems
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Table 2. List of antibodies for immunohisto-(and cyto-)chemistry.

List of primary (1°) antibodies and the corresponding secondary (2°) antibody. Concentrations of
use for both 1° and 2° antibodies are included, for both immunohistochemistry (IHC) and
immunocytochemistry (ICC).

Antibody Dilution | Reference 2° Antibody
1:200 a-Rabbit

Rabbit o-GFAP (IHC & (Dsak‘; U N DyLight405
ICC) anta Liara, LA, a-Rabbit AF488
1:1000 .

. Wako 019-19741 a-Rabbit
Rabbit o-Ibal Elcl_(l:(): & | (Richmond, VA, USA) DyLight405
o . 1:250 SYSY* 226 003 (Rudolf-Wissell- .
1% | Rabbit o-cFos (ICC) Str. 28, Goettingen, Germany) o-Rabbit AF555
1:500 .
. Aves GFP-1020 a-Chicken

Chicken 0-GFP E'C"('g & | (Davis, CA, USA) AF488
1:500 EMD Millipore ABN9O o-GuineaPig

GuineaPig a-NeuN E'C"(':? & | (Etobicoke, ON, Canada) CF405M
1:200

. Jackson ImmunoResearch
P | o) | G -
yH9 (1c0) (West Grove, PA, USA)

Donkey a-Rabbit 1:1000 Invitrogen A21206 i

AFA488 (1CC) (Massachusetts, USA)

Donkey a-Rabbit 1:1000 Invitrogen A31572 i

20 AF555 (1ICO) (Massachusetts, USA)

1:200 Jackson ImmunoResearch

e e 00| s ass -
(I.CC) (West Grove, PA, USA)
1:200

Donkey a-GuineaPig (IHC) Biotium 20376-500uL i

CF405M 1:1000 (Fremont, CA, USA)
(1CC)

*SYSY = Synaptic Systems
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Glutamatergic

Astrocyte

Figure 1: Schematic representation of the glutamatergic tripartite synapse.

Presynaptic glutamatergic neuron synapsing onto a post-synaptic neuron with astrocyte processes
modulating the synapse. Presynaptic glutamatergic components: vesicular glutamate transporter
(vGLUT, transports glutamate into vesicles), synapsin | (SYNL1, vesicle release protein),
excitatory amino acid transporter 3 (EAAT3, presynaptic glutamate reuptake transporter), and
glutaminase (converts glutamine to glutamate). Postsynaptic components: N-methyl-D-aspartate
(NMDA) receptor (ionotropic  glutamate receptor), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor (ionotropic glutamate receptor), and postsynaptic
density protein 95 (PSD95, postsynaptic scaffolding protein for NMDA and AMPA receptors).
Astrocytic components: excitatory amino acid transporter 1/glutamate aspartate transporter 1
(EAAT1/GLAST, transports glutamate into the astrocyte), excitatory amino acid transporter
2/glial glutamate transporter 1 (EAAT2/GLT1, transports glutamate into the astrocyte),
glutamine synthetase (GS, converts glutamate to glutamine), and glial fibrillary acidic protein

(GFAP, microtubule associated protein important for structural integrity).
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Figure 2. Experimental design for the two experiments performed.

(A) Experiment 1 timeline: mice were exposed to chronic restraint stress (CRS) for either 0
(control, a.k.a. ctrl), 7, 14, 21, 28, or 35 days. Behavioural testing (coat state, sucrose
consumption, phenotyper) was conducted on the last week of experimentation. Solid line
indicates weeks where mice undergoing CRS, while dotted lines indicate weeks with no CRS.
Western blot analysis on dissected PFC homogenate collected at sacrifice.

(B) Experiment 2 timeline: mice were exposed to chronic restraint stress (CRS) for either 0 (ctrl),
7, 21, or 35 days. Behavioural testing (coat state, sucrose consumption and phenotyper test) was
conducted at each week of experimentation. Solid line indicates weeks where mice undergoing
CRS, while dotted lines indicate weeks with no CRS. Sholl analysis was performed after

perfusion.
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Figure 3. Confocal imaging and Sholl analysis methods for individual astrocytes.

(A-E) Tissue were immunostained for GFAP (glial fibrillary acidic protein) and cells imaged
over a span of 20um (images taken every 5um, spanning Z0 equally, see Methods). (F-H) Image
was z-stacked, thresholded, area calculated, and Sholl analysis was performed. (1-K) Tissue was
immunostained for GFP (glial fibrillary acidic protein) and cells were imaged over a span of
20pum (images taken every 10um, spanning Z0 equally, see Methods). (L-N) Image was z-
stacked, thresholded, area calculated, and Sholl analysis was performed. (O) Image of a GFAP+
cell with images taken every 1um, to illustrate the necessity of using a z-step of 5um for
analysis. (P) Image of GFP+ cell with images taken every 1um, to illustrate the necessity of

using a z-step of 10um for analysis. Scale bar = 10um.
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AAV-GFP
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AAV-Cre
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Figure 4. Plasmid constructs employed for in-vitro (HEK293 and primary astrocyte culture)

validation.

(A) Custom designed adeno-associated virus 2 allowing for conditional expression of the
modified human M3 muscarinic receptor-enhanced green fluorescent protein (AAV2-hM3Dg-
eGFP) plasmid. The inverted hM3Dq sequence and eGFP are linked via a T2A sequence coding
for the T2A self-cleaving peptide, and all are flanked by a pair of loxP and lox2722 sites. f1 ori =
origin of replication from an f1 phage. AmpR = ampicillin resistance gene. ITR = inverted
terminal repeat sequences. WPRE = woodchuck hepatitis virus posttranscriptional regulatory
element, used to increase expression of genes. SV40pA = SV40 polyadenylation signal. CMV
promoter = cytomegalovirus promoter. (B) AAV-GFP plasmid: CMV promoter followed by a
GFP sequence, flanked by two ITR sequences. (C) AAV-Cre plasmid: CMV promoter followed
by the sequence coding for the Cre protein, flanked by two ITR sequences. (D) AAV-mCherry
plasmid: CMV promoter followed by a monomeric red fluorescent protein (mCherry) sequence,
flanked by two ITR sequences.
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Figure 5. Effects of chronic restraint stress (CRS) on coat state quality and sucrose preference
(Experiment 1).

(A) A schematic of the experimental paradigm over 35 days. Empty squares indicate weeks with
no CRS, filled squares indicate weeks when animals were subjected CRS, with behaviour
assessed on last week of experimentation (black arrow). Groups: Ctrl (control; black), CRS7
(red), CRS14 (orange), CRS21 (green), CRS28 (blue), and CRS35 (purple). Coat state was
assessed on 7 areas of the animal’s body attributing a score of 0, 0.5, or 1 (n=16/group). CRS-
exposure exhibited higher scores demonstrating poor coat state, compared to controls. Coat state
deterioration was increased over the CRS exposure. (A’) Sex differences in coat state quality.
Males (light blue) overall showed greater coat state deterioration than females (pink). (B)
Sucrose preference was decreased from 21 days of CRS onwards, compared to controls.
*p<0.05, **p<0.01, ***p<0.001. Error bars + SEM.
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Figure 6. CRS induces greater residual avoidance (Experiment 1).

(A) Chronic restraint stress (CRS) resulted in increased time spent in the shelter zone for the 4

hours following the light challenge (indicated by lightbulb), as compared to controls

(n=16/group). (B) Residual avoidance was increased from 7 days of CRS onwards, when

compared to controls. (B’) Sex differences in residual avoidance. Males (light blue) overall

showed greater residual avoidance than females (pink). Groups: Ctrl (control; black), CRS7
(red), CRS14 (orange), CRS21 (green), CRS28 (blue), and CRS35 (purple). *p<0.05, **p<0.01,
***p<0.001. Error bars + SEM.
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Figure 7. CRS results in decreased GFAP protein expression levels, which correlated with

sucrose preference.

(A) Nitrocellulose membrane labelled for glial fibrillary acidic protein (GFAP at 50 kDa), and
picture of the gel showing total protein (below). (B) Chronic restraint stress (CRS) reduces
GFAP protein expression levels from 7 days of stress onwards, compared to controls. Groups
(n=16/group): Ctrl (control; black), CRS7 (red), CRS14 (orange), CRS21 (green), CRS28 (blue),
and CRS35 (purple). (B’) Sex differences in GFAP protein levels. Females (pink) overall
showed greater reduction in GFAP expression levels than males (light blue). (C) GFAP protein
expression levels negatively correlated with residual avoidance only in the males (light blue). (D)
GFAP protein expression levels positively correlated with sucrose preference overall (black), and
in males (light blue), but not in females (pink). *p<0.05. Error bars = SEM.
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Figure 8. CRS results in decreased GS protein expression levels, which correlated with

residual avoidance and sucrose preference.

(A) Chronic restraint stress (CRS) reduces glutamine synthetase (GS) protein expression levels at

28 days of stress and a trend towards a decrease at 35 days of CRS, compared to controls.
Groups (n=16/group): Ctrl (control; black), CRS7 (red), CRS14 (orange), CRS21 (green),
CRS28 (blue), and CRS35 (purple). (B) GS protein expression levels negatively correlated with

residual avoidance overall (black), and in males (light blue) but not in female (pink). (C) GS

protein expression levels positively correlated with sucrose preference overall, in males (light
blue) but not in females (pink). *p<0.05. Error bars + SEM.
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Figure 9. CRS induces a trend towards reduced GLT1 protein expression levels, which

correlated with residual avoidance and sucrose preference.

(A) Chronic restraint stress (CRS) animals displayed a trend towards reduced glutamate
transporter 1 (GLT1) protein expression levels at 35 days of CRS, compared to controls. Groups
(n=16/group): Ctrl (control; black), CRS7 (red), CRS14 (orange), CRS21 (green), CRS28 (blue),
and CRS35 (purple). (B) GLT1 protein expression levels negatively correlated with residual
avoidance overall (black), in males (light blue) but not in females (pink). (C) GLT1 protein
expression levels positively correlated with sucrose preference overall, and in both sexes. Error
bars = SEM.
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Figure 10. CRS results in decreased Synl protein expression levels, which correlated with

residual avoidance and sucrose preference.

(A) Chronic restraint stress (CRS) reduces synapsin 1 (Synl) protein expression levels after 35
days of CRS, compared to controls. Groups (n=16/group): Ctrl (control; black), CRS7 (red),
CRS14 (orange), CRS21 (green), CRS28 (blue), and CRS35 (purple). (A’) Sex differences in
Synl protein levels. Males (light blue) overall showed greater reduction in Synl expression
levels than females (pink) on CRS28 and CRS35. (B) Synl protein expression levels negatively
correlated with residual avoidance overall (black), and in males (light blue) but not in females
(pink). (C) Synl protein expression levels positively correlated with sucrose preference overall,
and in males (light blue) and not in females (pink). *p<0.05, **p<0.01. Error bars + SEM.
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Figure 11. CRS results in decreased vGLUTL1 protein expression levels.

(A) Chronic restraint stress (CRS) reduces vesicular glutamate transporter (vVGLUT1) protein
expression levels from 7 days of CRS onwards, compared to controls. Groups (n=16/group): Ctrl
(control; black), CRS7 (red), CRS14 (orange), CRS21 (green), CRS28 (blue), and CRS35
(purple). (B) vGLUTL1 protein expression did not correlate with residual avoidance overall
(black) or in either sexes (light blue and pink). (C) vGLUTL1 protein expression did not correlate
with sucrose preference overall (black) or in either sexes (light blue and pink). *p<0.05,
**p<0.01. Error bars £ SEM.
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Figure 12. CRS results in decreased PSD95 protein expression levels.

(A) Chronic restraint stress (CRS) reduces post-synaptic density 95 (PSD95) protein expression
levels from 21 days of CRS onwards, compared to controls. Groups (n=16/group): Ctrl (control,
black), CRS7 (red), CRS14 (orange), CRS21 (green), CRS28 (blue), and CRS35 (purple). (B)
PSD95 protein expression did not correlate with residual avoidance. (C) PSD95 protein
expression levels positively correlated with sucrose preference only in the males (light blue).
**p<0.01. Error bars £ SEM.
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Figure 13. Marker vs. marker correlations of synaptic and astroglial proteins.
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(A-B) The three astrocytic markers (glutamate transporter 1 [GLT1], glutamine synthetase [GS],

and glial fibrillary acidic protein [GFAP]) strongly correlated with each other. (C) The only

synaptic protein that correlated with two astrocytic markers (GS and GFAP) and synapsin 1

(Syn1) was post-synaptic density 95 (PSD95). %Ctrl = percent control.
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Figure 14. Effects of CRS on coat state quality and sucrose preference in GFAP-GFP mice

(Experiment 2).

Filled circles indicate the mice went through chronic restraint stress (CRS) before that testing
time point, empty circles indicate mice did not go through CRS before that testing time point.
Solid lines indicate CRS occurring for those 7 days, dotted lines indicate no CRS occurring. (A)
A schematic of the experimental paradigm over 35 days. Empty squares indicate no CRS, filled
squares indicate animal went through CRS that week, with behaviour assessed every week (black
arrows). Groups (n=8/group): Ctrl (control; black), CRS7 (red), CRS21 (green), and CRS35
(purple). CRS-exposure exhibited greater coat state deterioration after 2 weeks of CRS (CRS35
from day 14, CRS21 from day 28). Coat state deterioration was greater as the length of CRS
exposure increased. (B) Sucrose preference was only decreased for the CRS35 group after 35
days of CRS. *p<0.05, **p<0.01, ***p<0.001. Error bars + SEM.
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Figure 15. CRS induces greater residual avoidance in GFAP-GFP mice (Experiment 2).

(A) Chronic restraint stress (CRS) resulted in increased time spent in the shelter zone for 3-4
hours following the light challenge (indicated by yellow strip), as compared to controls, from
Day 7 to Day 35. (B) CRS resulted in increased time spent in the shelter zone for 3-4 hours
following the light challenge (indicated by yellow strip), as compared to controls, from Day 21
to Day 35. No difference between controls and CRS21 group when no CRS was applied (Day 7
and 14). (C) CRS resulted in increased time spent in the shelter zone for 6 hours following the
light challenge (indicated by yellow strip), as compared to controls, on Day 35. No difference
between controls and CRS7 group when no CRS was applied (Day 7 to 25). (D) Filled circles
indicate the mice went through chronic restraint stress (CRS) before that testing time point,
empty circles indicate mice did not go through CRS before that testing time point. Solid lines
indicate CRS occurring for those 7 days, dotted lines indicate no CRS occurring. CRS-exposure
exhibited greater residual avoidance overall. CRS35 mice showed increased residual avoidance
after 7, 28, and 35 days of CRS. CRS21 mice displayed increased residual avoidance after 14
and 21 days of CRS. CRS7 mice displayed increased residual avoidance after 7 days of
CRS*p<0.05. Error bars £ SEM.
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Figure 16. GFAP-GFP mice displayed GFP+ immunofluorescence overlap with GFAP+ cells.

Images of wild type mouse prefrontal cortex (PFC) immunolabelled for either neuronal nuclei
(NeuN) and green fluorescent protein (GFP) (A-D), ionized calcium binding adaptor molecule 1
(Ibal) and GFP (E-H), or glial fibrillary acidic protein (GFAP) and GFP (I-L). There were no
GFP+ cells overlapping with NeuN+ (C-D) or Ibal+ cells (G-H). However, half of GFAP+ cells
overlapped with GFP+ cells, and half of GFP+ cells overlapped with GFAP+ cells (K-L).
Arrows: (D) Filled arrows pointing at GFP+ cells, empty arrows indicating NeuN+ cells; (H)
Filled arrows pointing at GFP+ cells, empty arrows indicating Ibal+ cells; (L) Filled white
arrows indicating GFAP+/GFP+ overlapping cells, empty yellow arrows indicating only GFAP+
cells (GFAP+/GFP-), empty pink arrows indicating only GFP+ cells (GFAP-/GFP+). (A-C, E-G,
I-K) Scale bar = 100um. (D, H, L) Scale bar = 50um.
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Figure 17. CRS results in reduced GFP+ cells Total Intersections/AREA.

Groups: Ctrl (control; black), CRS7 (red), CRS21 (green), and CRS35 (purple). CRS = chronic
restraint stress. AREA: Increased AREA seen in glial fibrillary acidic protein (GFAP+) cells of
CRS21 group compared to controls (A), while no difference was seen between groups in green
fluorescent protein (GFP+) cells (B). Total Intersections: No differences seen between controls
and CRS groups in either GFAP+ cells (C) or GFP+ cells (D). Total Intersections/AREA: CRS
exposure decreased GFAP+ total intersections per AREA in the CRS21 group (E), while all 3
groups exposed to CRS showed decreased total intersections per AREA of GFP+ cells (F),
compared to controls. In general, GFAP+ cells had less AREA and total intersections (A, C, E)

compared to GFP+ cells (B, D, F). *p<0.05. Error bars £ SEM.
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Figure 18. Sholl analysis reveals CRS-induced decreased in distal number of intersections per
radius step while increasing proximal number of intersections, both more pronounced in
GFP+ cells.

Groups: Ctrl (control; black), CRS7 (red), CRS21 (green), and CRS35 (purple). CRS = chronic
restraint stress. R = radius step from soma. CRS induces decreases in distal intersections (R8-
R10) while increasing proximal intersections (R2-R5), compared to controls, in both glial
fibrillary acidic protein (GFAP+) cells (A) and green fluorescent protein (GFP+) cells (B).

(A) Compared to GFAP+ cells in controls: CRS7 animals showed increased intersections at R2;
CRS21 showed decreased intersections at R10; CRS35 showed increased intersections
proximally (R2, R4-5) and decreased distal intersections (R9-10). (B) Compared to GFP+ cells
in controls: CRS7 showed decreased distal intersections (R8-10); CRS21 showed decreased
distal intersections (R8-10) and increased intersections at R3; CRS35 showed increased proximal
intersections (R2-5) and decreased distal intersections (R8-10). *p<0.05, **p<0.01, ***p<0.001.
Error bars = SEM.
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Figure 19. Co-transfection efficiency in HEK293 cells.

Images of HEK293 cell culture co-transfected with AAV-GFP (green) and AAV-mCherry (red)
plasmids. Cells stained with 4',6-diamidino-2-phenylindole (DAPI, blue) (A), green fluorescent
protein (GFP) (B), and mCherry (C). (D) DAPI+, GFP+, and mCherry+ images merged. Solid
arrows indicate HEK293 cells expressing both GFP+ and mCherry+ immunofluorescence
(DAPI+/GFP+/mCherry+) (A-D). Empty arrows indicate HEK293 cells stained with DAPI+ but
did not express GFP or mCherry (DAPI+/GFP-/mCherry-) (A-D). Scale bar = 50um.
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Figure 20. HEK293 cells co-transfected with hM3Dg-GFP and Cre plasmids showed elevated
levels of cFos when CNO or C21 is applied.

Images of HEK293 cell culture co-transfected with AAV-GFP, hM3Dqg-GFP, or hM3Dg-GFP
and Cre plasmids. Cells stained with 4',6-diamidino-2-phenylindole (DAPI) (blue, column 1),
green fluorescent protein (GFP, green) (column 2), and cFos (column 3, red). Column 4:
DAPI+, GFP+, and cFos+ images merged. Cells transfected with only the AAV-GFP plasmid
expressed GFP but showed no increase in cFos+ labelling, regardless of ligand applied (A-C).
Cells transfected with only the hM3Dg-GFP plasmid did not express GFP and showed elevation
in cFos+ labelling, regardless of ligand applied (D-F). Cells transfected with both hM3Dqg-GFP
and AAV-Cre plasmid expressed GFP and showed elevated cFos+ labelling when CNO or C21
is applied (H-1), but not with vehicle exposure (G). (I’-I’*”) Magnified area of boxed area
(dotted square) in I. Solid arrows indicate HEK293 (DAPI+) cells expressing GFP also showing
elevated levels of cFos labelling. Empty arrows indicate HEK293 (DAPI+) cells not expressing
GFP showing low level of cFos labelling. Ligands: vehicle (VEH), clozapine-N-oxide (CNO), or
DREADDs agonist 21 (C21). Scale bar = 50um.
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Figure 21. HEK293 cells co-transfected with hM3Dq and Cre plasmids display elevated levels
of calcium mobilization after CNO or C21 exposure.

(A) Averaged traces of calcium mobilization assay. Cells co-transfected with hM3Dq and Cre
plasmids show greater calcium mobilization immediately after CNO or C21 exposure (Time 0),
compared to hM3Dqg+Cre [VEH] or hM3Dq only [CNO]. hM3Dg+Cre plasmids and exposed to
VEH show slight elevated levels of calcium mobilization 40 seconds after exposure, compared to
hM3Dq only [CNQ]. (B) Area under the curve (AUC) calculation post-ligand exposure. Cells
co-transfected with hM3Dq and Cre plasmids showed greater AUC after exposure to CNO or
C21, compared to cells co-transfected with hM3Dqg and Cre but exposed to VEH or cells
transfected with only the hM3Dq plasmid and exposed to CNO. Ligands: vehicle (VEH),
clozapine-N-oxide (CNO), or DREADDs agonist 21 (C21). ***p<0.001. Error bars £ SEM.
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Figure 22. Primary astrocyte cultures from wild-type mice co-transfected with hM3Dg-GFP

and Cre plasmids showed elevated levels of cFos when CNO or C21 is applied.

Images of primary astrocyte cultures (PAC) from glial fibrillary acidic protein (GFAP)-Cre+
mice (transfected with AAV-GFP plasmid only) or wild-type littermates (co-transfected with
hM3Dg-GFP+Cre plasmids) stained with 4',6-diamidino-2-phenylindole (DAPI, blue) (column
1), green fluorescent protein (GFP, green) (column 2), and cFos (column 3, red). Column 4:
DAPI+, GFP+, and cFos+ images merged. PAC from GFAP-Cre+ mice transfected with only the
AAV-GFP plasmid expressed GFP but show no elevation cFos labelling (A). PAC from wild-
type littermates co-transfected with hM3Dg-GFP and AAV-Cre plasmid expressed GFP and
showed elevation cFos labelling when CNO or C21 is applied (C-D), but not with vehicle
exposure (B). Solid arrows indicate PAC (DAPI+) cells expressing GFP and showing elevated
cFos (C-D). Empty arrows indicate PAC (DAPI+) cells not expressing GFP showing low levels
of cFos labelling (B). Ligands: vehicle (VEH), clozapine-N-oxide (CNO), or DREADDs agonist
21 (C21). Scale bar = 50um.
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Figure 23. Primary astrocyte cultures from GFAP-Cre mice, not wild type littermates,
transfected with the hM3Dg-GFP plasmid showed elevated levels of cFos when CNO or C21 is
applied.

Images of primary astrocyte cultures (PAC) from glial fibrillary acidic protein (GFAP)-Cre+
mice or wild-type littermates, transfected with hM3Dqg-GFP plasmids, stained with 4',6-
diamidino-2-phenylindole (DAPI, blue) (column 1), green fluorescent protein (GFP, green)
(column 2), and cFos (red) (column 3). Column 4: DAPI+, GFP+, and cFos+ images merged.
PAC from wild type mice transfected with hM3Dqg-GFP did not express GFP and showed no
elevation of cFos labelling, regardless of ligand applied (A-C). PAC from GFAP-Cre+ mice
transfected with hM3Dqg-GFP expressed GFP and showed elevated cFos labelling when CNO or
C21 is applied (E-F), but not with vehicle exposure (D). Solid arrows indicate PAC (DAPI+)
cells expressing GFP and elevated levels of cFos (E-F). Empty arrows indicate PAC (DAPI+)
cells not expressing GFP showing low level of cFos labelling (A-D, F). Ligands: vehicle (VEH),
clozapine-N-oxide (CNO), or DREADDs agonist 21 (C21). Scale bar = 50um.
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Figure 24. Primary astrocyte cultures from GFAP-Cre+ mice transfected with the hM3Dq
plasmid display elevated levels of phosphorylated Akt after CNO or C21 exposure.

Primary astrocyte cultures (PAC) from glial fibrillary acidic protein (GFAP)-Cre+ mice
transfected with the hM3Dq plasmid and exposed to CNO or C21 show increased levels of
phosphorylated/total (p/t) Akt compared to GFAP-Cre+ cells transfected with hM3Dq plasmid
exposed to vehicle. No difference was observed in p/t Akt levels between PAC from GFAP-Cre+
mice transfected with the AAV-GFP (green fluorescent protein) plasmid exposed to either VEH,
CNO, or C21. Similarly, there were no differences in p/t Akt levels between PAC from wild type
(WT) littermates transfected with the hM3Dq plasmid exposed to either VEH, CNO, or C21.
Ligands: vehicle (VEH), clozapine-N-oxide (CNO), or DREADDs agonist 21 (C21). *p<0.05,
**p<0.01. Error bars £ SEM.
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Appendices

A BT GLT1 PSD95
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Appendix 1. Marker x marker correlations between all six proteins, and correlations split by

Sex.

Markers: glutamine synthetase (GS), glial fibrillary acidic protein (GFAP), glutamate transporter
1 (GLT1), synapsin 1 (Synl), vesicular glutamate transporter (vGLUTL), postsynaptic density
protein 95 (PSD95).

(A) Pooled results (both sexes) of marker x marker correlations. GS, GFAP, and GLT1 strongly
correlated with each other. PSD95 correlated with GS, GFAP, and Syn1.

(B) Marker x marker correlations, split by sex (males only). GS, GFAP, and GLT1 strongly
correlated with each other. GFAP also correlated with all 3 synaptic proteins (Synl, vGLUT1,
PSD95). Synl correlated with GS and PSD95.

(C) Marker x marker correlations, split by sex (females only). GS, GFAP, and GLT1 strongly
correlated with each other. vGLUT1 correlated with GFAP and Synl, while PSD95 correlated
with GS and GLT1.
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Appendix 2. GFAP-GFP wild type littermates displayed no GFP+ immunofluorescence.

Images of wild type mouse prefrontal cortex (PFC) immunolabelled with either neuronal nuclei
(NeuN, blue) and green fluorescent protein (GFP, green) (A-C), ionized calcium binding adaptor
molecule 1 (Ibal, blue) and GFP (D-F), or glial fibrillary acidic protein (GFAP, blue) and GFP

(G-1). There were no GFP+ cells (B, E, H) in wild type littermates of GFAP-GFP mice. Scale
bar = 100um.
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Appendix 3. Primary astrocyte culture purity verification.

Example of images of primary astrocyte cultures from GFAP-Cre+ mice or wild type littermates,
immunolabelled for glial fibrillary acidic protein (GFAP) (A), neuronal nuclei (NeuN) (B), or
ionized calcium binding adaptor molecule 1 (lbal) (C). Only GFAP+ staining showed

immunofluorescence (A). No NeuN and Ibal+ cells were found (B-C). Scale bar = 50um.



