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Abstract

Major depressive disorder (MDD) is a complex mental disease with a high medical, social, and
economic burden. Despite this harm, still little is known about the pathophysiology of MDD, while
available pharmacotherapy is only partially effective. Therefore, understanding depression by
investigating the neurobiology of the disease is an essential step to help patients.

Numerous studies have discovered alterations in functional, morphological, cellular, and
transcriptional properties of brain circuits controlling mood. Common findings reveal abnormal
activity, changes in cellular composition, and molecular profile in the prefrontal cortex, a brain
center of stress response. Nevertheless, investigation of the underlying pathology at cellular
resolution has been hampered by the lack of tools enabling studies at required cellular and
molecular specificity. Previous studies demonstrated that astrocytes mediate transcriptional effects
of main stress hormones, glucocorticoids, on the brain. We, therefore, hypothesized that
astrocytes’ dysfunctions mediate biological symptoms of depression and that it would be possible
to identify disease relevant cell-type-specific transcriptional changes.

In this project, we conducted a systematic approach to investigate changes in astrocytes’
transcriptome in human depression and a rodent model of chronic stress. We established methods
for efficient and specific RNA isolation from astrocytes and subsequently applied them to test our
research hypothesis. Out of several available methods, we selected a strategy based on fluorescent-
based cell sorting of human nuclei labelled with cell type-specific antibodies. When our project
started, such methods were available only for two brain cell types: neurons and oligodendrocytes.
Thus, we provide the first positive selection approach for isolating astrocytic nuclei from frozen
human postmortem brain samples. Furthermore, we adopted standard strategies for isolation of
astrocytes from adult mouse brain, and we optimized those techniques to be now applied for small
tissue volume, like prefrontal cortex or hypothalamus.

Next, we employed these novel methods for gene expression studies of astrocytes’ nuclei from
frozen tissue samples from healthy controls and depressed suicides and in astrocytes isolated from
the adult mice brain samples collected from animals exposed to chronic stress. As a result, we
report novel genes linking astrocyte-specific molecular processes with altered neurobiological
functions in depression.

In summary, we developed protocols to facilitate gene expression profiling of astrocytes in humans
and mice. Our findings suggest that changes in astrocytes’ molecular profile may underlie the
neurotransmitter imbalance in depression. This study points to astrocyte-specific pathways as
potential therapeutic targets for reversing psychiatric phenotypes.



Zusammenfassung

Die Depression (Major depressive disorder, MDD) ist eine komplexe psychische Erkrankung, die
eine schwere medizinische, soziale und wirtschaftliche Belastung fur die Gesellschaft darstellt.
Trotz dieses Schadens ist wenig Uber die Pathophysiologie der Depression bekannt, wahrend die
vorhandenen Pharmakotherapien nur bedingt wirksam sind. Deshalb ist es unerl&sslich, ein
besseres Verstandnis tber die Neurobiologie der Depressionserkrankung zu erlangen, um den
Patienten Hilfe leisten zu kénnen.

Zahlreiche Studien entdeckten Veradnderungen der funktionalen, morphologischen, zellularen und
transkriptionalen Eigenschaften der Gehirnschaltkreise, die die Stimmung kontrollieren. Haufige
Erkenntnisse umfassen abweichende Aktivitaten, Veranderungen in der Zellkomposition und des
molekularen Profils des prafrontalen Cortexes, welcher ein Hirnzentrum fir Stressantwort ist.
Dennoch sind Untersuchungen der zugrunde liegenden Pathologie in zellularer Auflésung durch
das Fehlen von Werkzeugen erschwert, um Studien mit der daflr notwendigen zellularen und
molekularen Spezifitat durchzufthren. Vorangegangene Studien zeigten, dass Astrozyten
transkriptionale Effekte von Hauptstresshormonen, den Glucocorticoiden, auf das Gehirn
herbeifihren. Demzufolge stellen wir die Hypothese auf, dass Fehlfunktionen von Astrozyten
biologische Symptome der Depression hervorrufen und somit fiir die Erkrankung relevante
Zelltyp-spezifische transkriptionale Veranderungen identifiziert werden kénnen.

In diesem Projekt untersuchten wir mit einer systematischen Herangehensweise Veranderungen
im Transkriptom von Astrozyten bei Depressionspatienten, sowie in einem Nagetiermodell von
chronischem Stress. Wir etablierten Methoden fur die effiziente und spezifische RNA-Isolation
von Astrozyten und nutzten diese anschlieRend fiir die Uberpriifung unserer Hypothese. Aus den
verschiedenen vorhandenen Methoden wéhlten wir eine Strategie aus, die auf Fluoreszenz-
aktivierte Zellsortierung von humanen Zellkernen basiert, indem sie mit Hilfe von Zelltyp-
spezifischen Antikdrpern angefarbt werden. Bei Beginn unseres Projekts waren solche Methoden
nur fur zwei Gehirnzelltypen verfligbar: fir Neuronen und Oligodendrozyten. Demnach bieten wir
die erste positive Selektionsmethode fiir die Isolation von astrozytischen Zellkernen aus
eingefrorenen menschlichen Gehirnproben. Zudem wendeten wir standardgemé&fe Strategien fur
die Isolation von Astrozyten aus dem adulten M&usegehirn an. Diese Techniken optimierten wir
fur die Anwendung an kleineren Gewebevolumen, wie dem préfrontalen Cortex oder dem
Hypothalamus.

Danach verwendeten wir diese neuen Methoden fur die Genexpressionsanalyse von Astrozyten-
Zellkernen aus eingefrorenen Gewebeproben von gesundem Kontrollgewebe, Gewebe von
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Suizidopfern in Folge einer Depression, sowie Astrozyten aus adulten Mé&usen, die chronischem
Stress ausgesetzt waren. Wir identifizierten neue Gene, die Astrozyten-spezifische molekulare
Prozesse mit verénderten neurobiologischen Funktionen bei der Depression in Verbindung
bringen.

Zusammenfassend entwickelten wir jeweils ein Verfahren, welches die Erstellung von
Genexpressionsprofilen von Astrozyten im Menschen und in der Maus vereinfacht. Unsere
Ergebnisse deuten darauf hin, dass Veranderungen im molekularen Profil von Astrozyten dem
Ungleichgewicht der Neurotransmitter bei der Depression zugrunde liegen. Deshalb sind
Folgestudien notwendig, um zu untersuchen, inwieweit sich Astrozyten-spezifische Signalwege
als potenzielle Angriffspunkte fir die therapeutische Behandlung eignen, um das psychiatrische
Erscheinungsbild riickgangig zu machen.
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Introduction

1. INTRODUCTION

1.1. Major Depressive Disorder

MDD is among the most prevalent forms of psychiatric illnesses. Data collected by Global Burden
of Disease Study Group showed depression as the third leading cause of illness-induced disability
worldwide!. Diagnosis and classification of depression stand on clinically significant symptoms,
largely composed of behavioral and physical impairments. MDD is characterized by the lack of
interest and enjoyment in ordinary situations, decreased motivation, and a series of associated
emotional, cognitive, physical, and behavioral symptoms?. Depression is a complex,
heterogeneous, and most of the time (>75%), chronic mental disease. When it is long-lasting,
depression can lead to suicide and increase the attempt to do it, which makes it a life-threatening
disease”.

Therapeutic approaches to MDD such as tricyclic antidepressants (TCAS) and selective serotonin
reuptake inhibitors (SSRIs) are based primarily on the monoaminergic system®. However, the
efficiency of antidepressants is highly variable, and one-third of patients do not respond properly
to standard treatment®. The use of antidepressants does not depend solely on efficacy but largely
on a favorable profile of adverse effects and tolerability’. Hence, patients often experience a trial-
and-error-based drug adjustment. To overcome this challenge, it is crucial to better understand
depression by exploring its neurobiological mechanisms and finding biomarkers (i.e., combining
neuroimaging and -omics tools). Increasing our knowledge would result in developing advanced
strategies of diagnosis, patients’ stratification, and optimal treatment.

In this chapter, | briefly summarize the biological knowledge of the disease at multiple levels.
First, | describe the current diagnosis and classification approaches and major risk factors to
develop depression. Next, I will discuss the main behavioral symptoms, respective altered
biological systems, and available therapeutic strategies. Finally, 1 will present the translational
approach to psychiatric diseases established by National Institutes of Mental Health (NIMH) and
emphasize the three core neurobiological units altered in depression; circuits, genes, and cells (i.e.,
astrocytes), which constitute the basis of my doctoral project.

1.1.1. Current Diagnosis and Classification Approaches

Clinical diagnosis for MDD, defined by The Diagnostic and Statistical Manual Disorders (DSM-
V), is a qualitative assessment based on a repetitive presence of several behavioral symptoms in a
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time window of two weeks®. These symptoms include increased irritability, decreased interest or
pleasure, significant weight change (5%), changes in appetite, sleep, and activity, fatigue or energy
loss, feeling of guilt and worthlessness, and suicidal thoughts®. A widely used manual for the
classification of MDD is the Hamilton Rating Scale for Depression (HAM-D), which is
quantitative and primarily indicates the severity of the symptoms defined by DSM-V°. An
alternative and well-accepted approach is the International Classification of Diseases (ICD-10) -
Classification of Mental and Behavioral Disorders®®. This protocol provides descriptions of MDD
and specific behavioral diagnostic criteria to define depressive episodes and discriminate from
other mental illnesses. Taken together, all these protocols are largely based on behavioral
observations and self-reports.

Attempts were made to sub-divide depression into clusters as depressed mood, anhedonic
depression, cognitive depression, and somatic depression for a better classification. However,
classifying MDD solely based on behavioral characteristics was weakly associated with the
etiology and the treatment response!!. Despite the current use of these manuals in clinics, the focus
on behavioral observations and self-reports does not always allow a scientific approach for
building biological models. In light of these drawbacks, the focus on MDD research has shifted
toward the neurobiology of disease. With that respect, a significant amount of work has been
dedicated to resolving disease origin and its physiological symptoms. These studies led to the
agreement that both environmental and genetic risk factors contribute to depressive phenotypes.

1.1.2. Environmental and Genetic Risk Factors

1.1.2.1.Environmental Risk Factors

Environmental risk factors include demographic aspects (e.g., age, sex, and ethnicity), social and
physical environments (e.g., income inequality, inadequate housing, and migration), lifestyle (e.g.,
smoking, alcohol use, and diet), dysregulated circadian cycle (e.g., night shift work), early life
trauma and chronic exposure to stress’. The latter is the most widely accepted risk factor in
depression etiology*2. Stress is a physiological response of the organism to unpredictable and
uncontrollable environmental challenge®. Moreover, stress activates various neuronal circuits in
the brain and causes multiple changes in cellular and transcriptional levels with serving primarily
adaptive purposes'*. However, outstanding and/or chronic stress can impair neural architecture
(e.g., reduced dendritic tree morphology in the prefrontal cortex) and synaptic plasticity. These
permanent changes are largely the consequence of enduring aberrations in glucocorticoids (GCs),
main hormones mediating long-term effects of stress, which were suggested to affect and
excitatory and inhibitory neurotransmition*. Such changes were proposed to be the basis of mood
alterations observed in depression!?14,
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1.1.2.2.Gene x Environment Studies

The susceptibility to develop depression stems from genetic and environmental risk factors
affecting different biological functions, e.g., endocrine and monoaminergic systems®>*’. The
genetic susceptibility to depression based on the heritability of the disease was estimated to be
around 30-40%8. Following gene x environment (G x E) studies pointed out multiple single
nucleotide polymorphisms (SNPs) linked to human phenotypes®®. For example, polymorphisms in
the gene encoding serotonin transporter (SLC6A4)?° were suggested to contribute to G x E
interactions. Individuals with short promoter variant showed higher susceptibility to develop
depression after being exposed to early life stress events, i.e., to child abuse, compared to
individuals without this alleleit®2L,

Epidemiologic studies revealed that gene network controlled by GCs has predictive potential for
MDD development and treatment?>24, For example, polymorphisms in the gene encoding FK506-
binding protein 5 (FKBP5), a co-chaperone of the glucocorticoid receptors (GRs), were correlated
with altered stress response, suicide attempt, and depression®®2%, GRs are the essential components
of the hypothalamic-pituitary-adrenal (HPA) axis mediating the feedback mechanism known to be
impaired in depression (detailed explanation in section 1.1.3.1)?". Under the inactive state, GR
takes part of a multiprotein complex (consisting of heat-shock protein 90, FK506-binding protein
4 (FKBP4), and co-chaperone p23) and localizes in the cytoplasm. When the ligand
(glucocorticoid) binds, the FKBP5 is replaced by FKBP4, leading to GR translocation into the
nucleus and binding to glucocorticoid response elements in the promoter of glucocorticoid-
responsive genes and activates their transcription?. It was suggested that FKBP5 activity could
regulate the GR sensitivity?®, Upon FKBP5 binding to the multiprotein complex, the affinity of
ligand binding was demonstrated to be diminished. Aberrant FKBP5 expression was one of the
suggested mechanisms of ‘glucocorticoid resistance’, a typical biological symptom in depression
(see below).

1.1.2.3.Epigenetics

Except for genetic predisposition, a number of post-translational modifications were suggested to
contribute to MDD?°. Two well-known epigenetic mechanisms operating in the core histones and
implicated in depression are acetylation and methylation?®.

DNA acetylation describes the addition of the acetyl group to lysine residues by histone
acetyltransferase. This process increases the open state of chromatin, which affects gene
expression. The removal of acetyl is regulated by histone deacetylases (HDACS) and reduces
transcription®®. Alterations in histone acetylation were observed in depressed patients’ postmortem
brain and blood samples, such as increased acetylation®! (in — acH3K14) and dysregulated HDAC

3
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expression (reduced HDAC?2, increased HDAC4%, and decreased Sirtuin 1 (SIRT1))3334. The latter
study suggested that changes in the SIRT1 levels correlate with remission. Consequently, SIRT1
could be a potential biomarker for MDD.

DNA methylation is the addition of methyl group to cytosine residues of CpG dinucleotides,
catalyzed by DNA methyltransferases®. This process mainly triggers a decline in gene expression.
Studies performed in blood and brain samples?®2° revealed alterations in the methylation of genes
belonging to distinct pathways (i.e., glucocorticoid and glutamatergic systems)?>®, One study
reported hypermethylation in the GR gene (NR3C1, reduced expression) in suicide patients with a
childhood abuse history®¢. This finding emphasized that environmental factors (e.g., early life
trauma) may lead to perturbed epigenetics regulations®. Another work showed hypomethylated
regions in glutamate receptor (GRIK2, increased expression) and brain-enriched guanylate kinase-
association protein (BEGAIN, decreased expression)® in suicide patients, in a particular cellular
compartment - glial cells. These changes were suggested to contribute to impaired synaptic
communication and/or synaptic plasticity because GRIK2 and BEGAIN are involved in excitatory
synapse regulation®’.

1.1.2.4.Genome-Wide Association Studies

The latest meta-analysis of genome-wide association studies (GWAS) based on 246,363 cases and
561,190 controls, published by the Psychiatric Genomics Consortium (PGC), 23andMe, and UK
Biobank collaboration, identified 102 independent-significant loci, 87 of which were confirmed in
an independent sample?®. The authors found risk genes (e.g., SORCS3, NEGR1, and TCF4) linked
to various systems such as excitatory synapse, modulation of synaptic transmission, and behavior.
Contradicting to the previous findings, in this study, serotonin-related genes, e.g., SLC6A4, were
not directly associated with depression. These data support the argument that a single model
system (i.e., alteration of serotonin system or any individual gene) is not enough to explain the
complex and polygenic phenotype of MDD,

Interestingly, overlapping the identified genetic variants across 13 brain regions (employing the
GTEx database) demonstrated a significant correlation between the frontal brain regions
(Brodmann area (BA) BA9 and BA24) and depression (Fig. 1.1)%. Furthermore, the risk genes
(e.g., MEF2C — involved in synaptic function and TCF4 — implicated in excitability of prefrontal
cortex neurons) analysis displayed a significant enrichment in the prefrontal cortex (PFC),
highlighting the functional importance and implying the PFC as the network hub in the altered
circuitry of depression.
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Figure 1.1. Association of Prefrontal Cortex and Depression. The brain regions (red) that were significantly

enriched for depression variants. B: Enrichment estimation, BA: Brodmann area. From Howard et al. (2019)%.

Additional efforts have been made to understand the complexity of the disease by assessing the
polygenic risk scores (PRSs)*®4°, which give an individual-level estimation of the genetic liability
to a trait*!. Halldorsdottir et al. (2019) investigated whether a depression PRS, calculated from a
GWAS conducted on adult subjects, can predict childhood depressive symptoms and the onset of
the diseases*’. Indeed, the authors reported that depression PRS might indicate depressive
phenotypes at youth and early ages; however other parameters as environmental factors (e.g.,
childhood abuse) need to be considered in the prediction system®.

Notably, genetic studies are beneficial for understanding depression and possibly for the
identification and characterization of patients. Still, the clinical applicability of such investigations
is premature. Further research involving well-controlled clinical studies is necessary to expand the
sample size, study power, and heterogeneity of the cohorts for obtaining larger effect sizes.

Collectively, environmental risk factors are highly connected to genetic factors’. Together these
factors can impair various systems, such as the endocrine system (i.e., HPA-axis), with a multitude
of consequences on cellular signaling and behavioral phenotypes.
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1.1.3. Biological Manifestations Associated with Depressive Symptoms

1.1.3.1.The Hypothalamic-Pituitary-Adrenal Axis

MDD symptoms, such as significant weight change, appetite change, and fatigue or energy loss,
were attributed to the imbalance in the endocrine system. A common finding in MDD is the
hyperactivity of the HPA-axis®, a network of endocrine interactions regulated by innervations and
hormones (Fig. 1.2)*. The end product of the HPA-axis activity is the release of glucocorticoids
(cortisol in humans and corticosterone in rodents), which can bind to their receptors
(mineralocorticoid receptors (MRs) and GRs) in several tissues and regulate physiological changes
as metabolic, cardiovascular, immune, and behavioral processes®’*4,

GRs frontal cortex

. ) Figure 1.2. The Hypothalamic-Pituitary-Adrenal Axis.
/ il i i N Triggered stress (i.e., initiated from the amygdala) response
: activates the HPA-axis and the release of hormones. The
hippoc\am_pus end product is the glucocorticoid, which can bind to the
i receptors (MRs and GRs) and affect peripheral and brain
e functions. The dashed lines illustrate the neural network
L involving the frontal cortex, hippocampus, and amygdala.
The black lines show the negative feedback loop.
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The regulation of this mechanism occurs via nongenomic and genomic effects. Nongenomic
effects have more rapid actions and are regulated by a plasma membrane-bound MR*®. Genomic
effects are mainly operated through transcriptional actions of GCs on GRs (black lines, Fig.
1.2)%%, GRs display low affinity to GCs, enabling a much higher dynamic range of response,
being fully occupied at the circadian peak of plasma concentrations and upon stress exposure. In
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addition, GRs mediate the negative feedback mechanism of the HPA-axis, primarily through
transcriptional regulation of target genes?’.

Diverse findings linked the HPA-axis hyperactivity and biological phenotypes in depression. For
instance, it was shown that hyperactivity could cause increased pituitary and adrenal volume and
high glucocorticoid levels in the saliva, cerebrospinal fluid (CSF), blood, urine, and brain®. One
possible explanation was that the diminished negative feedback mechanism of the HPA-axis
(through aberrant GR signaling) could lead to the hyperactivity of the system in patients with
depression?’.

Despite the arguments on the dysregulation of the HPA-axis and its potential use as a biomarker
(e.g., assessments of blood GR levels and dexamethasone suppression test), no direct clinical
applicability has been observed. One of the reasons might be that not all MDD patients present
similar levels of alterations on the HPA-axis functioning. An extensive meta-analysis concluded
that almost half of the MDD patients had similar cortisol levels before and after antidepressant
treatments despite noticed clinical improvements*®. This controversy might be due to; i. the
variations among depressed patients, ii. responsiveness to treatment, and iii. the methodological
discrepancy between the studies (e.g., samples collection time, since profound fluctuation of GCs
blood concentration were reported in MDD).

To increase the translation towards clinics, Menke et al. (2019)?® suggested combining
neuroendocrine results with molecular profiling. The authors claimed that this approach could
enhance the development of strategies for patients’ stratification and matching them with
appropriate treatments. Likewise, an independent study revealed the dexamethasone-stimulated
gene expression assessment as a possible biomarker for depression-related GR resistance by
testing glucocorticoid sensitivity and connecting to FKBP5 function®’.

1.1.3.2.Sleep

Sleep disturbances frequently associated with MDD include insomnia, hypersomnia, and restless
legs syndrome*®4°, Interestingly, sleep regulation in depressed patients was shown to vary from
healthy individuals in terms of expanded periods of wakefulness and lowered sleep efficiency (i.e.,
elevated sleep onset latency and decreased total sleep time)*. Disruption of sleep and circadian
rhythm was suggested either as a risk to develop depression or a core symptom of the disease
itself*. Two known biological processes regulating sleep mechanisms are the circadian and
homeostatic activities*®.

Circadian rhythms are 24-hour, physiological, and behavioral processes operated by the cellular
and molecular oscillatory activities, which are mainly controlled by the suprachiasmatic nucleus?.
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The homeostatic process is involved in driving the person into sleep, and its activity is relative to
the total of time elapsed since last sleep. Its function is to adapt the time passed until the next sleep
by regulating the depth and duration of the sleep*®. Hence, circadian clock and homeostatic
activities are working concomitantly to keep proper sleep activity, while their alterations can result
in sleep disruptions observed in depressed patients*®4°,

1.1.3.2.1. Sleep-Based Therapeutic Approaches

Wake-light therapy is supposed to counteract circadian rhythm and sleep disturbances in
depression with long lasting effects. Patients usually stay awake for a night and/or the following
day (max. 36 hours). A rapid effect is observed typically after the first wake therapy with a
significant decrease in depressive symptoms (40-60% remission)®. Likewise, combining light
therapies with conventional antidepressants was shown to enhance treatment efficiency®?.
Importantly, individual differences such as patient chronotype and lifestyle should be taken into
consideration for the most efficient outcome®!. Understanding the systemic mechanisms of wake-
light therapy may help to expand and increase the efficiency of available pharmacotherapies (e.g.,
SSRIs).

1.1.4. Monoaminergic Theory of Depression

By far, the most explored concept in the neurobiology of MDD is a dysfunction of monoaminergic
systems®. Serotonin (5-HT), dopamine (DA), and norepinephrine (NE) were postulated to mediate
many of MDD symptoms, and a large body of evidence supporting their critical role in MDD stems
from the fact that most current pharmacotherapies operate mainly through their receptors and
transporters®. These systems share several anatomical and physiological features, like the release
from small nuclei sending projections throughout the central nervous system (CNS) or their
neuromodulatory function.

1.1.4.1.Serotonin

The primary source of serotonergic neurons is in the dorsal raphe nucleus, which projects towards
almost all parts of the brain, maintaining multiple functions such as the regulation of energy
metabolism (i.e., affecting the mitochondrial function), immune system (i.e., through cytokines),
and emotional processes®.

Clinical studies pointed out perturbations in the serotonergic system, such as lowered
concentration of 5-hydroxyindole acetic acid (5-HIAA, the principle metabolite of serotonin) in
CSF2, reduced serotonergic neurons activity®, and increased monoamine oxidase A (MAO-A)
activity in the CNS of depressed patients®. In line with these findings, the efficacy of SSRIs was
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postulated to operate through the increase of synaptic 5-HT concentration, thus reversing a
reduction of serotonergic transmission®. However, contradictory clinical evidence demonstrated
enhanced serotonergic activity in depression, such as increased levels of 5-HIAA in jugular vein®2
and elevated levels of serotonin metabolites in the plasma’. One of the main reasons for the
controversy on serotonin level imbalance is the difficulty to measure serotonin transmission using
available techniques (e.g., positron emission tomography (PET)), which assess the extracellular
concentrations of serotonin by considering it as a 5-HIAA/5-HT ratio®2. Furthermore, solely the
changes in the concentration of serotonin may not be the leading cause of depressive states.
Another factor, as adaptive changes, for instance, in the receptor sensitivity or density, may play a
role®.

For example, Johnson et al. (2011) reported reduced levels of R1 (cell division cycle associated 7
like, CDCATL), an upstream transcriptional repressor of MAO-A, and increased levels and activity
of MAO-A in postmortem brain samples (PFC, BA8/9) from MDD subjects®®. Besides, the authors
showed that SRRI treatment did not affect both R1 and MAO-A expression levels in the PFC
samples. Hence, the proposed mechanism was that decreased levels of R1 could lead to increased
MAO-A expression levels and activity. In turn, this finding brings up the possibility of R1 as a
new target for pharmacological treatment®.

Consequently, although highly implicated in MDD, the exact mechanism(s) underlying
serotonergic system alterations observed in MDD patients is not fully understood.

1.1.4.2.Dopamine

Dopaminergic pathways arise from the substantia nigra and ventral tegmental area, from where
they project towards the hypothalamus, pituitary, frontal cortex, striatum, and cingulate cortex,
mediating the regulation of movement, reward pathway, and motivation®*>.

As a result of being connected in the reward circuitry (i.e., positive affect network, Fig. 1.5),
alterations in dopaminergic transmission in depression were associated with weakened motivation
and anhedonia®. Particularly, reduced dopamine transmission (measured through PET imaging of
DA transporter binding) was observed in a subgroup of MDD subjects with anhedonia®.
Furthermore, upon amphetamine administration, MDD patients exhibited an enhanced rewarding
phenotype, indicating the amphetamine induced dopamine transmission®’.

Evidence from studies conducted on the animal models suggested that alteration in dopaminergic
receptors (D2/Ds) expression and changes in DA binding sensitivity may contribute to the
mechanism of SSRIs action®®. Moreover, in an independent clinical study, administration of D2/D3
receptor antagonist to enhance dopaminergic transmission was suggested to improve striatal
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response to reward in depressed patients (measured by functional magnetic resonance imaging
(fFMRI))*. Although the latest finding points out contributions of the DA receptors for drug
response, further investigations need to be pursued to clarify the mechanism.

1.1.4.3.Norepinephrine

Noradrenergic neurons primarily project from the locus coeruleus towards multiple brain regions
(limbic and cortical regions, cerebellum, and spinal cord)** regulating the central
immunomodulatory processes, sleep, and emotional stress responses®.

Literature data showed lowered levels of NE in CSF, increased MAO-A activity in CNS?, and
alterations in adrenergic receptors, particularly in the PFC of depressed patients®-%2, However, the
specific mechanism of action is unknown and clinical studies refer to efficient pharmacological
treatments such as selective norepinephrine reuptake inhibitors (SNRIs), mainly based on observed
amelioration of symptoms.

It is worth noting that 5-HT, DA, and NE display mutual regulation (Fig. 1.3)%. This interaction
should be taken into account for better understanding of the disease and drug design.

1.1.4.4.Current Pharmacotherapies: Focus on Monoamines

First generation antidepressant drugs, monoamine oxidase inhibitors (phenelzine), and TCAs
(imipramine) were discovered by serendipity while investigating antipsychotic drugs®. One of the
suggested mechanisms is that TCAs inhibit the synaptic reuptake of monoamines, resulting in
mood elevation?. Observed common side effects are dry mouth, sweating, changes in weight,
tremor, and sexual problems®. The treatment mostly starts with a low dose (due to side effects),
followed by progressive dosage elevation. Since the severity of the side effects (sedation and
toxicity) is developing much faster than the therapeutic effect of the drugs, patients have
difficulties tolerating the treatment and most often drop?. Consequently, TCAs are not the first
choice to treat depression anymore.

Currently recommended first-line treatments are so-called second generation antidepressants such
as SSRIs (fluoxetine), serotonin-norepinephrine reuptake inhibitors (venlafaxine), noradrenergic
and specific serotonergic antidepressant (NaSSA) (mirtazapine), and norepinephrine-dopamine
reuptake inhibitors (NDRIs) (bupropion)®-%7. The significant side effects are nausea, headache,
dizziness, insomnia, and effects similar to TCAs but less severe at the first approach®®.

The slow action of SSRIs is a bottleneck of successful therapy of depression. It can adopt up to
eight weeks to see the effect of the treatments compared to their placebo controls®. The reasons for
the delay are not completely understood. It is believed that monoamines contribute to
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neurobiological adaptive changes occurring at pre-and post-synaptic levels. For example, animal
studies showed that repeated SSRI treatment could reduce the functional sensitivity of the receptor.
Thus, auto-receptor desensitization might explain the delayed outcome®®.

Figure 1.3. The Neurotransmitter
Systems: The Brain-Wide Basis of
Depression. The lines illustrate the
projections of each neurotransmitter
system.

Caud: Caudate, Put: Putamen, NAcc:
Nucleus accumbens, VP: Ventral
pallidum, VTA: Ventral tegmental
area, SN: Substantia nigra, Hipp:
Hippocampus, Amyg: Amygdala,
LC: Locus  coeruleus,  Glu:
Glutamate.

From Treadway et al. (2014)%3.
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Considering the delayed action and side effects of classical treatments, the discovery of fast and
sustained reversal of depressive symptoms by ketamine, a glutamatergic receptor antagonist,
suggested that glutamatergic system dysfunction may directly mediate depressive symptoms?.

1.1.5. Glutamatergic Theory of Depression

1.1.5.1.Glutamate

Glutamate acts through glutamate receptors (GIluRs), composed of two prominent families,
ionotropic GluRs (iGluRs) — ligand-gated ion channels and metabotropic GluRs (mGIuRs) — G
protein-coupled receptors®®. Glial cells (i.e., astrocytes) regulate the uptake of glutamate from the
extracellular space by presenting high-affinity excitatory amino-acid transporters (EAATS) and
convert to glutamine with the enzyme glutamine synthetase (GLUL)®%. Glutamine is further
transported back into the neurons, where it is hydrolyzed. Under normal circumstances, the
glutamatergic system mediates synaptic plasticity, learning, and memory®%®7°.

Glutamatergic system dysfunction was frequently reported in patients with MDD through
neuroimaging and transcriptomic findings (e.g., decreased expression levels of mGIuR2/3
receptors in the anterior cingulate cortex (ACC))’. In addition, altered ratio of glutamate to
glutamine (‘Glx’), measured by *H-magnetic resonance spectroscopy (*H-MRS), was reported in
the frontal cortex (primarily in ACC) and the occipital cortex (OCC). Furthermore, diminished
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Glx levels in the PFC were associated with disease severity and treatment response’. Interestingly,
researchers reported different results when solely glutamate was examined in MDD patients,
showing decreased levels or no changes in the ACC':. Thus, impairments in glutamine/glutamate
cycling operated through glial cells are considered crucial in the pathophysiology of depression’®.

Transcriptome studies of brain samples from MDD patients repetitively reported altered
expression of genes related to the glutamatergic transmission""2-"4, Moreover, decreased number
of dendritic spines, a postsynaptic site hosting the majority of excitatory synapses, were observed
in postmortem tissue of depressed patients, particularly in frontal cortical regions”. The causal
relationship was suggested by reports in rodent models, where the exposure to chronic stress or
prolonged exposure to corticosterone led to decreased number of spines throughout the cortex, and
this loss correlated with depressive-like behavior’®-78,

In addition, epigenetics studies also pointed out the glutamate neurotransmitter system imbalance
in depression. Nucleosome positioning is essential for transcription, which affects the accessibility
of the genomic locus and its methylation sites. It can be regulated via microRNAs (miRNAS),
small non-coding RNA that can suppress the translation of target genes®®. Dysregulated miRNA
levels were detected in depressed patients’ blood and brain samples, such as reduced expression
of brain-enriched miR-1202 in the prefrontal region (BA44)”°. The metabotropic glutamate
receptor-4 (GRM4) was suggested as a target of miR-12027°. Interestingly, GRM4 is known to
regulate glutamatergic, dopaminergic, gamma-aminobutyric acid (GABA)-ergic, and serotonergic
neurotransmission’®. Besides, the authors demonstrated that low miR-1202 blood levels in MDD
patients could be employed to measure antidepressant response at baseline. These results enlighten
the possibility of finding targets that can be implemented in the clinics (i.e., blood measurements)
for treatment prediction in depression.

1.1.5.2.GABA

GABA is carried via specific vesicular transporters, released into the synaptic cleft via exocytosis.
lonotropic GABAA and metabotropic GABAGB receptors regulate the synaptic release or uptake of
GABA®, Astrocytes contribute to the extracellular concentration of GABA by expressing
transporters (e.g., GAT-3) and further metabolizing it to glutamate®. GABA is involved in
essential roles in the CNS as neurogenesis, neuronal plasticity, and cognitive functions®.

Low levels of GABA in the PFC and OCC were reported together with decreased GABA
concentration in the blood and CSF of patients with depression®. Moreover, chronic treatment
with SSRIs resulted in increased GABA levels in MDD patients, suggesting that antidepressants
influence the GABAergic transmission in the brain®,
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1.1.5.3.Alternative Pharmacotherapies: Focus on Neurotransmitters

Overall, alterations in the excitatory/inhibitory system were linked to MDD pathology, including
reduced metabolites’ levels, altered expression of neurotransmitter receptors, and changes in
signaling pathways involved in synaptic regulations®,

These data launched broad explorations of pharmacological treatments focusing on the
excitatory/inhibitory system, particularly in the glutamatergic system®. One of the therapeutic
agents suggested to be effective in MDD patients is riluzole®®®®, a US Food and Drug
Administration (FDA)-authorized drug used for amyotrophic lateral sclerosis. The potential
mechanism of riluzoles’ action is through inhibiting the glutamate release®®®°. Preclinical studies
and clinical trials demonstrated that depressed patients treated with riluzole experienced a
significant improvement in the severity of their symptoms (measured by HAM-D)®°. However,
riluzole has additional activities such as increasing the glutamate reuptake and triggering the
release of other neurotransmitters (i.e., dopamine, but not serotonin).

The non-competitive N-Methyl-D-aspartic acid (NMDA) receptor antagonist ketamine gained
attention since it has fast antidepressant effects (which can last up to 1-2 weeks after infusion) in
individuals with MDD?®88, The efficacy of ketamine was found to be significantly higher for the
treatment-resistant depression (TRD), where at least two or more therapeutic approaches have been
tried and showed no success (measured as decreased antidepressant responses and diminished
likelihood of remission)®’. Ketamine is used as an anesthetic agent, and its exact mechanism of
action as an antidepressant is unknown. It was shown that ketamine triggers both glutamatergic
and GABAergic pathways activity® 8. Furthermore, several signaling pathways affecting the
synaptic transmission and cytoskeletal structure (e.g., in astrocytes) in the medial PFC (mPFC)
were linked to the beneficial action of ketamine®8. The nasal ketamine (S-ketamine)
administration was recently approved by the FDA to be used in combination with an oral
antidepressant for TRD®’. One limitation is the short-term efficacy of ketamine, which varies on
the administration way (i.e., intravenous infusion, oral, and nasal), subtypes of patients (disease
severity), and pharmacokinetics. Accordingly, studies are ongoing to uncover the mechanisms of
rapid acting treatment and the long-term efficacy and safety. Nevertheless, the case of ketamine
provides an important proof of concept for the possibility of finding efficient MDD treatment
beyond the monoaminergic systems.

Additional strategies are ongoing to develop fast acting drugs having fewer side effects. For that
purpose, researchers focused on various biological pathways known to be altered in depression®.
Example drugs are neurokinin-1 receptor antagonist (neuropeptide affecting neurotransmission
and inflammatory process, i.e., orvepitant)®, opioid modulation (opioid p agonist, i.e.,
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buprenorphine)®, and anti-glucocorticoids (corticosteroid synthesis inhibitors, i.e., metyrapone)®.
However, all these approaches have efficacy variances and side effects problems.

1.1.6. Research Domain Criteria

To maximize the probability of designing more efficient therapies, a detailed understanding of
underlying neurobiology is mandatory. These studies would also help to guide personalized
therapies, where drugs could be prescribed based on current premises, broaden with biological
parameters, and better defined disease subtypes. To facilitate understanding psychiatric diseases
in the context of dysfunctional biological systems, the NIMH developed an alternative strategy of
categorizing mental disorders, namely Research Domain Criteria (RDoC)%.

RDoC is based on different behavioral domains (negative valence, positive valence, social
processes, cognitive system, and arousal/regulation), disrupted across psychiatric disorders®.
These domains represent the principal human functioning as emotion, cognition, motivation, and
social behavior. Every domain consists of relevant constructs, covering various aspects of that
specific functioning by explaining the behavioral elements, processes, mechanisms, and responses.
Furthermore, RDoCs’ units of analysis are composed of paradigms, self-report, behavior,
physiology, circuits, cells, molecules, and genes (Fig. 1.4)%. The relationship between individual
units can be further investigated in biological models to understand mental disorders’ mechanisms.

b Figure 1.4. RDoC Framework.
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Principally, RDoC is not a diagnostic tool; instead, the initiative aims to re-orient the focus of
research from behavior towards the biology of disease. Such an approach facilitates translational
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research by revealing the contribution of brain circuits, genes, and cell types underlying the
biological manifestation of depression®. Although characterizing psychiatric disorders as
extremes of normal alteration in behavioral domains is arguable®’, RDoC could be a practical
guideline to structure scientific research.

1.1.7. Three Core Neurobiological Units Altered in Depression: Circuits, Genes, and Cells

1.1.7.1.RDoC: Circuits

Abnormal activities in several cortical brain areas were reported in depression; the dorsolateral
prefrontal cortex (dIPFC), ventromedial prefrontal cortex (vmPFC), dorsal and ventral ACC
(dACC and vACC), orbital frontal cortex (OFC), and insula are well known examples®.
Neuroimaging studies demonstrated hypoactivity (PET-based analysis) in the frontal cortical areas
of individuals with depression®. Conversely, other researchers pointed out hyperactivity in those
regions®. One possible explanation of these opposite findings is their association with distinct
depressive behaviors. For example, it was suggested that hypoactivity in the frontal cortex causes
psychomotor and executive function deficits. At the same time, hyperactivity in this region affects
psychomotor agitation and rumination (repeated thinking and uncontrollable focus about the same
thoughts or depressed mood)®>%,

Subcortical brain areas were also implicated in depression, including the amygdala, hippocampus,
and thalamus. Activity and volumetric changes in those brain regions affected different behavioral
aspects; cognitive impairment, memory deficiency, response to negative stimuli, and social
development>°, Other important brain regions altered in depression are the basal ganglia and
brain stem. Alterations in the basal ganglia were suggested to correlate with reward and
motivation, while the brain stem can affect the arousal and reward systems by serotonergic,
norepinephrine, and dopaminergic transmission®.

A suggested explanation for the impact of stress is that upon stress exposure, aberrant
overactivation of particular brain circuits could result in functional deficits due to the adaptation
mechanisms in the local brain regions and ultimately cause hypoactivation®. Since complex
behaviors engage multiple brain regions, researchers aimed to divide the neural circuit architecture
into distinct networks encompassing specific psychiatric phenotypes: default mode, salience,
negative affect, positive affect (reward), attention, and cognitive control circuits (Fig. 1.5)10%103,
Certainly, these networks can overlap.
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Figure 1.5. Circuits Dysfunction in Depression and Anxiety. aMPFC: Anterior medial prefrontal cortex, AG:
Angular gyrus, PCC: Posterior cingulate cortex, dACC: Dorsal anterior cingulate cortex, al: Anterior insula, TP:
Temporal pole, SLEA: Sublenticular extended amygdala, ACC/MPFC: Dorsal medial prefrontal cortex (includes
dorsal ACC and vMPFC, including ventral-subgenual and pregenual-and rostal ACC), msPFC: Medial superior
prefrontal cortex, LPFC: Lateral prefrontal cortex, alPL: Anterior inferior parietal lobule, MPFC: Medial
prefrontal cortex, VMPFC: Ventromedial prefrontal cortex, OFC: Orbital prefrontal cortex, ACC: Anterior
cingulate cortex, DLPF: Dorsolateral prefrontal cortex (includes anterior prefrontal cortex and inferior frontal
cortex), PGG: Precentral gyrus, DPC: Dorsal parietal cortex. From Williams. (2016)°%2,

i. Default mode network. It is considered as the network function when a person is in a task-free,
resting state. The circuitry is defined by a functional connection of mPFC (engaged in the valuation
of appetitive goals), posterior cingulate cortex (PCC) (involved in spatial navigation), and angular
gyrus (participating in semantic and conceptual processes)??1%. As a result, reward stimuli and
self-relational information in a spatial-temporal context were correlated to this network®, It was
shown that in MDD patients, there is an overactivation and hyperconnectivity in the default mode

network, which was associated with a rumination on depressive thoughts®.

ii. Salience network. The salience circuit consists of connections between the ACC (decision
making and socially driven processes), anterior insula (emotional and cognitive responses), and
sublenticular extended amygdala (modulation of behavioral responses to emotionally salient

stimuli), which are mainly involved in emotion, reward, and attention systems*%21%, Imaging
studies showed irregular activation in this circuitry, i.e., hypoconnectivity between the insula and
amygdala and hyperconnectivity among the insula and ACC in depression. The suggested outcome
was that MDD patients might have difficulties distinguishing the relevant salient cues and avoiding
the negative situation stimulus'®2. Hence, patients may develop an environmental stimulus
overload leading to anxiety021%,
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iii. Negative affect network. The negative affect circuit connects the amygdala, brain stem regions,
hippocampus, insula, frontal cortex, and ACC. This network comprises the perception and
regulation of negative emotion cues, highly altered in depressed patients!®2, In MDD, there is a
hyperresponsivity to negative stimuli, a negative bias to sadness. Likewise, a loss of
responsiveness to positive stimuli was also observed'?’. In addition, helplessness and increased
negative focus in depression were connected to hyperactivity in the lateral habenula, a brain region
involved in negative valence signal®®,

iv. Positive affect network. The positive affect circuit (reward processing) comprises the striatal
nucleus accumbens, ventral tegmental area, and frontal cortex!®?. fMRI studies showed a
hypoactivation of this network in MDD, indicating a loss of sensitivity to positive stimuli,
particularly to reward, which can cause anhedonic behavior and affect reward driven decision
making*®?,

v. Attention network. It connects the frontal cortices, anterior insula, anterior inferior parietal
lobule, and precuneus that are linked to alertness and sustained attention %2, Hypoconnectivity
within this network was associated with a bias for sustained attention behavior in MDD patients.
Likewise, dysregulated attention network was observed in individuals with anxiety disorders'®?,

vi. Cognitive control network. The cognitive control circuit comprises the dIPFC, ACC, dorsal
parietal cortex, and precentral gyrus. This circuitry is essential for cognitive functions as working
memory and selective attention'®?, Besides, it takes a role in emotional functions, i.e., positive and
negative emotion processing’®. Depressed patients’ brain imaging studies showed a
hypoactivation in this circuit, resulting in a lack of cognitive control and emotional dysfunction®®.

Malfunctioning in the neural network can be assessed by neuroimaging techniques, which can
provide valuable information for patients’ stratification based on the altered circuitry. Still, several
points need to be improved; development of a defined guideline for imaging and data analysis,
sharing the imaging data across clinicians and performing more profound research to understand
the mechanism underlying the circuit alterations%,

1.1.7.1.1. Circuit-Based Therapeutical Strategies

Imaging findings encouraged the development of treatment approaches alternative to
pharmacotherapies with the primary goal to target particular brain regions, which would result in
the amelioration of depressive symptoms. Technically, such approaches are feasible through
various strategies, such as repetitive transcranial magnetic stimulation (rTMS), electroconvulsive
therapy (ECT), vagus nerve stimulation (VNS), and deep brain stimulation (DBS)’.
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The rTMS and ECT are non-invasive methods where the rTMS involves a magnetic focal exposure
over the scalp that stimulates brain cells in a region relevant to depression*!®. The ECT sends an
electric current via electrodes throughout the brain to stimulate an epileptic seizure while the
patient is under anesthesia'!. The VNS and DBS are more challenging and invasive techniques,
considered particularly for individuals with TRD°, The VNS is based on implanting a stimulator
(pulse generator) connected to an electrode wrapping the vagus nerve. In the DBS, in general,
bilateral electrodes are implanted in a specific brain region (e.g., in vmPFC), and the electrodes
are connected to a stimulus generator. Although all these approaches demonstrated considerable
treatment efficacies (e.g., drop in depression severity, increase in remission rates, and rise in
treatment responses)*1®112 severe side effects were also noticed in the short and long term (e.g.,
intense headaches, cognitive impairments, and surgery risk infections)!'214, A common difficulty
for these therapies is the lack of apparent efficacy and scarcity of definitive guidelines for the
clinicians.

In summary, the dysfunctions mentioned above show the brain-wide basis of depression and point
out the PFC as a hub region. Considering the heterogeneity of the patients, it is necessary to answer
the following critical questions: What are the molecular pathways responsible for the dysfunctions
in the PFC? Which brain cell type(s) is mediating the neuronal network alterations in PFC?
Answering those questions would help developing new diagnostic strategies and targeting the
relevant neural pathway for an adequate treatment.

1.1.7.1.2. The Hub Brain Region in Depression: Prefrontal Cortex

The prefrontal cortex is a crucial brain region responsible for maladaptive responses to stress®+15-
117 The PFC covers the brain areas active during emotional, social, motivational, and cognitive
processes (e.g., decision making and goal directed activities)''8. According to Brodmann areas, the
anatomical delineations of the human PFC are BA8-14, BA24, BA25, BA32, and BA44-47 (Fig.
1.6A)M8. The functional division (based on imaging data) can be broadly defined as dorsomedial
PFC, dIPFC, ventrolateral PFC, OFC, and vmPFC (Fig. 1.6B)8,

In humans, the vmPFC encompasses the lower mPFC and orbital PFC regions (i.e., BA11, 25, 24,
and 32) (Fig. 1.6C)'!812° This circuit is involved in social and affective functions, emotion
regulation, and value-based decision making*?t. The vmPFC can be further divided into subregions
according to the functional differentiation such as the posterior vmPFC (BA25) — positively
associated with negative affect network (Fig. 1.6C, red) and perigenual vmPFC (BA10, 32) —
positively correlated with positive affect network (Fig. 1.6C, green)*'°.

Imaging studies of vmPFC recorded increased posterior vmPFC (BA25) activity (Fig. 1.6C, red)
and decreased perigenual vmPFC activity (Fig. 1.6C, green) in MDD patients, which were

18



Introduction

associated with value based decision making, assigning abstract properties of reward value to
stimuli, emotion regulation, rumination, and self-reflection?®2!, These findings link known
depressive symptoms with brain activity: i. heightened negative mood and bias to negative stimuli
(negative affect circuit) to BA25 and ii. anhedonia (positive affect circuit) to perigenual vmPFC.

A. C.

Figure 1.6. Anatomical and Functional Delineation of the Human Prefrontal Cortex. A., C. Schematic
illustration of Brodmann areas (BAs) in the prefrontal cortex, including anterior cingulate cortex (ACC). B.
Schematic illustration of common functional structures (based on neuroimaging data) in the prefrontal cortex,
including ACC. C. Sub-regions of the medial prefrontal cortex is shown. dmPFC: dorsomedial prefrontal cortex,
dIPFC: dorsolateral prefrontal cortex, VIPFC: ventrolateral prefrontal cortex, OFC: orbitofrontal cortex, vmPFC:
ventromedial prefrontal cortex. Dashed black line shows sagittal midline. Not all the structures in the prefrontal
cortex are shown in the scheme. From Marie Carlen (2017)'® and Myers-Schulz et al. (2012)?°,

Furthermore, metabolic alterations in depressed patients’ vmPFC emphasized the importance of
this brain region. Functional imaging studies (using PET) revealed altered glucose metabolisms in
the frontal cortex where the findings differed based on patient subtypes (i.e., reduced right dIPFC
metabolism in severely depressed patients) and received treatment (i.e., lowered BA25 metabolism
upon 6-weeks of fluoxetine treatment)'?212%, In a recent study, patients with long term depression
went under PET imaging analysis at two time points: baseline (pre-treatment) and post-treatment
(with olanzapine and fluoxetine combination), where the glucose metabolism was measured in the
amygdala and the subgenual/vmPFC (BA25, portions of BA32 and BA33)!?* The authors
demonstrated that only treatment responders showed a decreased activity in the right amygdala
and the right subgenual/vmPFC while no changes were observed in the non-responders*?*. These
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data show the heterogeneity of patients and highlight the need for biological parameters to be taken
into account for patients’ stratification.

Moreover, cortisol administration was suggested to reduce the activation of the BA25 to sad
stimuli, thus the negative emotion (in the lack of any external stressors)'?°. Besides, vmPFC was
implicated in the negative feedback loop of the HPA-axis as a suppressor of the axis upon stressor
removal®"*,

Literature findings implicated the frontal cortex, specifically the vmPFC, as a hub node in stress
circuitry®119121 1maging data collected from this region could be used to predict treatment
response and efficacy, and classifying patients®>!2124126  One important consideration is the
complexity of brain-wide circuits, implicating that data from multiple brain regions’ activity states
should also be included in the analysis.

Notably, investigations (i.e., molecular studies) employing human samples, particularly
postmortem tissues, from MDD and healthy patients, explore how these imaging findings in
humans are related to functional alterations at molecular and cellular levels.

1.1.7.2.RDoC: Genes

Large genome-wide transcriptional profiling data sets reported significant gene expression
changes in the brain, blood, or CSF samples of depressed patients. MDD pathology can be
described as “multigene syndrome”; small changes may affect many other genes and ultimately
the whole brain circuitry?’. Co-expression network analysis revealed transcriptional alterations in
multiple biological systems, for example, the HPA-axis, neurotransmitter signaling, cytoskeleton,
and development/neurotrophic signaling?®*?’,

Genes and HPA-axis. Expression of several genes from the GR-dependent network was shown to
be altered in MDD, such as the NR3C1 (nuclear receptor subfamily 3, group C, member 1),
FKBP5, SKA2 (spindle and kinetochore-associated protein 2), DUSP1 (dual specificity
phosphatase 1), ZBTB16 (zinc finger and BTB domain containing 16), and SGK1
(serum/glucocorticoid regulated kinase 1)%647128129 Yin et al. (2016) demonstrated the possible
association between the HPA-axis components and suicide depression: i. suicide attempt and SNPs
on FKBP5, SKA2 in blood, ii. suicide death and low expression of NR3C1 in PFC, BA9, iii. MDD
and decreased expression of SKA2 in PFC, BA9?%,

One of the hypothesized mechanisms explaining the glucocorticoid resistance in the brain assumes
that GR transport into the nucleus might be diminished by an excessive abundance of chaperone
proteins, FKBP5 and SKAZ2. This deficit can lead to an insufficiency in the feedback inhibition
and an over activation of the HPA-axis?®. However, several variables need to be considered, such
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as gender differences, technical variations (e.g., total gene or transcript levels measurements), and
patient subtypes. For instance, reduced expression of NR3C1l was associated with MDD,
particularly in females™® and decreased expression of GR variants was linked to suicide
completers with a childhood abuse history®3Z.

Genes and PFC. A microarray study conducted on depressed suicide patients’ PFC tissue samples
(BA44, 45, 46, and 47) emphasized a brain region-specific differentially expressed genes (DEGS)
pattern. Altered genes in BA44 were related to cell adhesion (CNTNAP3), GABAergic system
(GABRD), and glutamatergic neurotransmission (GLUL)!®2. For BA45, dysregulated genes were
involved in the regulation of adenosine 5’-triphosphate (ATP) production (PTK2B),
neurotransmitter secretion (SYN2), and cell adhesion (PCDH9). In BA46, impaired pathways
related to ATP processing (AK3L1), cell development (S700p), and GABA/glutamate
neurotransmission (GLUL, GRIA3). Finally, in BA47, ATP processing (AK3L1) and glutamatergic
system (GRM3) were shown to be changed®*?.

In conclusion, excitatory/inhibitory imbalance and energy metabolism were reported as possible
brain region-specific hallmarks of MDD. Most of the relevant genes (e.g., CNTNAP3, GLUL,
AK3L1, S700p, and GRM3) were expressed mainly in glia, particularly astrocytes and
oligodendrocytes. Interestingly, a recent study also correlated glial cell pathology with
excitatory/inhibitory imbalance and cellular energy metabolism in a different sub-region of PFC,
BA9!®S,

Genes, Circuits, GWAS, and Cells. Anderson et al. (2020) explored the molecular signatures of
depression using a multiscale approach by combining the neuroimaging findings with genetics,
transcriptional, and cellular levels of analysis™*. First, independent imaging data sets (UK
Biobank, ENIGMA, and Brain Genomics Superstruct Project) were investigated for the following
parameters: cortical thickness, resting-state functional amplitude, and global brain connectivity.
Apart from the potential clinical value of findings (e.g., the link between the cortical thickness and
history of recurrent depression), disrupted cortical anatomy and function were associated with
depression and negative affect circuitry. Next, the correlation analysis between the neuroimaging
and postmortem transcriptional data!® revealed that ex vivo cortical gene expression profile in
depression was linked to in vivo imaging phenotypes.

Furthermore, examining the cellular component suggested that: i. 4 out of 16 cell types (used
database: cortical single nucleus transcriptome!3®) were enriched for genes associated with MDD-
imaging data (i.e., astrocytes, oligodendrocyte progenitors, sub-class of excitatory neurons, and
interneurons), ii. astrocyte-specific genes displayed the highest spatial correlation to depression-
linked neuroimaging while predominantly expressed within mPFC, anterior temporal lobes, and
insular cortex, iii. astrocytes and interneurons showed the strongest enrichment for downregulated
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genes in ex vivo MDD samples, and iv. polygenic risk for depression (used database: GWAS
data*®) was only linked to interneuron-specific genes and not glial cells. Finally, biological terms
such as glutamatergic signaling, GABAergic neurotransmission, monoaminergic systems, and
noncanonical WNT signaling were associated with MDD-specific neuroimaging profiling*.
Consequently, this influential study demonstrated how a combinatory in vivo and ex vivo data
analysis, including a multi-omics approach, could be extremely valuable for understanding
depression, as recommended by RDoC initiatives.

1.1.7.3.RDoC: Cells

The CNS comprises multiple cell types, mainly classified as neurons, glia, and vascular cells**’.
Glial cells, which are abundant as much as neurons*®, are divided into multiple groups: astrocytes,
oligodendrocytes, oligodendrocyte progenitor cells (OPCs, alternatively named neural/glial
antigen 2 (NG2) cells or also polidendrocytes), microglia, and ependymal cells38,

Healthy astrocytes are imperative for maintaining brain homeostasis, as they perform various
physiological functions: providing metabolic and trophic support to neurons**°, regulating synaptic
plasticity, mediating neurotransmission, controlling brain metabolism, taking part in the BBB and
fluid homeostasis, and influencing sleep homeostasis, just to name some examples®®14,
Oligodendrocytes are taking part in the myelin formation around the axons, providing structural
supports to neurons'**. They are derived from OPCs, which can maintain their proliferative
properties throughout adulthood and give rise to new mature oligodendrocytes!*. Microglia are
the immunocompetent and phagocytic cells of the CNS. They can recognize and hunt dead cells,
pathogens, endogenous and exogenous complexes'®®. Lastly, ependymal cells form an epithelial
layer on the walls of the ventricles in the brain and the central canal of the spinal cord*’. They
possess motile cilia and play roles in cerebral fluid balance, transport of the CSF, and toxin
metabolism#’.

Cytoarchitecture alterations were observed across the entire brain in MDD, with the most
prominent changes observed in the salience and negative affect circuitry (Fig. 1.5). Examples
include lowered glial density and enlarged pyramidal neuron size in ACC and BA24, increased
microglial cell density in ACC, BA24, 25 and 24/32, and diminished myelin content, axon
numbers, mature oligodendrocyte numbers in BA9 and BA46#414814° |t remains uncertain
whether the observed changes are causative for circuit-specific phenotypes. One of the suggested
mechanisms assumes that the reduced glial loss leads to excess extracellular glutamate, which
causes cytotoxicity and further neuronal cell loss®***°, This hypothesis implicates that functional
deficit exerted physiologically by glia, particularly astrocytes, may ignite a cascade resulting in
deficits at glutamatergic and GABAergic synapses.
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1.2. Astrocytes in Mammals

Based on their morphological features, human astrocytes are classified into four subtypes:
interlaminar, protoplasmic, varicose projection, and fibrous astrocytes (Fig. 1.7A)%51 This
characterization highlighted the structural complexity in the human brain, which is distinguishable
from their rodent counterparts. For instance, protoplasmic and fibrous astrocytes in the human
brain are larger and have higher fine processes than rodents (Fig. 1.7B)%, Interestingly, the
higher featured human astrocyte can contact and encompass up to two million synapses, while a
single mouse cortical astrocyte can contact approximately 100,000 synapses®.
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Figure 1.7. Distinct Morphology of Cortical Astrocytes. A. Schematic illustration of different sub-classes of
human cortical astrocytes. Cortical layers are represented with numbers: 1-6. B. Graphical illustration of mouse
and human astrocytes. VM: White matter. Scale bar: 25 pm. From Vasile et al. (2017)40,

Cross-species morphological differences are also reflected by the molecular profile of different
types of astrocytes'®. For example, Zhang et al. (2016) reported that only a fraction (30%) of
human astrocytic genes were also enriched in mice'®. Notably, genes mediating crucial features
and functions of astrocytes were shared, e.g., cytoskeletal protein: GFAP (glial fibrillary acidic
protein), metabolically relevant: ALDH1L1 (aldehyde dehydrogenase 1 family member 1) and
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GLUL, membrane connexins: GJB6 (gap junction protein beta 6) and GJA1 (gap junction protein
alpha 1), transporters of glutamate: SLC1A2 (solute carrier family 1 member 2), and SLC1A3
(solute carrier family 1 member 3) and water: AQP4 (aquaporin 4)2,

A subsequent meta-analysis corroborated these findings in five independent human and mice brain
cell type-specific transcriptome datasets*>®. Besides, the authors performed functional evaluations
and demonstrated that astrocyte-specific genes were primarily associated with the regulation of
synaptic plasticity, glutamate secretion, and ATP metabolic processes'®3. Furthermore, similar to
morphological characteristics, the unique set of genes enriched in human astrocytes displayed
distinct distribution throughout the cortical layers, and this profile was similar in rodent cortical
gray mattert®*15,

In summary, while human astrocytes display different morphology and molecular profile than
those found in rodents, there is strong evidence that the fundamental function accomplished by
astrocytes is similar across mammals.

1.2.1. The Role of Astrocytes in Depression

Deficits in glial cell number were among the first detected cellular hallmarks in MDD*®. Multiple
studies reported decreased areal fraction and packing density of GFAP-immunoreactive astrocytes
in the dIPFC®’, hypertrophic fibrous astrocytes in the ACC**8, and lowered coverage of blood
vessels by AQP4-immunoreactive astrocytes in the OCC of depressed patients®™®. Interestingly,
numerous studies found that transcriptional deregulation of synaptic genes is accompanied by
changes in a large fraction of genes enriched in astrocytes®”:72-"4. Furthermore, in animal models,
astrocytes’ depletion'®®, blockade of glutamate transporters®?, or blockade of vesicular release
from astrocytes'®? in PFC were sufficient to elicit depressive-like behaviors.

However, how proper astrocytes’ functioning is changed in depression and how this deficit is
translated to altered brain circuitry is not fully understood. A major reason for ignorance of
astrocytic (dys)functions was the lack of tools to investigate their roles closely. For understanding
the molecules and mechanisms involved by astrocytes, it is beneficial to employ techniques that
can allow the acquisition of extensive gene (or protein) expression profiles.

1.2.2. Approaches to Study Astrocytes’ Transcriptome in Human Depression

Progress in sequencing technology enabled the exploration of the molecular signature of multiple
biological processes in parallel and unbiased ways. Notably, focusing on the changes at transcript
or gene levels can influence the study’s outcome. For example, a recent deep transcriptome
sequencing study performed on postmortem brain samples (subgenual anterior cingulate cortex
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(sgACC)) of multiple mental disorders revealed that subtle alterations in gene expression could be
overlooked when the transcript-level expression analysis is not performed'®®. The authors
demonstrated the importance of rare transcripts, representing functionally relevant genes related
to cell junctions and synapse formation. Importantly, transcriptomics on bulk tissue homogenates
have broadened the knowledge on average gene expression differences in a mixed cell population.
However, gene expression changes in cell types with low transcript abundance might be
undetected when total tissue RNA is studied!3®. Several solutions are available to resolve cell-type-
specific molecular profiles, including astrocytes.

Astrocytes dramatically altered their gene expression profile and acquired the reactive phenotype
when placed in vitro'®. As a result, molecular profiling of astrocytes needs to be studied in the
context of the complex cellular arrangement where it is fully functional, i.e., in vivo or rather ex
vivo, through isolation methods. Together with the discovery of specific markers®>1% efforts were
made in acute cell isolation methods from postnatal rodents and fresh human brain samples
obtained during surgeries’®. Those approaches employed either transgenic mice expressing
fluorophores under astrocyte-specific promoter or cell surface proteins (employing fresh
rodent/human tissue)*®?,

Several strategies are used to isolate different cell types from human brain tissues, such as
immunopanning-based (PAN) technique'®?, magnetic cell sorting system (MACS)¥’,
fluorescence-activated cell sorting (FACS)®8, and laser capture microdissection (LCM)*°. All the
methods can be adapted to investigate astrocytes according to the study goal and availability of
resources, including equipment and starting material. When gene expression studies are conducted
for investigating a disease state against a healthy condition, particular considerations should be
taken. For example, the expression differences between the study groups can be rare and low. In
this regard, the collected cell-type-specific population should be pure, and the genetic material has
to be suitable for downstream analyses'™.

The PAN Technique. This technique is applicable to isolate major brain cells using fresh tissue
samples®®2. The PAN protocol is an antibody-based selection method targeting cell type-specific
surface proteins. Single-cell suspension generated upon tissue dissociation is transferred and
incubated over a series of panning plates coated with antibodies, and after the washing step, either
adherent cells (target population) are collected, or nonadherent cells (negative selection) are
removed. Zhang et al. (2016) isolated astrocytes from fetal and adult human brain samples
targeting the cell adhesion glycoprotein, HepaCAM (hepatic and glial cell adhesion molecule)*®2.
This method was robust enough to compare astrocyte-specific gene expression profiles between
healthy and epilepsy brains!®2. However, this protocol can be time and material consuming since
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several rounds of plate incubation together with multiple antibodies are needed to enrich a specific
cell type population.

MACS. The magnetic cell sorting system involves antibody labeling to target specific cellular
membrane proteins using fresh tissue samples!’. Dissociated single cell suspension is incubated
with beads (coated with antibodies) and passed through the magnetic field where the labelled cells
are collected. MACS protocol can be relatively fast and inexpensive since it does not require
specialized expensive equipment. Furthermore, the method can enrich multiple cell types from
single samples and is suitable for transcriptional analysis'’?. However, until now, only microglia
was reported to be MACS-isolated from fresh human postmortem brain samples collected right
after death'3,

EACS. The flow cytometry method can be applied to sort antibody-labelled cells from fixed and
fresh human brain samples'®174, The single cell suspension is passed within a fluidic system where
excitation lasers and fluorescence detectors are used to sort out cells based on the signal intensity.
FACS enables to analyze and separate cells based on additional properties, such as size,
granularity, and morphology, reflected in the light scatter parameterst’®. It can be used to isolate
different cell types simultaneously and can be completed relatively quickly if the population of
interest is abundant. A critical challenge in FACS is that the fluidic systems’ stream force can
cause shear stress on cells, impact their viability, and ultimately the quality of the extracted genetic
material®®,

LCM. The protocol combines a fast staining procedure with laser microdissection of individual
cells from fixed or frozen intact tissue samples!’®'’®. Thin tissue sections should undergo either
single fast penetrating staining, i.e., using HistoGene stain (for neurons)®®, or dual staining, i.e.,
using Nissl — GFAP (for astrocytes)!’® and peroxidase system — GFAP (for astrocytes)!”. After
that, cell isolation is performed under the microscope, essentially based on morphological
assessment for the cell type of interest. The last step makes the technique laborious, subjective,
and low throughput. LCM was previously used to profile gene expression of astrocytes isolated
from postmortem brain samples of MDD subjects'’®. However, the low quality of isolated
materials (cells and RNA) resulted in gene expression analysis of a limited gene number (via gPCR
analysis). The authors could not replicate the results in an independent cell isolation experiment
focusing on different brain regions'’®. Additional considerations for this technique are the
exclusion of a particular cellular domain (due to microdissection), low pace, and costly
equipment’0175,

In the context of depression, there is an important limiting factor for the above-mentioned
techniques, except LCM: the availability of fresh tissue, which is rarely collected from
neuropsychiatric patients. The brain bank archives mostly consist of fixed or frozen postmortem
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brain samples originating from healthy donors and those affected by mental illnesses. Long-term
fixed tissue samples are not optimal since prolonged fixation may modify the RNA, providing low
yields and quality of extractable genetic material. Consequently, gene expression studies can be
performed and reproduced more accurately using fresh frozen brain samples!™>177,

This approach, however, inherits an important limitation: intact cells cannot be isolated from
frozen samples. A viable alternative is to extract and purify nuclei, which contain DNA and most
of RNA providing a valuable source to gain insights on epigenetic and transcriptional changes in
a cell type-specific fashion'’8. Furthermore, isolated nuclei can offer insight into pre-translational
RNA (e.g., long non-coding RNA and miRNA)®. The latter is vital for understanding the
neurobiology of depression since the literature findings pointed out dysregulated long non-coding
RNA (e.g., LINC00473)*8% and miRNAs (Section 1.1.5.1)" levels in postmortem brain samples.

Nuclei Isolation Approaches. Many efforts were made to isolate nuclei originating from different
human brain cell types. Available methods are employing antibody-based FACS nuclei isolation
approach targeting either nuclear membrane proteins (i.e., NEUN for neurons) or transcription
factors (i.e., SOX10 for oligodendrocytes)®! specific for the cell type of interest. This technique
was shown to be robust, and reproducible transcriptome profiling was generated in both healthy
and diseased samples when nuclei were purified primarily from neurons®®?, oligodendrocytes*®?,
and to a less extend for microglial®. With respect to astrocytes, no protocol was published for a
direct positive selection (i.e., antibody labeling of astrocyte-specific epitopes)®’.

A recently published study improved the specificity of available methods by sorting astrocytic
nuclei population from non-neuronal fraction using a combination of antibodies’. In the strategy
developed by Xu et al. (2018), the cerebellar astrocytic nuclei were isolated upon depletion of
neurons and oligodendrocytes (i.e., NEUN-/OLIG2- population). However, this method was not
replicable across a larger sample size!’®,

Single nucleus gene expression profiling became an increasing area of interest as an alternative
strategy to cell type-specific bulk nuclei isolation. Indeed, a recent work applied a single nucleus
RNA sequencing approach to study transcriptional alterations in depression using fresh frozen
postmortem brain samples'®. However, two critical technical challenges were observed in this
study; i. the number of transcripts obtained from glial nuclei were much lower compared to
neuronal nuclei, and ii. known astrocytic transcriptional alterations in depression (previously
published from the same research group and many others) could not be observed. The latter result
could be due to the loss of astrocytes during the procedure, and sequencing depth may not be
powerful enough to detect low abundant transcripts (personal communication).
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Notably, a crucial limiting factor for single nuclei studies was the technical bias at distinguishing
neuronal from glial cells!®. This bias stands from the low fraction of glial cells captured during
the nuclei isolation procedure and low RNA content in glial cells (resulting in a reduced number
of detected transcripts)*36:18418 | jkewise, a comprehensive investigation of cell types in the
human cortex using single nuclei RNA-seq strategy revealed that a half of the non-neuronal nuclei
population (i.e., glial cells) was not included in the data analysis, due to the poor quality and low
content of RNA®. Consequently, astrocytes are underrepresented in single nucleus RNA-seq
studies, most probably because of the relatively low RNA content in these cells.

Therefore, a method to purify selectively astrocytic nuclei is necessary to obtain a better insight
into astrocytes' transcriptome. This approach requires using antibody targeting cell type-specific
nuclear epitope, which is compatible with FACS and suitable to isolate astrocytes from depression-
relevant brain regions (i.e., PFC).

1.2.2.1.Approaches to Study Astrocytes’ Transcriptome in a Mouse Model of Chronic Stress

Even though recent investigations reported discrepancies between rodents and human
astrocytes'®>1°* the use of animal models can be beneficial in understanding many aspects of
astrocytes’ biology. Although there is no depression in rodents, valid animal models fulfilling the
criteria of face, construct, and predictive validity are broadly employed®’.

The chronic social defeat stress (CSDS) paradigm applied to rodents was shown to recapitulate
major molecular and behavioral alterations observed in depression, e.g., decreased social
interaction, anhedonia, and neuroendocrine changes'®”18. Importantly, astrocyte-specific
dysfunctions, reminiscent of those observed in human depression, were reported in animals’ brain
samples after exposure to CSDS™1%!, Nevertheless, these studies were performed using bulk
homogenates of tissues, masking the exact cellular abnormalities of astrocytes in stress.

The technical approaches, which have been used to isolate cells from the human brain samples,
are also valid for mice!®2165172192 One additional technique available for mice is the translating
ribosome affinity purification (TRAP)!®3, TRAP is based on the isolation of fluorescently labelled
ribosomes, with the tag directed to a defined cell type thanks to the use of cell type-specific
promoters. As a result, this method can only be applied in model animals, providing the availability
of respective transgenic lines. Notably, Simard et al. (2018) employed the TRAP method to explore
astrocyte contribution to depressive-like phenotypes in mice exposed to stress'®*. TRAP was
performed using transgenic mice expressing GFP in ribosomes of Aldh1l1 positive cells isolated
from the cortex. Following with RNA-seq, the authors reported altered gene expression associated
with transcription regulation and extracellular matrix formation%,
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If research interest is to employ wild-type animals, then isolating astrocytes using endogenous
surface antigens is more suitable. Considering the advantages and disadvantages of the techniques
mentioned above, MACS is one of the best for isolating astrocytes and performing transcriptomics
studies; it is cost-effective compared to other techniques, faster, less harmful for astrocytes due to
less shear force than FACS!®. The latter parameter is crucial to increase the viability of cells and
RNA quality for further processing. Available MACS techniques are appropriate to isolate
astrocytes from mice brains; however, they may require some optimizations for specific brain
regions or a low amount of starting material, such as the PFC, which is highly implicated in
depression.

1.3. Hypothesis and Objectives

Understanding depression by investigating the neurobiology of the observed phenotypes is an
essential step for developing novel therapies. There exist rich evidence supporting the causal role
of astrocytes for multiple phenotypes of MDD. Yet, glial cells remained largely ignored as a
potential therapeutic focus. To facilitate target identification for developing agents, it is necessary
to gain a systematic insight into the aberrant biology of astrocytes in MDD. One of the robust
approaches is transcriptional profiling.

In the context of depression, this task can be accomplished through the isolation of astrocytic nuclei
directly from fresh frozen human postmortem brain samples. Although efforts to realize this
challenge were undertaken'’®, the published approaches were not accurate. Hence, there is a need
to establish a protocol for the positive selection of human astrocytic nuclei from the hub brain
region in depression, the PFC (i.e., BA25).

Moreover, animal models could also be valuable to understand further the contribution of
astrocytes developing depression*®®°l, However, the most convenient technique to sort rodent
astrocytes, i.e., MACS, was employed mainly for big tissue size (e.g., whole cortex); thus, it may
not be suitable for cell isolation from small brain regions (e.g., the PFC). Hence, the available
protocols need to be adapted.

We hypothesize that astrocytes’ dysfunctions underly biological manifestations of depression
neuropathology and that it would be possible to identify disease relevant cell-type-specific
transcriptional alterations.
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The primary goal is to set up isolation methods suitable for next generation sequencing approaches
to study astrocytes’ biology in humans and mice. The ultimate goal is to expand the knowledge of
MDD by revealing gene expression changes in astrocytes obtained from relevant circuits.
Accordingly, the specific objectives are:

1. To establish a novel protocol for isolating astrocytic nuclei from fresh frozen human brain
samples.

2. To optimize the protocol for isolating astrocytes from various brain regions of freshly
dissected adult mouse brains.

3. To validate the protocols and evaluate the molecular profile of astrocytes from MDD brain
samples and a rodent model of chronic stress.
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2. MATERIALS AND METHODS

2.1. Establishing the Method for Astrocytic Nuclei Isolation from
Fresh Frozen Samples of Human Brain

2.1.1. Materials

Reagents Name Supplier Article Numbers
RNaseZap ThermoFisher AM9780
UltraPure™ DNase/RNase-Free distilled water ThermoFisher 10977035

16% Formaldehyde (w/v), Methanol-free Fisher Scientific 28908

Ambion Buffer Kit ThermoFisher AM9010

Sucrose Sigma S0389-500G
DTT, 1M ThermoFisher P2325

Halt™ Protease Inhibitor Cocktail (100X) Sigma 87786

RNasin® Ribonuclease Inhibitor, 40 U/pl Promega N261B
SUPERase In™ RNase Inhibitor, 20 U/pl ThermoFisher AM2696

Triton X-100 Sigma T8787-100ML
Hoechst 33342, Trihydrochloride, Trihydrate, 10mg/ml ThermoFisher H3570

Trypan Blue, 0.4% Solution Lonza 17-942E
Phosphate-Buffered Saline (10X) pH 7.4, RNase-free ThermoFisher AM9624
OptiPrep™ Density Gradient Medium Sigma D1556-250ML
Bovine serum albumin solution Sigma AT7979-50ML
RNeasy FFPE Kit Qiagen 73504
SuperScript™ III first-strand synthesis system ThermoFisher 18080051
Tagman Fast Advanced Master Mix ThermoFisher 4444556

Fast SYBR green master mix Kit Fisher Scientific 4385612
Agilent RNA 6000 pico kit Agilent 5067-1513
SMARTer® Stranded Total RNA-Seq Kit v2-Pico Input | Takara 634413
Agencourt AMPure XP Beckman Coulter A63881
Qubit™ dsDNA HS assay kit ThermoFisher Q32854
Agilent High Sensitivity DNA kit Agilent 5067-4626
Tween 20 Sigma P9416-50ML
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Aceton Carl Roth 93721
Methanol Carl Roth P717.1
Phosphate-buffered saline (1X) Carl Roth 9143.1
Normal goat serum ThermoFisher 31873

ProLong™ Diamond Antifade Mountant ThermoFisher P36961

Equipment Name Supplier Article Numbers
Falcon® 50ml Centrifuge Tube, conical bottom, sterile Neolab 352070
Falcon® 15ml Centrifuge Tube, conical bottom, sterile Neolab 352096
Disposable Scalpels, sterile Neolab 1-1565
Wheaton Dounce Homogenizer, 1ml Neolab 9-0972

40 pm Cell Strainer, sterile Neolab 352340
Heraeus™ Megafuge™ 16 Centrifuge, swing bucket Thermofisher 75004270
Neubauer Counting Chamber Carl Roth T734.1
Axiovert 40 CFL, Inverted Microscope Zeiss -

Adjustable Rotator Plate Neolab 2-1175
Microcentrifuge 5418 R Eppendorf 5401000010
BD FACS Tubes with Strainer Neolab 352235

BD FACSAria lll, 4 Lasers Tube Sorter BD -

Nonstick, RNase-free Microfuge Tubes, 1.5 ml ThermoFisher AM12450
Eppendorf PCR Strip, 0.2 mL RNase and DNase free Sigma Z316156-1PAK
0.2 mL PCR Strip Magnetic Separator, 8 or 12 Strips Permagen Labware | MSR812
Poly-L-lysine-coated slides ThermoFisher J2800AMNZ
Coverslips (1.5H, 24 x 50 mm) Carl Roth LH25.1
Staining Tray Sigma Z670146-1EA
PCR Thermocycler T100 Bio-rad 1861096
Qubit™ Assay Tubes ThermoFisher Q32856

Qubit Fluorometric Quantification ThermoFisher Q33327

2100 Bioanalyzer Instrument Agilent G2939BA
MicroAmp™ Optical 96-Well Reaction Plate ThermoFisher N8010560

Applied Biosystems QuantStudio 3

ThermoFisher

Fluorescence microscope Zeiss Axio Observer D1

Zeis
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2.1.2. Reagents Set Up

Fixative Solution: Prepare in advance, and store at 4°C.

Materials and Methods

Component Volume (pl) Final Concentration
16% Formaldehyde (w/v), Methanol-free | 625 1%

RNase-free PBS, pH 7.4 9,325 -

RNasin, 40 U/ul 50 0.2U plt

Nuclei Isolation Medium 1 (NIM1): Prepare in advance, and store at 4°C, for up to 6 months.

Component Volume (ul) Final Concentration (mM)
Sucrose, 1.5M 2,500 250

KCI, 2M 187.5 25

MgClz, 1M 75 5

Tris buffer, 1M, pH 8.0 150 10

Nuclease free water 12,087.5 -

Total volume 15,000 -

Nuclei Isolation Medium 2 (N1M2): Prepare freshly each time. Mix the components on ice.

Component Volume (pl) Final Concentration
NIM1 4,945 -

DTT,1 mM 5 1uM

100X Protease inhibitor 50 1X

Total volume 5,000 -

Homogenization Buffer (HB): Prepare freshly each time. Mix the components on ice.

Component Volume (ul) Final Concentration
NIM2 1,455 1X

RNasin, 40 U/ul 15 0.4U plt
SUPERase In, 20 U/l 15 0.2U pult

Triton X-100, 10% (v/v) 15 0.1% (v/v)

Total volume 1,500 -
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Staining Buffer (SB): Prepare freshly each time. Mix the components on ice.

Component Volume (pl) Final Concentration
RNase-free PBS, pH 7.4 9,810 -

RNase-free BSA, 35% 140 0.5% (wt/v)

RNasin, 40 U/ul 50 0.2U plt

lodixanol Medium (IDM): Prepare in advance, store in 50 ml tube at 4°C for up to 6 months.

Component Volume (ul) Final Concentration (mM)
1.5M sucrose 2,500 250

2M KCI 1,125 150

1M MgCl, 450 30

1M Tris buffer, pH 8.0 900 60

Nuclease free water 10,025 -

Total volume 15,000 -

Optiprep Solutions: Prepare in advance, store in 50 ml tube at 4°C for up to 6 months.

Component Volume (pl) Final Concentration
Optiprep, 60% 12,500 50%

IDM 2,500 -

Total volume 15,000 -

Optiprep, 60% 7,250 29%

IDM 7,750 -

Total volume 15,000

2.1.2.1.Human Material and Ethical Permission

Frozen human postmortem brain samples were received from the Douglas Bell-Canada Brain Bank
(DBCBB). The samples were originating from Caucasians of French-Canadian descent and sudden
death individuals, where the cause of death was defined by the Quebec Coroner’s office. Brains
were dissected by trained neuroanatomists and stored at -80°C in the DBCBB. This study was
conducted under ethical permission issued by the Douglas Mental Health University Institute

Research Ethics Board (REB, IUSMD-17-43), Canada.
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2.1.3. Methods

All commercial kits were applied according to manufacturers’ instructions. Any deviations from
the original protocols are described below.

2.1.3.1.Nuclei Isolation from Frozen Human Brain Samples

The nuclei isolation method was adapted from the protocol of Krishnaswami et al. (2016)%, and
the final version is presented in section 3.1.6. The detailed version of the protocol can be found in
Supplementary Information (Section 5.1).

2.1.3.2.Flow Cytometry

Nuclei were analyzed and sorted using a FACS system (BD FACS Aria Ill) and associated
software (BD FACSDiva 8.0.1) in the FACS facility of the Zentrum fur Molekulare Biologie der
Universitat Heidelberg (ZMBH). The facility prepared the FACS instrument for the droplet stream
and the sorting delay, speed, and accuracy. The particles’ overall event rate was set up to 200-
4,000 events/second, the sample loading chamber was kept at 4°C, and a 100 pum nozzle was
selected for sorting.

2.1.3.3.RNA Extraction, Reverse Transcription, qPCR Analysis

RNA Extraction. Total RNA was extracted using RNeasy FFPE Kit (Qiagen, 73504) with an
additional elution step at the end; RNA was eluted twice with the same eluate (20 ul) to increase
the total amount. Eluted RNA was collected into 1.5 ml non-stick, RNase-free microfuge tubes
(ThermoFisher, AM12450). For quality control, 2 pl of RNA was set aside in PCR strip tubes
(Sigma, Z316156-1PAK) and, together with the rest of the eluted RNA, was stored at -80°C.

Quantity and quality assessments of RNA were done using 2100 Bioanalyzer Instrument (Agilent
G2939BA), with RNA 6000 Pico Kit (Agilent, 5067-1513).

Reverse Transcription and gPCR Analysis. cDNA was synthesized with the SuperScript 111 system
(ThermoFisher, 18080051) using oligo(dT) priming following the manufacturers’ guidelines in the
PCR Thermocycler T100 (Bio-rad, 1861096). gPCR experiments were run using the Applied
Biosystems QuantStudio 3 (ThermoFisher).

Two distinct approaches were used for g°PCR analysis: TagMan Probes or SYBR Green. Tagman
probes specific for human species were synthesized and ordered following the suppliers’ selection
criteria (ThermoFisher) as listed in Table 2.1. All the probes were carrying a FAM reporter. For
experiments employing SYBR Green, custom primers were designed based on the following
criteria: i. primers were spanning exon-exon junction, ii. the envisaged size of the amplicon was
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between 70-120 bp, and iii. primers had a low probability of self-dimerization, which were
analyzed using the OligoAnalyzer Tool (IDT). A list of the primers used for SYBR Green analysis
is presented in Table 2.2. The amplification efficiency of primers provided by the commercial
supplier (Eurofins) was tested before the experiment, and the ones with 90-120% efficiency and a
single peak on the melting curve were used for further experiments, employing the Fast SYBR
Green Master Mix kit (Fisher Scientific, 4385612).

Table 2.1. gPCR Primers Used for the TagMan Assay.

Gene ID Primer ID

SLC1A2 Hs00188189_m1

ATP1B2 Hs01020302_g1
S100B Hs00902901_m1
RAB3C Hs00384846_m1
NEUN Hs01370653_m1

PLP1 Hs00166914_m1

CX3CR1 Hs00365842_m1

CYC1 Hs00357717_m1

Table 2.2. qPCR Primers Used for the SYBR Green Assay. fw: forward primer sequences, rev: reverse primer
sequences.

Gene Pubmed Accession Sequence, Primer
ID Number 5°—3° Efficiency, %
SOX9 NM_000346 fw: GTACCCGCACTTGCACAAC 93.8

rev: TCTCGCTCTCGTTCAGAAGTC

fw: TTCTTGAGCTTGGGATTGCCT
SLCIAZ NM_004171 rev. CCTTGTCCAAGCCTGCTTTCA 9.2

fw: CAATCACTTGGCGTGACTTCA
rev: ACCTTGTCAAGGAGTTTGCCTAA

fw: CCAGGACTAGAGGGAGAGCA
WIFL ) NM_007191.5 rev: TCGCAGACAGGCTTTGAACA 1135

fw: GTGGTGCTGACAAAGCTTGGAA
CX3CRL | NM_O0LL711722 1 o TCACTGGGTGCCATCGTAAGAA 828

GJAl NM_000165.4 102
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fw: TACGCAGCCTACAGATACGCTC
rev: TGGTTCCAATGCTGTAGGTCGC

fw: ATCATCGGCAATAGCAGTGTG
RAB3C NM_138453 rev: AGGCTGTGGTGATAGTCCTGT 107.5

fw: ATGTGGACCATAGCCATTGTG
CNRL | NM_001160258 rev: CCGATCCAGAACATCAGGTAGG 90.63

fw: CGTCCTAGTAAGCACTCGCA

rev: TCGCCTAAGTGACCTTCGTC
fw: ACCTATGCCCTGACCGTTG

PLP1 NM_001128834 rev: TGCTGGGGAAGGCAATAGACT %3

NEUN NM_001385818.1 914

RELN NM_005045.3 96.3

fw: AAAGAGCGCATGGATAGGCA
SDPR NM_004657.5 rev: TTTCCTCCTGGAAGATGAGCAC 1148

fw: GGTCCATTACCAGCTTTTGTACG
SLC7ALL | NM_014331 rev: AATGTAGCGTCCAAATGCCAG 103

fw: AGCCTACAAGAAAGTTTGCCTAT
rev: TCTTCTTCCGGTAGTGGATCTTGGC

CyC1 NM_001916 90.5

gPCR analysis of the abundance of cell-type-specific markers was performed to assess the purity
of sorted populations. Markers were selected based on published expression data®®?: Astrocytes:
SLC1A2, ATP1B2 - ATPase Na+/K+ Transporting Subunit Beta 2, S100B - S100 Calcium Binding
Protein B, SOX9 - SRY-box transcription factor 9, GJAL, WIF1 - Wnt inhibitory factor 1, and
SLC7A11 - Solute carrier family 7 member 11. Neurons: RAB3C - RAB3C member RAS oncogene
family, NEUN - RNA binding fox-1 homolog 3, CNR1 - Cannabinoid receptor 1, RELN - Reelin.
Oligodendrocytes: PLP1 - Proteolipid protein 1. Microglia: CX3CR1 - Chemokine (C-X3-C motif)
receptor 1. Endothelial cells: SDPR - Serum deprivation-response protein. Housekeeping gene:
CYC1 - Cytochrome c1.

gPCR analysis was determined using the relative abundance of a gene. Then, it was calculated by
normalizing the targets’ gene expression values to a housekeeping gene, according to formula 2¢
ACH (ACt = Ctrarget gene — ClHousekeeping gene), represented in arbitrary units (a.u.).

2.1.3.4.Immunohistochemistry

Frozen human brain samples were sectioned using the cryostat (Leica), and 20 pM-thick sections
were collected, mounted on poly-L-lysine-coated slides (ThermoFisher, J2800AMNZ), and stored
at -80°C. Prior to staining, frozen slices were fixed either with 4% paraformaldehyde (PFA) (Fisher
Scientific, 28908) or a mixture of acetone:methanol (1:1) (Acetone — Carl Roth, 9372.1, Methanol
— Carl Roth, P717.1). For PFA fixation, slices were incubated for 20 min. at room temperature
(RT). For acetone:methanol fixation, sections were incubated for 15 min. at -20°C.
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Subsequently, PFA-fixed brain sections were permeabilized in washing solution containing 0.05%
Tween 20 (Sigma, P9416-50ML) and 0.2% Triton X-100 (Sigma, T8787-100ML) in phosphate-
buffered saline (PBS, 1X) (Carl Roth, 9143.1) for 15 min. at RT. The following steps were
identical for PFA and acetone:methanol fixed section. Sections were blocked in blocking buffer
containing 10% normal goat serum (ThermoFisher, 31873) and 0.2% Triton for 90 min. at RT.
Next, samples were incubated in primary antibody dilution buffer (1% normal goat serum and
0.2% Triton in PBS) for 48 h at 4°C. Antibody list is presented in Supplementary Table S1. After
three washing steps (10 min. each in PBS, at RT), sections were incubated in antibody dilution
buffer containing respective secondary antibodies for 3 h at RT. To ensure light protection, this
step was accomplished in a staining tray (Sigma, Z670146-1EA). Then, sections were washed
(three times, 10 min. each in PBS, at RT), and 1:1000 diluted Hoechst in PBS was added for 10
min. at RT. After the last washing step (three times, 10 min. each in PBS, at RT), the sections were
air-dried, and mounting media (ThermoFisher, P36961) was added. Coverslips (Carl Roth,
LH25.1) were sealed with nail polish, and the sections were dried overnight at RT. For long-term
storage, slides were placed at 4°C. Finally, imaging was performed under the inverted fluorescence
microscope.

2.2. Optimizing the MACS Strategy for Isolation of Astrocytes from
Multiple Regions of the Adult Mouse Brain

2.2.1. Materials

Reagents Name Supplier Article Numbers
RNaseZap ThermoFisher AM9780
UltraPure™ DNase/RNase-Free distilled water ThermoFisher 10977035
Bovine serum albumin solution Sigma A7979-50ML
Dulbecco's phosphate-buffered saline without Ca?*/Mg?* | ThermoFisher 14190094
Adult brain dissociation kit Miltenyi 130-107-677
DNase | Worthington LS002007
Myelin removal beads 11, human, mouse, rat Miltenyi 130-096-731
Anti-ACSA-2 microbead kit, mouse Miltenyi 130-097-678
RLT buffer Qiagen 79216
2-Mercaptoethanol Fisher Scientific 21985023
RNeasy plus micro kit Qiagen 74034
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Agilent RNA 6000 pico kit Agilent 5067-1513
SuperScript™ III first-strand synthesis system ThermoFisher 18080051
Fast SYBR green master mix Kit Fisher Scientific 4385612
KAPA dNTP mix, 10 mM each Sigma KK1017
SuperScript™ II reverse transcriptase, 10,000 U ThermoFisher 18064014
Recombinant RNase inhibitor, 5000 U Takara 2313A
Betaine Solution, 5M Sigma B0300-1VL
KAPA HotStart ready mix Kapa Biosystem KK2601
Agencourt AMPure XP Beckman Coulter A63881
Qubit™ dsDNA HS assay kit ThermoFisher Q32854
Agilent High Sensitivity DNA kit Agilent 5067-4626
Nextera XT index kit v2 Illumina FC-131-200
Equipment Name Supplier Article Numbers
Falcon® 50ml Centrifuge Tube, conical bottom, sterile Neolab 352070
Falcon® 15ml Centrifuge Tube, conical bottom, sterile Neolab 352096
Low-profile disposable blades 819 Leica 14035838382
Adult mouse brain slicer matrix Zivic Instruments BSMAS001-1
Disposable Scalpels, sterile Neolab 1-1565
Dumont #5/45 Forceps F.S.T. 11251-35
Dumont #7 Forceps F.S.T. 11271-30
Pasteur pipettes made of glass, 230 mm long Neolab 44036

MACS Smart Strainers, 70 um Miltenyi 130-098-462
Heraeus™ Megafuge™ 16 Centrifuge, swing bucket Thermofisher 75004270

MS Columns Miltenyi 130-042-201
MACS MultiStand Miltenyi 130-042-303
OctoMACS™ Separator Miltenyi 130-042-109
Nonstick, RNase-free Microfuge Tubes, 1.5 ml ThermoFisher AM12450
Eppendorf PCR Strip, 0.2 mL RNase and DNase free Sigma Z316156-1PAK
PCR Thermocycler T100 Bio-rad 1861096
MicroAmp™ Optical 96-Well Reaction Plate ThermoFisher N8010560

Applied Biosystems QuantStudio 3

ThermoFisher
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2.2.1.1.Mouse Material and Ethical Permission

Adult mice (8-18 weeks old) of C57BL6/J strain were used throughout the experiments. Mice were
obtained either from in-house breeding at Interdisciplinary Behavioral Core (INBC, University of
Heidelberg) or from a commercial supplier (Charles River). All experiments were performed under
compliance with the permission of ethics (T-56/17 and G-233/16) issued by the
Regierungsprésidium, Karlsruhe, Germany.

2.2.2. Methods

2.2.2.1.Tissue Dissection

During the entire isolation procedure, special care was taken to keep the working space and
materials cold (working on ice), clean (sterilization with 70% ethanol), and RNase-free
(ThermoFisher, AM9780).

Mice were sacrificed by cervical dislocation, and brains were kept in ice-cold Dulbecco's
phosphate-buffered saline (DPBS) without Ca?*/Mg?* (ThermoFisher, 14190094). Dissection of
brain regions was performed on ice. One mouse brain was used to dissect five brain regions, based
on the stereotactic localization, guided by Allen Brain Atlas. Coronal slices (1-2 mm) were
obtained using a mouse brain slicer matrix (Zivic Instruments, BSMAS001-1) and disposable
blades (Leica, 14035838382). The hippocampus and hypothalamus were dissected from the
remaining tissue without using the slicer since those regions are anatomically more accessible (Fig.
2.1). The prefrontal cortex (bregma 2.22 - 1.70), the motor cortex (bregma 1.32 - 1.10), and the
somatosensory cortex (bregma 0.74 — (-2.92)) were dissected from the slices (Fig. 2.1).
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Brain slicer matrix Slices in DPBS Whole cortex

Hippocampus &
hypothalamus

Figure 2.1. Dissection of Different Mouse Brain Regions. A. The adult mouse brain was placed in a ventral
view position on a brain slicer matrix. Hypothalamus was dissected without slicing. Blades were positioned inside
1 mm intervals to slice the tissue. B. Slices were placed in a Petri dish containing ice-cold DPBS (w/o Ca®*/Mg?*),
and the regions of interest — delineated with a black line in the scheme - were dissected out using forceps (F.S.T.).
Dissected tissues were kept on ice in 1.5 ml Eppendorf filled with DPBS until the next step.

2.2.2.2.MACS-Cell Isolation Protocol

The optimization of cell isolation method was the subject of this thesis. The basic protocol was
adapted from the manufacturers’ (Miltenyi) instructions, including previously published
strategies®’?. The final version is presented in section 3.2.4. The detailed version of the method can
be found in Supplementary Information (Section 5.2).

2.2.2.3.RNA Extraction, Reverse Transcription, qPCR Analysis

RNA Extraction. RNA was extracted with RNeasy Plus Micro Kit (Qiagen, 74034). Eluted RNA
(20 ul) was collected into 1.5 ml non-stick RNase-free microfuge tubes (ThermoFisher,
AM12450), and was stored at -80°C. Quantity and quality assessments of RNA were done as
described previously (Section 2.1.3.3).
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Reverse Transcription and gPCR Analysis. cDNA synthesis and gPCR analysis were conducted
as described in section 2.1.3.3, with SYBR Green assay. The list of primers is presented in Table
2.3.

Table 2.3. gPCR Primers Used for the Mouse Samples. fw: forward primer sequences, rev: reverse primer

sequences.
Gene Pubmed Accession Sequence, Primer
Number 5°—3 Efficiency, %
Aldhl1 NM_027406.1 fw: GCAGGTACTTCTGGGTTGCT 92.4

rev. GGAAGGCACCCAAGGTCAAA

fw: CATCCTTGACTCCATCGGGC
Mbp | NM_001025251.2 | 1o\ CAGGGTACCTTGCCAGAGC 95

fw: CGTGAGACTGGGTGAGTGAC
Cx3erl NM_009987 rev: GGACATGGTGAGGTCCTGAG 99

fw: GGGAGGCACATCTGATCCATA
Syt NM_001252342 rev: TTCCGGTGGACTTTTGTCTCA 106

fw: AGGCTGAGGTAAATGCTGGG
Cspg4 NM_139001.2 rev: GCAGGTGGTGAGGACAGTAG %9

fw: CCGCCAAGGTTCGCTTATCT
Ocln NM_008756.2 rev: CGGACATGGCTGATGTCACT 116

fw: AGGTAACGACCAAGACGCAAA
Dex NM_001110222.1 | o . GGGTGTAGAGATAGGAGACTGC 121

fw: TGCTCTTCCTGCCACAGC
Cycl NM_025567.2 rev: GACCTCCACCTCCTCAGCC 120

To evaluate the purity of sorted population, markers were selected based on published data®®?:
Astrocytes: Aldhlll - Aldehyde dehydrogenase 1 family, member L1. Oligodendrocytes: Mbp -
Myelin basic protein. Microglia: Cx3crl - Chemokine, C-X3-C motif, receptor 1. Neurons: Sytl -
Synaptotagmin I. NG2 cells: Cspg4 - Chondroitin sulphate proteoglycan 4. Endothelial cells: Ocln
- Occluding. Neuronal precursor cells: Dcx - Doublecortin. Housekeeping gene: Cycl.

Data analysis was conducted by normalizing targets’ gene expression values to a housekeeping
gene (ACt = Ctrarget gene — ClHousekeeping gene). The enrichment in purified population was tested by
comparison with an expression level in tissue homogenate and presented as the fold change
expression over the latter (2022Y), represented in a.u.
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2.3. Validation of the Protocols in Human Depression and Mouse

Model of Chronic Stress

2.3.1. Materials

Reagents Name Supplier Article Numbers
Tween 20 Sigma P9416-50ML
RIPA Buffer Sigma R0278-50ML
NUuPAGE LDS Sample Buffer (4X) ThermoFisher NPO007
Halt™ Protease and Phosphatase Inhibitor Single-Use .
Cocktail (100X) ThermoFisher 78442
BCA Protein Assay Kit ThermoFisher 23225

o TP e .
fu 12% Criterion™ XT Bis-Tris Protein Gel, 18 well, 30 Bio-Rad 3450124
NuPAGE™ MOPS SDS Running Buffer (20X) ThermoFisher NP0001
Precision Plus Protein™ Dual Color Standards Bio-Rad 1610374
NuPAGE™ Transfer Buffer (20X) ThermoFisher NP00061
TBS (10X) Carl Roth 1060.1
Non-fat milk, Blotting grade blocker Bio-Rad 1706404
ECL, Clarity Western ECL Substrate Bio-Rad 1705061
Restore™ PLUS Western Blot Stripping Buffer ThermoFisher 46430

Equipment Name Supplier Article Numbers
Wheaton Dounce Homogenizer, 1ml Neolab 9-0972

Falcon® 15ml Centrifuge Tube, conical bottom, sterile Neolab 352096
Microcentrifuge 5418 R Eppendorf 5401000010
Immobilon-FL PVVDF Membrane Mercknillipore IPFL00010

Blot Absorbent Filter Paper Bio-Rad 1703965
Criterion™ Cell and PowerPac™ Basic Power Supply Bio-Rad 1656019
Criterion Blotter Bio-Rad 1704070

Vilber FUSION FX7 Vilber -
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2.3.1.1.Human Material and Ethical Permission

Brains were dissected from BA25 by trained neuroanatomists at the DBCBB and stored at -80°C.
Samples were originating from male subjects of Caucasians of French-Canadian descent and
sudden death controls (N = 12), where the cause of death was determined by the Quebec Coroners’
office. Cases (N = 15) met the criteria for MDD?®" and died by suicide (Project number: IUSMD-
17-43). Healthy controls did not have evidence of any axis | disorders. Care was taken to match
the samples for the age, postmortem interval (PMI), pH, and refrigeration delay, whenever
possible. Details on the subjects’ information are listed in Table 2.4.

Table 2.4. Subjects Characteristics.

Data are presented as the mean + s.e.m. ®An unpaired, two-tailed, Student’s t-test. P"Mann-Whitney test. *P < 0.05.
PMI: Postmortem interval. NA: Not available.

Substance at death: Morphine, benzodiazepines, antidepressants (TCA, SSRI, SNRI, NaSSA, SARI), cocaine and
metabolites, lidocaine, cannabinoids, opioids, antipsychotics, alcohol, and substance name not available.
Psychiatric medication last 3 months: Benzodiazepines, classic antidepressants, and substance hame not available.

Information Controls (N = 12) Cases (N = 15) P-value

Age (years) ® 43.75 + 6.84 41.40 +2.95 0.7374

PMI (hours) ¢ 41.94 + 7.66 57.77 £ 7.66 0.1816

pH?® 6.65 = 0.06 6.823 + 0.05 0.0480*

Refrigeration delay (hours)® 8.85 + 2.85 27.57+6.31 0.0143*
Cause of death Accident (7), natural (5) Suicide (15) NA
Substance at death 7 11 NA
Psychiatric medication last 3 months 5 9 NA

2.3.1.2.Mouse Material and Ethical Permission

C57BL6/J adult mice (8-18 weeks old) and CD1 males (ex-breeders) were obtained from in-house
breeding at INBC. All experiments were performed under compliance with the permission of
ethics (G-233/16) issued by the Regierungsprasidium, Karlsruhe, Germany. Samples were
originating from control (CONT, N = 7) and stressed (CSDS, N = 8) male mice.
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2.3.2. Methods

2.3.2.1.FACS-Nuclei Isolation and Gene Expression Analysis

Nuclei Isolation. Nuclei from Hoechst+ and CX43+ populations were isolated following the

optimized workflow described in section 3.1.6. Positively selected nuclei from both populations
were collected into 100 pl of PKD buffer (Qiagen) and stored at -80°C.

Gene Expression Analysis for Human Samples. RNA was extracted as explained in section 2.1.3.3,
and library preparations were conducted as described in section 3.1.6.3 using SMARTer®
Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian kit (Takara, 634413) with modifications.
For the Hoechst+ population, 1.5 ng of total RNA input was amplified with 12 PCR cycles. For
the CX43+ population, max. amount of RNA (total volume: 8 pl) input was used, and 16 PCR
cycles were performed to generate the libraries. RNA and library qualities were evaluated with
Bioanalyzer using RNA Pico Kit (Agilent, 5067-1513) and High Sensitivity DNA Kit (Agilent,
5067-4626). Next, libraries were sent to the genomic facility in Boehringer Ingelheim (Germany),
and RNA sequencing was conducted following their internal workflow on the Illumina HiSeq 4000
platform (using the dual indexing, paired-end 2 x 75 bp run system).

RNA-sequencing data analysis was performed by the bioinformaticians in Intelliseq (Poland). The
quality of sequenced data was verified using FastQC (v.0.11.8), and these reports were aggregated
with MultiQC (v1.10). The raw reads were aligned to GRCh38.p13 Ensembl (v.100 for CX43
samples and v. 102 for Hoechst samples) using Hisat2. Next, the gene abundances were calculated
using htseg-count (v.0.11.2) and the GTF file from Ensembl (v.100 for CX43 and v.102 for
Hoechst samples).

Statistics. Differential gene expression analysis between CON and MDD groups was done with
exactTest function from edgeR (v.3.28.1) R package on filtered data (filterByExpr function, counts
per million reads mapped (CPM) > 3 at least in 10 samples) for CX43 and Hoechst samples
separately.

2.3.2.2.MACS-Astrocytes Isolation and Gene Expression Analysis

Chronic social defeat stress paradigm and evaluation of stress impact on mice behavior were
conducted by our colleague Carmen Menacho Pando based on the published procedure'®. Briefly,
the protocol included exposing the submissive mice (C57BL6/J male, >8 weeks old) to a daily,
short (5-10 min.) contact with the aggressive mice (CD1 males, ex-breeders). This episode was
followed by the cohabitation of mice in a two-compartment cage hosted by an aggressive mouse,
with perforated plexiglass placed in the middle to prevent physical contact while experiencing the
presence of the aggressor. This protocol was applied for a minimum of 2 weeks with daily
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alternation of the aggressor. Animals were housed in the reversed 12 h:12 h light:dark cycles to
facilitate executing CSDS in the active phase of mice (i.e., during darkness). | contributed to
MACS, RNA extraction, and library preparations.

Astrocytes Isolation. Cells were isolated following the optimized protocol as explained in section
3.2.4. ACSA-2+ cells were sorted into 350 ul RLT buffer (Qiagen) and stored at -80°C.

Gene Expression Analysis for Mouse Samples. RNA was extracted as described in section 2.2.2.3,
and libraries were prepared as explained in section 3.2.4.3 using Smart-seq2 protocol in
collaboration with EMBL Genomics Facility, Heidelberg. Nextera XT DNA Library Preparation
Kit was used at EMBL Genomics Facility following their internal protocol. The total RNA input,
3 ng, was amplified, and 0.2 ng of cDNA was used to generate libraries. Finally, pools of the
sample (mix of 13-16 libraries in one tube) were sequenced using NextSeq 500 system (Illumina)
at EMBL Genomics Facility.

RNA-sequencing data analysis was performed by the bioinformaticians in Intelliseq. The quality
of sequenced data was verified using FastQC (v.0.11.7), and these reports were aggregated with
MultiQC (v1.10). The raw reads were aligned to GRCm38.p6 and Ensembl (v.97) using Hisat2.
Next, the transcripts and genes FPKM (Fragments Per Kilobase of transcript per Million fragments
mapped) levels were quantified using Cuffquant, Cuffnorm (v.2.2.1), and GTF file from Ensembl
(v.97). Finally, differential gene expression analysis between control and stressed groups was done
on normalized FPKM values on filtered data (mean FPKM > 1 for analyzed samples).

Statistics. Statistical analyses were done using three-way ANOVA with factors: “brain region”,
“sacrificed time”, “treatment”, and interaction between ‘“sacrificed time” and “treatment”.
Correction for multiple testing was done only on transcripts with mean FPKM values > 5 and <
100 using Bonferroni correction.

2.3.2.3.Western Blot

Frozen human tissue (100 mg) was homogenized with Dounce homogenizer in 300 ul of pre-
cooled RIPA buffer (Sigma, R0278-50ML) containing 1X protease and phosphatase inhibitor
(ThermoFisher, 78442). The lysate was incubated for 10 min. on ice, transferred into a new 1.5 ml
Eppendorf tube, and sonicated for 1 min. Next, the lysate was centrifuged at full speed for 30 min.
at 4°C. Finally, the supernatant and the pellet were separated and stored at -80°C.

Protein quantification was performed using BCA Protein Assay Kit (Thermofisher, 23225). Prior
to protein running, the supernatants were mixed with the LDS sample buffer (ThermoFisher,
NP0007) and incubated for 10 min. at 70°C. For each sample, 20 ug of protein was run by
electrophoresis with the Criterion™ Cell systems (Bio-Rad, 1656019) using precast gels with 4-
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12% Bis-Tris (Bio-Rad, 3450124), in 1X MOPS-SDS buffer (ThermoFisher, NPO001). Next,
proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Merckmillipore,
IPFL00010) with the Criterion Blotter systems (Bio-Rad, 1704070) in 1X transfer buffer
(ThermoFisher, NP0O0061). Membranes were blocked in blocking buffer containing 5% of milk
(Bio-Rad, 1706404), 1X of TBS (Carl Roth, 1060.1), 0.5% of Tween 20 (Sigma, P9416-50ML),
for 1h at RT then incubated in primary antibody in dilution buffer (1.5% of milk, 1X of TBS, 0.5%
of Tween 20) overnight at 4°C (Antibody list is presented in Supp. Table S1). After three washing
steps (10 min. each in 1X of TBS, 0.5% of Tween 20, at RT), membranes were incubated with the
secondary antibodies conjugated to horseradish peroxidase in dilution buffer for 1 h at RT. After
three final washing steps (10 min. each in 1X of TBS, 0.5% of Tween 20, at RT), protein bands
were detected using the chemiluminescent reaction (Clarity Western ECL Substrate (Bio-Rad,
1705061)) under the Vilber FUSION FX7.

Data Analysis and Statistics. Protein levels were quantified using ImageJ software and calculated
as a ratio of selected bands’ relative density to the housekeeping protein B-ACTIN. Statistical
analyses were conducted using the t-test or Mann-Whitney test when the data was not normally
distributed based on the Shapiro-Wilk test.
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3. RESULTS

3.1. Establishing a Novel Protocol for Isolating Astrocytic Nuclei
from Fresh Frozen Human Brain Samples

3.1.1. Development of the Protocol

To isolate astrocytic nuclei, a protocol enabling positive selection strategy had to be developed.
Several methods for isolating cell-type-specific nuclei from frozen human brain tissues have
emerged during the past few years!8181.186.196.197 ' aAq 3 general principle, we decided to adapt the
existing methods established for other cell types and optimized them for our specific research
purpose. As a starting point, we chose the protocol of Krishnaswami et al. (2016), which was used
to analyze transcriptional changes in individual neuronal nuclei sorted from frozen human
postmortem samples!®. We evaluated this method as the most suitable since it focused on
preventing the damage of RNA throughout the isolation process for optimal transcriptomic
analysis, which overlapped with our objective.

Principle steps (Fig. 3.1) of the protocol encompass: i. tissue homogenization, ii. immunolabelling
of astrocytic nuclei with specific antibody, iii. fluorescence-based sorting, and iv. RNA extraction.
Details of optimizing the original protocol were the subject of this thesis. The final version of the
protocol is presented in section 3.1.6.

Tissue Homogenization Astrocytic Nuclei Sorting Gene Expression Analysis
// S 5 \
AT ¥ Genetic material
(I

' extracion

3| \ e
Frozen brain . ‘ ,/,»/
sample *J

Isolated
nuclei

Data
analysis

' Single nuclei

] suspension TR
Dounce FACS

\\7 homogenizer J analysis \ Sequencing /

Figure 3.1. Workflow for Isolating Astrocytic Nuclei and Performing Transcriptomic Studies.

To establish the protocol, three critical objectives were defined: i. recapitulate the reference
protocol by sorting neuronal nuclei, ii. find astrocyte-specific nuclear epitopes, and iii. validate the
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quality of extracted genetic material for transcriptional studies. Hence, in the subsequent sections,
the original approach®®®, followed by the detailed description of introduced modifications, will be
described.

3.1.2. Neuronal Nuclei Isolation from Fresh Frozen Brain Samples

In the reference protocol, the tissue dissociation was carried on using Dounce homogenizer'€®.
Briefly, frozen tissue was chopped with a pre-chilled scalpel and placed into a Dounce
homogenizer containing cold, freshly prepared homogenization buffer (the composition in section
2.1.2). The first step of homogenization was accomplished by applying five strokes using the loose
pestle, while the second step was completed employing the tight pestle for another ten strokes.
Once dissociation was completed, the homogenate was filtered through a cell strainer cap (35 pm
pore size) of a FACS tube and concentrated by centrifugation.

To reproduce the reference protocol for neuronal nuclei isolation from the fresh frozen human
cortex, we dissociated the tissue (less than 50 mg) according to the instructions, with the exception
of employing a different cell strainer. A 40 um strainer was used instead of the FACS tube with a
strainer cap (35 um) because filtering the dense homogenate through a small FACS tube cap was
not efficient in our hands. The selected strainer had a larger surface area, which allowed easier and
more effective filtering. A single nuclei suspension was obtained upon homogenization, rendering
6 x 10° nuclei, as counted using the Neubauer chamber.

For isolating all nuclei from tissue homogenate, a dye staining all nuclei, Hoechst, was employed.
Labeling the neuronal nuclei was performed using a primary antibody targeting a nuclear
membrane protein, anti-NEUN (5 pg/ml, Supp. Table S1). For fluorescent labeling, nuclei were
incubated with secondary antibody conjugated to Alexa 594 (4 pg/ml, Supp. Table S1). Once
immunolabelling was concluded, flow cytometry analysis was performed as suggested by
Krishnaswami et al. (2016)'. In FACS, all intact nuclei were selected with 405 nm wavelength
recognizing Hoechst+ nuclei population (Fig. 3.2A). From this population, NEUN-positive
(NEUN+) nuclei fraction was extracted (Fig. 3.2C) based on the fluorescence intensity of the
secondary antibody acquired with 561 nm laser. The latter was routinely normalized to the isotype
control (5 pug/ml, Supp. Table S1), which served to set the FACS gating (Fig. 3.2B). A total of
37,000 NEUN+ nuclei were sorted into lysis buffer (0.2% Triton X and 2 U/ul RNase inhibitor).

Following the isolation, cDNA was amplified using a modified version of Smart-seq2 protocol®,
encompassing denaturation, reverse transcription, and pre-amplification. For denaturation, the
KAPA dNTP mix and Oligo-dtzoVVN primers were used at 2.3 mM and 1.1 uM final concentrations,
respectively. Reverse transcription mixture contained TSO/LNA oligonucleotide at 1.5 puM final
concentrations. Pre-amplification was accomplished using ISPCR primers at 0.04 uM final
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concentration. PCR cycles were adjusted according to the sorted nuclei number (18-21 cycles).
Consequently, cDNA was amplified from 37,000 NEUN+ nuclei, rendering 165 ng of total cDNA,
as quantified using Qubit.
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Figure 3.2. Replication of Neuronal Nuclei Isolation Protocol. A. Intact nuclei were selected by gating
Hoechst+ events based on fluorescence intensity using a 405 nm laser and forward scatter (FSC-A) distribution.
B., C. NEUN+ population (C), sub-gated from the Hoechst+ fraction, was defined according to the fluorescence
intensity (acquired with 561 nm laser) and size distribution in comparison to the isotype control (B). Flow
cytometry revealed 24% NEUN+ nuclei (C), which were sorted into lysis buffer. D. gPCR analysis showed
enrichment of neuronal markers. These results were obtained from a single cell isolation experiment (n = 1) using
a tissue sample from one donor. The flow cytometry analysis was done emplying FlowJo software.

SOX9, WIF1, SLC1A2 - astrocytes, CNR1, RELN, RAB3C - neurons, PLP1 - oligodendrocytes, CX3CR1 —
microglia, CYC1 — housekeeping gene.

The purity of sorted populations was assessed with gPCR analysis of the abundance of cell type-
specific markers. NEUN+ population primarily expressed neuronal markers as CNR1 (0.002 a.u.),
RELN (0.029 a.u.), and RAB3C (0.030 a.u.), and no other cell type-specific markers as SOX9 (0.0
a.u.), WIF1 (0.002 a.u.), SLC1A2 (0.0 a.u.), CX3CR1 (0.0 a.u.), and PLP1 (0.0 a.u.) (n = 1, Fig.
3.2D). The data suggested that we could replicate the procedure of neuronal nuclei isolation from
fresh frozen human brain samples.

Furthermore, we assessed the morphological quality of sorted nuclei under the bright-field
microscope. After homogenization and immunolabeling steps, small tissue pieces and debris were
observed as expected since we avoided excessive Dounce strokes and omitted debris removal (Fig.
3.3). Anyhow, the aggregates and the particles smaller than nuclei (i.e., Hoechst+ events) were
eliminated in flow cytometry analysis (post sorting). Images in Figure 3.3 proposed the adequate
conditions of our nuclei isolation method because intact nuclei could be observed after every
essential step of the procedure: homogenization, immunolabeling, and sorting. Effective
recapitulation of the reference protocol encouraged us to optimize the method for astrocytic nuclei
isolation.
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Post Homogenization Post Immunolabeling

L

Figure 3.3. Structural Integrity of Isolated Nuclei. Nuclei were released upon tissue homogenization of frozen
brain samples. An aliquot of nuclei suspension was stained with 0.2% (vol/vol) trypan blue, placed on a Neubauer
chamber, and the morphological appearance was observed under a bright-field microscope. Images were acquired
after tissue homogenization using Dounce homogenizer (Post Homogenization), incubations with antibodies (Post
Immunolabeling), and FACS isolation (Post Sorting). Representative intact nuclei were indicated with white
arrows. Images were acquired on 20X magnitude. Scale bar: 125 pm.

3.1.3. Astrocytic Nuclei Isolation from Fresh Frozen Brain Tissues

3.1.3.1.Selection of Astrocyte Specific Nuclear Epitope

A critical point to establish the protocol for the positive selection of human astrocytic nuclei was
finding the antibody targeting astrocyte-specific nuclear protein. In the reference study (i.e., for
neurons), this step was accomplished using an anti-NEUN antibody, recognizing the neuron-
specific nuclear membrane epitope!®®. However, the analogical protocol was not reported for
astrocytes. To find an appropriate epitope, we performed a systematic literature search. We
reasoned that transcription factors are promising candidates due to their subcellular localization,
the nucleus. We hence investigated literature metadata generously provided by Boehringer
Ingelheim, which was assembled from several sources: mMRNA sequencing data of human primary
astrocytes, induced pluripotent stem cells-derived astrocytes, and a curated data set of transcription
factors in human and mouse!®®. The metadata analysis revealed SOX9 as the strongest candidate
(based on expression values), followed by other transcription factors expressed in astrocytes, such
as GLI family zinc finger 1 (GLI1) and GLI family zinc finger 3 (GLI3).

Our selection was supported by literature evidence. A study conducted by Sun et al. (2017)
demonstrated specific expression of SOX9 in astrocytes in human and mouse brain cortical
samples?®. In addition, the authors employed SOX9 as a nuclear epitope to isolate astrocytic nuclei
from fresh mouse brain samples. Further validation confirmed the specific expression of SOX9 in
astrocytes in the CNS (Jax info, Gtexportal, and Protein atlas). We next searched for the
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availability of antibodies using Labome, and the antibody from Abcam (ab185966, Supp. Table
S1) was selected for pilot experiments.

To test the specificity of the selected antibody, immunofluorescence was conducted on human
tissue samples (Fig. 3.4). Cryosections of the frozen human brain cortex were post-fixed either
with PFA or acetone:methanol (1:1) solution. The latter condition was included to test whether the
antibody would recognize the native antigen, ensured by acetone:methanol fixation. Imaging data
suggested positive signals and nuclear localization of SOX9 in both conditions (n = 2 independent
experiments, Fig. 3.4). Taken together, the tested anti-SOX9 antibody was chosen as the epitope
to sort astrocytic nuclei in the FACS experiments.

A. B.

Figure 3.4. Nuclear Localization of SOX9. Cryosections from frozen brain tissues were either post-fixed in 4%
PFA (A) or acetone:methanol (1:1) (B) solutions. Slices were stained with anti-SOX9 antibody, and Hoechst
33342 (blue) was used for broad nuclear staining. Images were taken under a fluorescence microscope and
indicated nuclear localization of SOX9 protein in human cortical tissue (red). Two independent experiments were
conducted (n = 2). Images were acquired on 40X magnitude. PFA: paraformaldehyde. Scale bar: 50 um.

3.1.3.2.Astrocytic Nuclei Isolation Targeting SOX9 Epitope

For FACS isolation of astrocytic nuclei from frozen human postmortem brain samples, we
replicated the homogenization described in section 3.1.2. Approximately 50 mg of frozen tissue
was homogenized, and single nuclei suspension was obtained (number of nuclei: 3.6 x 10°). Before
flow cytometry, nuclei labeling was performed with a primary anti-SOX9 antibody (12 pg/ml,
ab185966, Supp. Table S1) and a secondary antibody conjugated to phycoerythrin (PE) (4 pg/ml,
Supp. Table S1). In FACS, Hoechst+ events, representing the intact nuclei, were initially selected
(Fig. 3.5A). Then, SOX9-positive (SOX9+) nuclei population was chosen according to the
fluorescence intensity of the PE and by sub-gating set based on the isotype control (12 pg/ml,
Supp. Table S1). The percentage of SOX9+ events was 0.01% (Fig. 3.5C), resulting in only 190
nuclei sorted into lysis buffer. Due to the low yield (4 ng of cDNA), successful amplification in
gPCR and cell-type-specific marker expression analysis were not accomplished. Our interpretation
of this data was that the selected primary antibody used to target SOX9 was not efficient for FACS
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sorting of astrocytic nuclei. Thus, we sought to improve the methodological parameters of the

approach.
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Figure 3.5. Specificity of Antibodies for Astrocytic Nuclei Isolation. Three independent FACS experiments
were performed to sort astrocytic nuclei from frozen human samples. Upon tissue homogenization, single nuclei
suspension was either immunolabelled with anti-SOX9-ab185966 (A-C), anti-SOX9-AF3075-SP (D-F), or a
combination of three antibodies (anti-GLI1, anti-GL12, and anti-SOX9) (G-1). A., D., G. In flow cytometry, intact
nuclei (Hoechst+) were selected by gating with respect to fluorescence intensity (405 nm laser) and FSC-A
distribution. From the Hoechst+ population, astrocytic nuclei population was defined based on fluorescence
intensity (561 nm (C, 1) and 630 nm (F) lasers) compared to isotype controls. The percentages of positive events
in astrocytic nuclei populations were 0.01% (C) and 0% (F, 1). None of the antibodies used to isolate astrocytic
nuclei were specific enough to sort astrocytes reliably; however, anti-SOX9 (ab185966) resulted in a positive
signal (C). The flow cytometry analysis was done using FlowJo software. FSC-A: forward scatter area.
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We tested an antibody combination (primary and secondary) used in the study of Sun et al. (2017)
for mouse tissue samples?®. Accordingly, immunolabelling was performed using the anti-SOX9
primary (2 pg/ml, AF3075-SP, Supp. Table S1) and a secondary antibody conjugated to
allophycocyanin (APC) (1 pg/ml, Supp. Table S1). However, in flow cytometry analysis, no
positive signal was observed in the SOX9+ population (0%, n = 1, Fig. 3.5F) compared to the
isotype control (12 pg/ml, Supp. Table S1).

Next, we tested a strategy of combining three primary antibodies from the same species (i.e.,
rabbit), reasoning that if any of them worked, subsequent tests with individual antibodies would
let us identify the working one. We labelled nuclei simultaneously with antibodies targeting GLI1,
GLI3, and SOX9 (n = 1, Fig. 3.5G-I). Immunolabeling was done with staining buffer containing
primary antibodies combination anti-GLI1 (10 pg/ml, ab151796, Supp. Table S1), anti-GLI13 (10
pg/ml, PA5-28029, Supp. Table S1), and anti-SOX9 (12 pg/ml, ab185966, Supp. Table S1). A
unique secondary antibody conjugated to PE (4 pug/ml, Supp. Table S1) was employed. However,
FACS analysis did not reveal any positive signal for astrocytic labeling compared to the isotype
control, as seen in Figure 3.5H-1. This finding was surprising since employing only anti-SOX9
(ab185966) antibody gave a weak but positive signal in flow cytometry. Hence, we decided to
continue using anti-SOX9 (ab185966) for the subsequent experiments and examine whether
modifying other parameters in the protocol can enhance the immunostaining efficiency.

To increase the number of isolated nuclei, a prerequisite for the purity analysis, we doubled the
amount of tissue used for the experiment. As expected, upon tissue homogenization, this
modification increased the total number of nuclei to 2.1 x 10°. Prior to FACS, single nuclei
suspension was incubated with anti-SOX9 antibody (12 pg/ml, ab185966) and a secondary
antibody conjugated to PE (4 pg/ml, Supp. Table S1). In the flow cytometry analysis, the fraction
of the SOX9+ population was 9.9%, without impacting the number of positive events in the isotype
control population (n =1, Fig. 3.6B, C). We were able to sort 5,400 SOX9+ nuclei into lysis buffer,
from which 185 ng cDNA was amplified.

Improvement of the yield allowed us to perform gPCR analysis of the purity of isolated population.
We calculated the abundance of the markers for astrocytes (SLC1A2: 0.002 a.u., GJAL: 0.001 a.u.),
microglia (CX3CRL1: 0 a.u.), oligodendrocytes (PLP1: 0.007 a.u.), and neurons (NEUN: 0.06 a.u.,
RAB3C: 0.03 a.u.) (n = 1, Fig. 3.6D). The data suggested that the expression levels of astrocytic
markers were low compared to the other cell-type-specific markers, implicating that further
optimization of the protocol was necessary. Considering the increase in the percentage of the
positive events, we decided to keep using 100 mg of tissue for the following experiments.
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Figure 3.6. Evaluation of Different Strategies to Improve the Yield and Purity of Astrocytic Nuclei. Three
independent FACS experiments were performed to sort astrocytic nuclei from frozen human samples. For each
experiments single gPCR analysis was conducted. A-D. Higher input material improved the signal intensity in
FACS (C), but gPCR data demonstrated that the antibody was unspecific and labelled neurons (D). E-H. The
double labeling strategy decreased the contamination of neurons but also the yield of sorted material. The isolated
population did not consist of pure astrocytes (H). I-L. Already conjugated anti-SOX9 antibody revealed higher
efficiency in FACS (K). However, the sorted population consisted of astrocytes and oligodendrocyte mixture (L).
The flow cytometry analysis was done using FlowJo software.

FSC-A: forward scatter area. n.d.: Not determined. SLC1A2, GJAL, WIF1 - astrocytes, PLP1 - oligodendrocytes,
CX3CR1 — microglia, RELN, RAB3C, NEUN - neurons CYC1 — housekeeping gene. SYBR Green assay was
employed for qPCR analysis.

We next tested a dual strategy, encompassing simultaneous negative selection of neuronal nuclei
with positive selection of astrocytic nuclei. For this double staining approach, nuclei were labelled
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with anti-NEUN (5 pg/ml, MAB377, Supp. Table S1) and anti-SOX9 (12 pg/ml, ab185966, Supp.
Table S1) antibodies. Secondary antibodies were either conjugated to Alexa 488 (4 pg/ml, Supp.
Table S1) or PE (4 pg/ml, Supp. Table S1), respectively. Therefore, four distinct groups were
defined (Fig. 3.6G): SOX9+/NEUN-, SOX9+/NEUN+, SOX9-/NEUN+, and SOX9-/NEUN- (n =
1, Fig. 3.6F). The population of interest was the SOX9+/NEUN-, constituting 0.5% of Hoechst+
nuclei, which translated to sorting 400 nuclei into lysis buffer, from which 13 ng of cDNA was
amplified.

Due to low input material, we could perform gPCR analysis using only four markers for cell-type-
specific gene expression assessment (n = 1, Fig. 3.6H). As desired, the RAB3C expression was
eliminated (0.0 a.u.), and the expression of astrocytic markers increased since SLC1A2 and GJAL
reached 0.3 a.u. and 0.01 a.u., respectively. However, the expression level of PLP1 was detected
as 0.4 a.u. (Fig. 3.6H). In summary, although double immunolabeling decreased the contamination
of neurons and increased the expression level of astrocytic markers, oligodendrocyte
contamination remained an issue, as was the low number of sorted nuclei.

We reasoned that the loss of nuclei may be related to the number of centrifugation steps and that
reducing the latter may be beneficial. Likewise, using an antibody conjugated with a fluorophore
would eliminate the need for incubation with secondary antibody, washing steps, and one
centrifugation. Hence, we tested another anti-SOX9 primary antibody, which was already
conjugated to Alexa 488 (ab196450, Supp. Table S1). Frozen human tissue was homogenized, and
immunostaining was conducted with anti-SOX9-AF488 antibody (5 pg/ml, ab196450, Supp.
Table S1). Flow cytometry analysis shown in Figure 3.6K revealed 2.2% of SOX9+ events in
Hoechst+ nuclei. As a result, 4,900 nuclei were sorted into lysis buffer, and 54 ng of total cDNA
was amplified.

gPCR assessment for purity analysis was performed, and the expression levels of SLC1A2, GJAL,
and WIF1, were measured as 0.5 a.u., 1.9 a.u., 0.2 a.u., respectively (n =1, Fig. 3.6L). The levels
of neuronal markers were either below detection (RAB3C: not determined (n.d.) and RELN: n.d)
or very low (NEUN: 0.008 a.u.). However, as previously, we noted high expression levels of PLP1
(0.6 a.u.). Consequently, flow cytometry and qPCR analyses suggested that the anti-SOX9-AF488
antibody (ab196450) was more efficient in labeling astrocyte-specific nuclei, without neuronal
contamination. Nevertheless, the sorted SOX9+ nuclei population was not pure enough and
consisted of astrocytes and oligodendrocyte mixture, raising the need for further improvement.

To eliminate oligodendrocytes, we followed a size-based exclusion approach. We noted that a
mixed population of nuclei (Hoechst+, Fig. 3.7D) was distributed along the forward scatter axis,
FSC-A, reflecting the size. It has been shown that glial cells have smaller nuclei than neuronal
cells!®, and the two were distinguishable based on physical features (e.g., nuclei size, shape, and
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granularity)?®. Interestingly, it was reported that the size of astrocytic nuclei is comparable to
small neuron size, and oligodendrocytes and microglia have much smaller size of nuclei than
astrocytes.
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Figure 3.7. Astrocytic Nuclei Isolation Targeting SOX9 Epitope. FACS experiments were performed to sort
astrocytic nuclei labelled with AF488-coupled anti-SOX9 (ab196450). Hierarchical gating strategy in flow
cytometry started by unselecting debris (A) and doublets (B, C) using side and forward scatter channels. Next,
intact nuclei were selected by sub-gating on Hoechst (D, G), and SOX9+ population was selected based on
fluorescence intensity (E, H). Percentages of positive populations are shown in the dot plots. F. qPCR data
generated from P5 showed expression levels of astrocytic markers together with oligodendrocyte marker. G — 1.
Small-sized nuclei were unselected in FACS (P9), and SOX9+ events were sub-gated from Hoechst+ population
(P10) (G, H). Relative expression levels of astrocytic markers were higher compared to other cell type-specific
markers (1), indicating enhanced purity. Four independent experiments were conducted using samples from two
separate donors (G-1). The flow cytometry analysis was done using FlowJo software.

SSC-A: side scatter area, SSC-H: side scatter height, SSC-W: side scatter width, FSC-A: forward scatter area,
FSC-H: forward scatter height. N.d.: not determined. SLC1A2 and GJAL — astrocytes, RAB3C - neurons, PLP1 -
oligodendrocytes, and CYC1 — housekeeping gene. SYBR Green assay was employed for gPCR analysis.

To explore to which extent those features can be implemented in our sorting strategy, in the next
experiment, we unselected the small-sized nuclei in the FACS analysis (Fig. 3.7G, P9), assuming
those are composed mainly of oligodendrocytes. Single nuclei suspension was immunolabelled
after tissue homogenization using an anti-SOX9-AF488 antibody (5 pg/ml, ab196450). Before
FACS analysis, the labelled sample was divided into two equal sub-samples. For one sample, flow
cytometry assessment was conducted as before, and SOX9+ events (Fig. 3.7E, P5) were extracted
by normalizing to the isotype control (5 pug/ml, Supp. Table S1). For the other sample, once SOX9+
events were defined (Fig. 3.7H, P11), the gating strategy was modified, and approximately 10-
15% of the smallest nuclei were excluded from Hoechst+ events (Fig. 3.7G, P9). This strategy
increased a fraction of SOX9+ events to 4.5%, as seen in Figure 3.7H, P11. Moreover, in this
fraction, we observed a higher abundance of astrocyte-specific markers (average of 4 independent
experiments + standard deviation (SD), SLC1A2: 1.02 + 0.61 a.u., GJAL: 0.70 £ 0.91 a.u.) and
concomitant reduction of oligodendrocytes marker (PLP1: 0.06 + 0.05 a.u.) as shown in Figure
3.71. Thus, we decided to implement the size-based selection strategy in our astrocytic nuclei
isolation protocol.

Taken together, we systematically optimized the method for astrocytic nuclei isolation from frozen
postmortem human brain samples. The summary of modified parameters is presented in Table 3.1.
Following improvements were made: i. using at least 100 mg of tissue, ii. labeling astrocytes with
an AF-488-conjugated antibody against SOX9 (ab196450), and iii. performing size selection in
FACS analysis prior to sorting. Consequently, we were able to sort astrocytes and perform gene
expression analysis using qPCR.
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Table 3.1. List of Modified Parameters for Improving Immunostaining Efficiency in FACS.

Modified Parameters Epitope | Antibody Supplier, article # Results

Antibody selected from
reference study, Sun et al.?®

No positive signal

SOX9 | R&D system (AF3075-SP) (FACS analysis)

GLI1, ThermoFisher (PA5-28029),

Combined staining approach No positive signal

using astrocytic epitopes S(I)_)I(Zg 'Z‘gizrr?] ((21%11%;296%)) (FACS analysis)
Increase of input material, using SOX9 Abcam (ab185966) No astrocyte enrichment

100 mg of tissue (gPCR analysis)

Double staining approach using | NEUN Merckmillipore (MAB377) No astrocyte enrichment
neuronal and astrocytic epitopes | SOX9 Abcam (ab185966) (gPCR analysis)

New antibody selected to Astrocyte enrichment but

improve labelling efficiency SOX9 Abcam (ab196450) not pure (QPCR analysis)

3.1.3.3.Gene Expression Analysis

Given the improved purity of sorted astrocytic nuclei, we assessed the compatibility of the protocol
with RNA sequencing. Isolated samples (amplified cDNA) from the last four experiments (Fig.
3.7G) were sent to the genomic facility of Boehringer Ingelheim for preliminary sequencing. Upon
cDNA amplification, its quality was evaluated using Bioanalyzer (Fig. 3.8A). The expected
distribution of the amplified products was observed in the electropherograms, with the median size
around 2000 base pairs (bp) and a single peak (Fig. 3.8A). Samples were subjected to pair-end
sequencing run in NextSeq sequencing platform, followed by quality control, performed by the
Computational Biology unit in Boehringer Ingelheim. Obtained data revealed variations in the
number of reads for the mapping and alignment features between samples (Fig. 3.8B). The analysis
of reads alignment indicated that intronic and non-coding regions were present more than coding
regions (Fig. 3.8B). This finding was not unexpected since, due to the nature of the RNA in the
nucleus, the intronic reads likely captured an abundance of nascent RNA transcripts that were
present.
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Figure 3.8. Quality Check of Amplified cDNA and Sequencing Data. cDNA was generated from SOX9+ nuclei
samples (Fig. 3.7H, P11) obtained in 4 independent experiments. The quality of amplified cDNA was evaluated
with Bioanalyzer using High Sensitivity DNA Kit. A. Representative electropherograms illustrated single peak
and appropriate cDNA size (2000 bp). B. Quality check of RNA sequencing focused on the mapping feature; the
number of reads that are mapped to a known sequence (assigned mapping) and the read alignments data that
specifies the features of the sequenced data as coding, untranslated region (UTR), intronic, intergenic, and not
aligned regions. Both results showed high variability of features between samples and a low number of coding
sequences and reads (B). Quality control of the sequencing data was conducted by the Computational Biology unit
in Boehringer Ingelheim. FU: fluorescence intensity.

However, because of the low number of assigned mappings (Fig. 3.8B) and heterogeneity between
samples (also observed in gPCR data in Figure 3.71), we concluded that our methodology was not
sufficient for comparative gene expression analysis. High variability across control samples can
create a source of variability precluding detection of significant differences between experimental
groups. Consequently, we decided to reevaluate the details of our protocol, focusing on improving
initial steps of sample preparation for genetic material extraction.
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3.1.4. Tissue Homogenization and Nuclei Isolation from Post-Fixed Samples

Considering that the RNA in postmortem human brain samples is fragile and prone to degrade, we
assumed that the low quality of sequencing data and the heterogeneity between samples could be
due to the loss of genetic material during the long nuclei isolation procedure. Although we put
special attention to conduct the experiment on ice, degradation of the frozen tissue could start as
soon as it was taken out of -80°C. Hence, to keep the integrity of the tissue, nuclei, and the genetic
materials, we explored the option of gentle fixation of the frozen tissues.

Recently published studies on cell-type-specific nuclei isolation methods using human postmortem
samples implemented fixation step, which improved antibody penetration'’®1%", The strategy used
by Xu et al. (2018)"® was to homogenate frozen tissues in a detergent-free solution and to fix the
single nuclei suspension before immunolabelling in 1% formalin for 8 min. at RT. In turn, the
approach adopted by Amamoto et al. (2020)**” was to fix the frozen tissue in 1% PFA - 0.2 U/ul
RNase inhibitor for 5 min. on ice, homogenate tissues using the same buffer as applied in our
protocol (with a detergent, Triton X-100), and re-fix the single nuclei suspension before
immunolabelling through incubation in 4% PFA for 15 min. on ice. We decided to adopt a mild
fixation step before tissue homogenization, aiming to keep the integrity of the nuclei structure
starting from the initial step of the procedure. In addition, we reasoned that adding RNase inhibitor
to a fixation solution and performing brief fixation on ice would avoid further degradation of RNA
due to crosslinking in the fixative solution.

Since the human tissues are precious and difficult to access, to test whether fixation would improve
the quality of the RNA, a series of preliminary experiments were performed using cell lines (HEK
293 and U-251) (Fig. 3.9). We employed the protocol as above (Section 3.1.3.2), with the inclusion
of a fixation step prior to dissociation. Frozen HEK cells were incubated in a solution of 1% PFA
containing 0.2 U/ul RNase inhibitor for 8 min. on ice. Upon Dounce homogenization, Hoechst
was added into the single nuclei suspension, and FACS analysis was performed. We omitted the
immunolabelling of nuclei since, at this moment, the priority was to evaluate the impact of fixation
on the nuclei integrity (measured by sorted nuclei number) and genetic material quality (measured
by gene expression levels). For comparison, in parallel, we employed an identical sorting protocol,
omitting the fixation. According to the treatment of the cells (fixation or not), various RNA
extraction methods were also tested. For unfixed cells, nuclei were sorted into two distinct lysis
buffers: RLT buffer for RNA extraction (Fig. 3.9A) or lysis buffer for direct cDNA amplification
(Fig. 3.9B). In contrast, nuclei isolated from fixed cells were sorted into PKD buffer, and RNA
was obtained with the RNeasy FFPE kit (Fig. 3.9C), designed to purify RNA from fixed cells?2,
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Figure 3.9. Mild Fixation Effects on Extracted Genetic Materials, Immunostaining, and Gene Expression.
Nuclei were isolated from frozen fixed or not fixed HEK (A-C) and U-251 (D-E) cells. Genetic material was
purified in the form of RNA (A, C) and cDNA (direct amplification) (B). The correlation between the sorted nuclei
number (FACS-counted) and the abundance of CYC1 (using qPCR) was evaluated. A-C. Cell fixation before
nuclei sorting and RNA extraction resulted in best correlation (R?= 0.97) (C). D-E. Nuclei suspensions were
stained with AF488-couple anti-SOX9 (ab196450) antibody. D. Flow cytometry revealed that mild fixation of
cells increased the binding efficiency of the antibody. E. gPCR analysis assessing the gene expression levels of
astrocyte-specific markers. Findings pointed out that RNA extraction and fixation approaches did not impair the
relative expression level of the markers. These results were obtained from a single cell isolation experiment using
3 different types of starting materials. FSC-A: forward scatter area. SYBR Green assay was employed for gPCR
analysis (n = 1).

We found that isolating nuclei from mildly fixed cells resulted in a better correlation between
nuclei number and the abundance of a housekeeping gene (a measure of the total RNA amount),
as shown in Figure 3.9C (n = 1, R? = 0.97). In contrast, we observed a poor correlation between
calculated nuclei number and a total RNA in both protocols where fixation was omitted (n =1, no
RNA extraction and no fixation: R? = 0.56, direct cDNA amplification: R? = 0.05, Fig 3.9A-B) As
a result, the combination of mild fixation and RNA extraction improved the nuclei integrity and
gene expression quality, respectively.

Next, we took advantage of the fact that U-251 cells (human glioblastoma astrocytoma cell line)
express SOX9, and we examined the impact of the mild fixation on the performance of the anti-
SOX9-AF488 antibody in the FACS procedure. Single nuclei suspension, obtained from unfixed
or fixed U-251 cells, was incubated with an anti-SOX9+ (5 pg/ml, ab196450) antibody. As seen
in Figure 3.9D, mild fixation resulted in adequate sorting of 100% of the nuclei, indicating the
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nuclei and epitope integrity. This result was expected because the FACS isolation was performed
using a cell line, which is homogenous, opposite to multicellular brain tissue.

Furthermore, we tested whether employing a fixative solution would impact the expression levels
of known astrocyte markers in the U-251 cell line. We found that applying the modification and
performing RNA extraction did not impair the detection of astrocyte markers as SOX9, GJAL, and
SLC7A11 in gPCR analysis (n = 1, Fig. 3.9E). Considering these data, we decided to implement
the mild fixation of frozen tissue for further experiments.

3.1.5. Astrocytic Nuclei Isolation from Post-Fixed Brain Samples

At this moment of the project, we experienced an unexpected and critical turn: the anti-SOX9-
AF488 (ab196450), polyclonal antibody, was discontinued. This situation could have been avoided
if a monoclonal antibody was selected from the start. We examined a new lot of the same antibody,
which resulted in a lower fraction of FACS sorted cells (3% of SOX9+ events, compared to 4.5%,
as seen in Figure 3.7H), and no pure astrocytes population were found in gPCR assessments (data
not shown). Nevertheless, as we made significant improvements in the general procedure of nuclei
isolation, we continued our exploration for a monoclonal antibody that could be employed for our
purpose. Ideally, the antibody should already be coupled to a fluorophore, as was the case for the
previously validated antibody (ab196450). We tested a fluorophore-coupled, anti-SOX9-AF647
(5 pg/ml, ab196184, Supp. Table S1) antibody provided by the same supplier, but this antibody
did not give any positive signal in flow cytometry analysis (data not shown).

After this failure, we searched for an alternative approach and oriented our focus to the work of
Xu et al. (2018)*"8. These authors reported that isolated nuclei were not entirely pure but contained
the endoplasmic reticulum (ER)'’®. Accordingly, the employed positive selection approach for
sorting different types of human neuronal nuclei from cerebellum samples by double labeling with
antibodies directed against NEUN and ITPR (inositol 1,4,5-Trisphosphate Receptor Type 1). The
latter localizes to the ER/nuclear membrane in neurons®’®. Considering this finding, we repeated
the literature survey to identify astrocyte-specific markers expressed either in the nucleus or
endoplasmic reticulum.

3.1.5.1.Selection of a Novel Astrocyte Specific Nuclear Epitope

We started by exploring the top 100 genes enriched in astrocytes, as reported by Mc Kenzie et al.
(2018)13, This study is a comprehensive analysis of brain cell type-specific gene expression
patterns by comparing several human and mice cell type-specific RNA expression data sets. We
next investigated the subcellular expression patterns of those genes using an online tool,
GeneCards?®®, This search resulted in a list of 17 genes, which were highly expressed in the nucleus
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and/or ER of astrocytes. Next, we used databases, such as Uniprot?%*, Gtex portal®®®, and Pubmed,
to broaden the information about the 17 candidates. Based on this search, the top five potential
markers were listed (Table 3.2) to be further explored and selected for FACS isolation
experiments.

Table 3.2. List of Top Five Candidates for Labeling Astrocytic Nuclei. Astrocyte-specific proteins and their
subcellular localization.

Gene Gene Name Subcellular localization
Symbol GeneCards | Uniprot
Gap Junction Protein . Nucleus, endoplasmic Endoplasmic reticulum,
GJAl reticulum, plasma membrane,
Alpha 1 ! . plasma membrane
mitochondrion
IL33 Interleukin 33 Nucleus, extracellular Nucleus, extracellular
Inhibitor of DNA Binding
ID4 4, HLH Protein Nucleus Nucleus
CLU Clusterin Nucle_us, extracgllular, Nucleus, cytoplasm,
mitochondrion extracellular
Regulator of G Protein
RGS20 Signaling 20 Nucleus Nucleus

As seen in Table 3.2, among five astrocytic proteins, only connexin 43 (CX43), a gap junction
protein, was expressed in the nucleus and ER. The other four (IL33, ID4, CLU, and RGS20) were
mainly reported to be expressed in the nucleus. Additionally, CX43 was the gene with highest
expression in astrocytes compared to other candidates listed in Table 3.2. Importantly, we found
an available monoclonal antibody targeting the CX43 epitope in humans. Consequently, we chose
CX43 as a marker and continued with FACS experiments to check its specificity to sort astrocytic
nuclei.

3.1.5.2.Astrocytic Nuclei Isolation Targeting CX43 Epitope

To examine if CX43 was a suitable marker, FACS experiments were performed using 100 mg of
frozen human brain tissue, and mild fixation was applied before Dounce homogenization (Fig.
3.10A-C). Upon tissue dissociation, a further modification was included by implementing the
debris removal step in our protocol. Debris could be an additional factor in lowering the quality of
the sorted material, and recently published nuclei isolation protocols strongly suggested
implementing this step!’8183197 Moreover, removing debris can improve staining, cell/nuclei
sorting, and sequencing quality by decreasing the aggregates and clumps formation8-2%¢ Hence,
immunolabeling was conducted using the anti-CX43 primary antibody (5 pg/ml, 13-8300, Supp.
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Table S1) and Alexa 488 conjugated secondary antibody (4 pug/ml, Supp. Table S1). FACS data
shown in Figure 3.10C revealed the fraction of CX43 positive events as 1.2%. A total of 317
CX43+ nuclei were sorted into PKD buffer, and the amount of extracted RNA was 8 ng.
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Figure 3.10. Astrocytic Nuclei Isolation with Antibody Targeting CX43 Epitope. Mildly fixed samples were
homogenized, and single nuclei suspension was labelled with an anti-CX43 antibody. A., C. CX43+ population
(C) subgated from Hoechst+ fraction (A), was defined according to the fluorescence intensity (acquired with 488
nm laser) and size distribution compared to the isotype control (B). D-E. The abundance of known brain cell-type-
specific marker expression was observed in Hoechst+ population (D) and enrichment of astrocyte markers were
measured in CX43+ population (E). The flow cytometry analysis was done using FlowJo software.

FSC-A: forward scatter area. n.d: not determined. SCL1A2, ATP1B2, S100B — astrocytes, RAB3C, NEUN -
neurons, PLP1 - oligodendrocytes, CX3CR1 — microglia, and CYC1 — housekeeping gene. Tagman assay was used
for gPCR analysis (n = 1).

Furthermore, as shown in Figure 3.10E, qPCR assessment of purity pointed out the enrichment of
astrocytic markers, SLC1A2: 34.1 a.u.,, ATP1B2: 3.6 a.u.,, and S100b: 0.4 a.u. Notably, the
expression levels of other cell type-specific markers were below the detection limits (n.d.), except
for the neuronal marker, NEUN (0.4 a.u.). As a result, astrocyte-specific markers in the CX43+
population (n = 1, Fig. 3.10E) were enriched compared to the mixed cell-type population (Fig.
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3.10D). Consequently, flow cytometry and gPCR analyses suggested that the anti-CX43 antibody
was specific and suitable to sort astrocytic nuclei.

In summary, our protocol was thoroughly revised and optimized by modifying the following key
parameters: implementing post-fixation of frozen tissue, performing debris removal, and sorting
positive nuclei using an antibody against CX43. We successfully applied the adapted protocol to
isolate nuclei from distinct astrocytes and assessed the purity by qPCR analysis. Because of the
high purity of the sorted population, the low number of nuclei became an acceptable shortcoming
of the protocol.

3.1.5.3.Gene Expression Analysis

Considering the improvement of the astrocytic nuclei yield and the purity, we aimed to confirm
the compatibility of the modified protocol with RNA sequencing. For this purpose, Hoechst+ and
CX43+ nuclei from 100 mg of fresh frozen human brain samples were sorted into PKD buffer and
processed for RNA extraction, library preparation, and sequencing (Fig. 3.11).

We extracted RNA from sorted nuclei with RNeasy FFPE Kit and measured the quantity and
quality using Bioanalyzer. Poor RNA quality was observed for both populations, Hoechst+ (n =7,
Fig. 3.11A) and CX43+ (n = 2, Fig. 3.11B). This outcome was expected because previous studies
already indicated that mild fixation of postmortem brain samples resulted in low RNA quality*’8,
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Figure 3.11. Quality Check of Extracted RNA, Generated Libraries, and Sequencing Data. RNA was
extracted from Hoechst+ (A) and CX43+ (B) populations. A., B. Representative electropherograms indicated
degraded RNA where no peak was observed. Due to poor RNA quality, RIN values were not calculated (RIN:
N/A). C., D. Libraries were generated from extracted RNA, and the quality was assessed with Bioanalyzer using
High Sensitivity DNA Kit. Representative electropherograms for Sample 7 (Hoechst+) (C) and Sample 8 (CX43+)
(D) demonstrated libraries at expected fragment sizes. E., F. Sample 2-7 and Sample 9: Hoechst+ nuclei population
and Sample 1 and Sample 8: CX43+ nuclei population. Quality check of RNA sequencing focused on the mapping
features, representing the number of the reads that are mapped to a known sequence (assigned mapping) and the
read alignments data indicating the features of the sequenced data as coding, untranslated region (UTR), intronic,
intergenic, and not aligned regions. Both results showed good mapping features, illustrated with the high number
of reads. Quality check of sequencing data was conducted by the Computational Biology unit in Boehringer
Ingelheim. RIN: RNA integrity number, FU: fluorescence intensity, N/A: not available.
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Libraries were prepared with SMARTer Stranded Total RNA-Seq v2 Kit, designed for generating
cDNA from highly degraded and low input RNA obtained from fixed material. To amplify cDNA,
16 PCR cycles were run, the highest number of PCR cycles recommended for highly degraded and
low input RNA. Representative electropherograms showed that the amplified products were at
expected distribution (> 200 bp) for both, Hoechst+ and CX43+ nuclei populations (Figure 3.11C-
D). However, we found an overamplification of cDNA samples (second peak occurring around
1000 bp), particularly in the Hoechst+ nuclei population (Fig. 3.11C). This outcome could be due
to the variation of the input material, obtained from two separate populations, since libraries were
generated using 8.7 ng RNA extracted from 77,000 Hoechst+ nuclei (Fig. 3.11C) and 0.2 ng RNA
extracted from 163 CX43+ nuclei (Fig. 3.11D). Considering the data, we decided to adopt the
number of PCR cycles according to the input materials and sorted nuclei numbers for our future
experiments. Although RNA was highly degraded, another improvement could be made by
implementing a fragmentation step before DNA amplification, which would decrease the
overamplification and enhance the quality of DNA2"’.

To explore further the extent to which our samples were suitable for RNA sequencing, generated
libraries were sent to the genomic facility in Boehringer Ingelheim. RNA sequencing was
performed on the lllumina HiSeq 4000 platform. Assessing the quality control of the sequencing
revealed good mapping features (Fig. 3.11E) and read alignment properties (Fig. 3.11F). Notably,
variation between samples within the same population was diminished, suggesting good
reproducibility of the procedure. Furthermore, coding regions alignments were improved
compared to previous data (Fig. 3.8B) even though the samples were obtained from two different
groups, Hoechst+ (Sample 2 to 7 and sample 9) and CX43+ (Sample 1 and 8) nuclei (Fig. 3.11E-
F). This data validated the compatibility of our approach with RNAseq-based transcriptomics
studies.

In conclusion, we successfully established a novel nuclei isolation protocol suitable for astrocytes

isolation from fresh frozen postmortem brain samples.

3.1.6. Final Version of The Protocol: Isolation of Astrocytic Nuclei from Fresh Frozen
Human Brain Samples

3.1.6.1.Tissue Homogenization

Fixation. 100 mg of frozen tissue was thawed on ice for 2 min. and was fixed with pre-cooled
fixative solution (1% formaldehyde, 0.2 U pl "t RNasin in PBS) for 8 min. on ice. Then, the fixative
solution was discarded, and the tissue was washed with 1 ml of staining buffer (0.5% BSA, 0.2 U
ul"t RNasin in PBS) by centrifugation at 400 x g for 5 min. at 4°C.
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Homogenization. The tissue was divided into two parts with a pre-chilled scalpel, and each half
was transferred into a Dounce homogenizer containing a cold, freshly prepared homogenization
buffer (the composition in section 2.1.2). Homogenization was initiated by applying 5 strokes
using the loose pestle and completed with the tight pestle for another 10 strokes. The homogenates
from two halves were combined and filtered using the cell strainer (40 um pore size). Finally, the
nuclei were pelleted by centrifugation at 1000 x g for 10 min. at 4°C, and the supernatant was
removed.

Debris removal. The pellet was resuspended with 250 pl of staining buffer and another 250 pl of
50% (vol/vol) Optiprep solution (the composition in section 2.1.2) was added on top and mixed
gently to make 25% Optiprep-nuclei mixture. In a new tube, 500 pl of 29% Optiprep solution (the
composition in section 2.1.2.) was placed, and the 25% Optiprep-nuclei mixture was layered on
top. Next, two layers were obtained by centrifugation at 10,000 rpm for 30 min at 4°C. Then, the
supernatant was discarded without disturbing the pellet. Lastly, the pellet was resuspended with 1
ml of staining buffer and continued directly with immunostaining.

3.1.6.2.Nuclei Sorting

Immunostaining. Nuclei were blocked with staining buffer for 15 min. on ice, then incubated with
1000 pl of staining buffer containing primary antibodies for 1 h at 4°C on a tube rotator. Nuclei
were labelled with monoclonal anti-CX43 (2.5 pg/ml, 13-8300, Supp. Table S1), while the isotype
control sample was labeled with mouse IgG1, kappa monoclonal antibody (2.5 pg/ml, ab91353,
Supp. Table S1). Nuclei were washed with staining buffer by centrifugation at 400 x g for 8 min.
at 4°C. Next, nuclei suspension was incubated with the secondary antibody coupled to Alexa 488
(4 pg/ml, A-11029, Supp. Table S1) for 45 min. at 4°C on a tube rotator. Finally, after a washing
step, the pellet was resuspended with 500 ul of staining buffer containing Hoechst (10 ng/ml), and
samples were kept on ice until flow cytometry analysis.

EACS. First gating was performed using side and forward scatter channels for excluding debris
and doublets. Intact nuclei were selected by sub-gating on Hoechst (using 405 laser), and CX43+
nuclei populations were defined based on fluorescence intensity (using 488 laser) compared to
negative controls (isotype and secondary antibody controls). After that, the size-based selection
was performed, and 10-15% of smallest nuclei were excluded (Supp. Fig. S1). Selected
populations were sorted into collection tubes containing 100 pl of PKD buffer and stored at -80°C
until RNA extraction.
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3.1.6.3.Gene Expression Analysis

RNA extraction and library preparation. RNA was extracted using the RNeasy FFPE kit (Section
2.1.3.3), and libraries were prepared using SMARTer® Stranded Total RNA-Seq Kit v2 - Pico
Input Mammalian according to the manufacturers’ instruction. For all samples, first-strand cDNA
synthesis and fragmentation (94°C for 2 min.) were performed. The input material (RNA amount)
and PCR cycles should be optimized for each new set of samples using the guidelines presented
by the manufacturer. RNA and library quality controls were assessed using Bioanalyzer system,
RNA 6000 Pico Kit and Agilent High Sensitivity DNA Kit.

RNA sequencing. Generated libraries were sent to the genomic facility in Boehringer Ingelheim,
and RNA sequencing was performed on the Illumina HiSeq 4000 platform (dual index, paired-end
2 X 75bp run).

3.2. Optimization of the Protocol for Isolating Astrocytes from
Various Brain Regions of Freshly Dissected Adult Mouse Brains

3.2.1. Development of the Protocol

We chose the industry standard, MACS technology, to isolate astrocytes from different brain
regions of wild-type mice. Two immunolabeling approaches, ACSA-12% and ACSA-2172:209-211
were commercialized by Miltenyi and used widely to sort astrocytes from mouse brain samples.
The ACSA-1 strategy was developed to target the glutamate transporter (i.e., GLAST), broadly
expressed in astrocytes, and it was primarily applied for early postnatal tissue samples?%. On the
other hand, the ACSA-2 system was shown to be suitable for early and adult postnatal mouse
tissue!®. Moreover, Batiuk et al. (2017) revealed the molecular identity of ACSA-2 epitope as
ATP1B2 (ATPase Na+/K+ transporting subunit beta 2) protein and bona fide membrane astrocyte-
specific marker!’2. ATP1B2 belongs to the family of Na+/K+ ATPases and forms the non-catalytic
part of the enzyme that catalyzes the ATP hydrolysis?®. The exact function of the protein is not
known, but it was implicated in regulating neuronal and astrocytic cell adhesion processes?®.
Importantly, the rodent Atp1b2 levels were shown to be expressed throughout the postnatal ages?'2.

In the course of the project, we discovered that the original protocols were performing poorly (e.g.,
low astrocytes yield) when applied to brain regions implicated in stress-related mental disorders,
i.e., PFC. The PFC is a smaller brain region than the cortex or hippocampus, for which the
protocols were initially established. Consequently, we decided to modify the standard method to
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accommodate the isolation of a sufficient number of viable astrocytes from much lower tissue
volume.

The general workflow (Fig. 3.12) of the protocol encompasses i. tissue homogenization, including
dissection of brain regions, trituration, and debris removal, ii. astrocyte isolation based on the
positive selection of cells labelled with defined antibody, and iii. gene expression analysis, where
obtaining a high yield of good quality RNA is the necessary prerequisite.

Tissue Homogenization Astrocyte Isolation Gene Expression Analysis

. ™

=y

P o

N

Figure 3.12. Workflow for Isolating Astrocytes from Adult Mouse Brain.

To start, we followed the manufacturers’ instructions (Miltenyi) and published methods!72299:210,
We faced two critical challenges: first, to sort a sufficient number of viable astrocytes from small
brain regions, i.e., PFC and hypothalamus (3.3.2. First Optimization) and second, to extract high-
quality RNA from sorted cells, suitable for RNA-sequencing (3.2.3. Second Optimization). The
original method, followed by a detailed explanation of introduced modifications to adapt it for our
specific goal, is described in the subsequent sections.

3.2.2. First Optimization

3.2.2.1.Tissue Homogenization and Astrocyte Isolation

The Adult Mouse Brain Dissociation kit (Miltenyi) was used following the manufacturers’
instructions to generate a single-cell suspension. The enzymatic digestion was performed with
papain and followed by mechanical trituration using a semi-automated dissociator device
(gentleMACS dissociator, Miltenyi). Upon tissue dissociation, cells were filtered through a 70 um
strainer to remove the remaining tissue clumps. Next, the cell suspension was subjected to debris
removal using a gradient centrifugation approach. As the last step, red blood cells were eliminated,
and the rest of the cells were collected as a pellet.

The standard tissue trituration method suggested by Miltenyi was to use the semi-automated
dissociation device. This recommendation was, however, adjusted for big tissue volume (> 60
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mm?) and could not be used for smaller tissues (< 20 mm?3), which would instead stick to the wall
of the dissociating tube, preventing proper dissociation. Hence, we decided to apply a manual
trituration method using a serological pipette adapted from Batiuk et al. (2017)!"? (a well-
established protocol of astrocyte isolation from the whole mouse cortex). We dissected out PFC
from a single mouse brain (Fig 2.1), and we performed enzymatic digestion with papain, as
recommended by the protocol (Miltenyi), followed by trituration of the tissue with a 1 ml
serological pipette. However, we failed to obtain any viable astrocytes (cell numbers were assessed
using Neubauer chamber).

We, therefore, switched to an alternative method previously applied to obtain single-cell
suspension from several brain regions?'®, and we validated its reliability for the isolation of
astrocytes from the whole cortex. This protocol implements manual trituration using fire-polished
glass pipettes of three diminishing pore sizes intertwined with enzymatic digestions at 37°C. The
first round of manual trituration was performed using unpolished glass pipettes (1 mm, ten
strokes). After 5 min. of enzymatic digestion, the second trituration was done with a medium-sized
polished pipette (0.6-0.8 mm, ten strokes), followed by 10 min. incubation in papain. Final
trituration was performed using small-sized polished pipettes (0.3-0.4 mm, ten strokes).

Upon tissue homogenization, we followed precisely the manufacturers’ protocol by performing
debris and red blood cell removal, and isolating astrocytes with astrocyte cell surface antigen-2
(ACSA-2) beads. The immunolabeling method was based on the use of magnetic beads covered
with an antibody recognizing a cell type-specific membrane epitope, Atplb2. Subsequently,
astrocytes were retained within the magnetic field of the column, washed, and finally eluted.
Viable astrocytes were successfully isolated from the whole cortex in average number of 3.8 x 10°
+ 2.1 (n = 2 independent experiments).

The purity of sorted astrocytes was assessed with gPCR analysis (n = 1, Fig. 3.13, black bars). We
observed an enrichment of astrocyte marker (Aldhlll) together with oligodendrocyte marker
(Mbp). This finding was not unexpected, since Batiuk et al. (2017)}"? also reported
oligodendrocyte contamination when they sorted astrocytes using the same labeling system
(ACSA-2). Accordingly, the authors applied an additional step: depletion of myelin using Myelin
Removal Beads Il kit (Miltenyi) with a negative selection strategy through the magnetic field.
Following the same approach, myelinated cells were removed before sorting astrocytes. Indeed,
an increase in fold change expression (normalized to tissue homogenate) of astrocytic marker
(Aldh1l1) from 2.49 a.u. to 3.0 a.u., and a decrease of oligodendrocyte marker (Mbp) from 1.32
a.u. to 0.01 a.u. were observed (n = 1, Fig. 3.13, grey bars).
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Cortex Astrocytes Figure 3.13. Impact of Myelin Removal Step on Cell
Purity. qPCR analysis (n = 1) was conducted for
evaluating the expression of cell type-specific markers
in isolated cortical astrocytes. RNA was extracted using
RNeasy Micro kit, and cDNA was reverse transcribed.
Performing the myelin removal step increased the
enrichment of astrocyte marker — Aldh111 and decreased
oligodendrocyte marker — Mbp (grey bar).

Aldh1l1 - astrocytes, Mbp - oligodendrocytes, Cx3crl -
microglia, Sytl - neurons, Cspg4 - NG2 cells, Ocln -
endothelial cells, Dcx — neuronal precursors, and Cycl -
housekeeping gene. Fold change relative to brain
homogenate: 2229, ACt = Ctrarget gene — Cthousekeeping gene-

Fold change relative to
brain homogenate
i

B Omit myelin removal step
¥ Include myelin removal step

After effectively isolating astrocytes from the whole mouse cortex, the protocol was adapted to
sort cells from the brain regions of our interest (i.e., hippocampus, motor cortex, hypothalamus,
and PFC). During manual trituration, the stroke numbers were adjusted for each brain region by
visually inspecting the fraction of dissociated tissue (i.e., 5 strokes/trituration step for PFC,
hypothalamus, motor cortex, and 10 strokes/trituration step for the hippocampus).

Furthermore, the effect of debris removal was assessed in a separate experiment, where astrocytes
were isolated from the hypothalamus. The yield of astrocytes decreased when we applied this
procedure (cell number: 2.7 x 10*) compared to the parallel experiment omitting this step (cell
number: 4 x 10%). Therefore, to prevent loss of cells, in the subsequent experiments debris and red
blood cell removal steps were omitted (the latter procedure was also excluded in Batiuk et al.
(2017)'"?). Finally, we depleted myelin and collected ACSA-2 positive cells. With these
modifications, we obtained the following numbers of isolated astrocytes from a single brain sample
using both hepmispheres, PFC: 2 x 10*, hypothalamus: 3.2 x 10%, motor cortex: 2.5 x 10*, and
hippocampus: 5 x 10* (n = 1).

Finally, we assessed the purity of the sorted astrocytes population, evaluating the expression levels
of cell type-specific markers (n = 1, cells were pooled from 3 independent ACSA-2 isolation, Fig.
3.14). gPCR data suggested enrichment of astrocyte-specific marker (Aldh1l1) in isolated cells
from every brain region, with concomitant decrease of other cell types. Taken together, we
assumed that we successfully optimized the MACS system for sorting astrocytes from various,
freshly dissociated, brain regions.
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Figure 3.14. Purity Analysis of Astrocytes Isolated from Different Brain Regions. Graphs represent the
expression levels of cell-type-specific markers in the sorted astrocytes population from 4 brain regions. These
results were obtained from a single experiment, where astrocytes were pooled from 3 independent ACSA-2
isolations.

Aldh1l1 - astrocytes, Mbp - oligodendrocytes, Cx3crl - microglia, Sytl - neurons, Cspg4 - NG2 cells, Ocln -
endothelial cells, and Cyc1 — housekeeping gene. Fold change (relative to brain homogenate): 2044, ACt = Ctrarget

gene — CtHousekeeping gene-

3.2.2.2.Gene Expression Analysis

To test the quality of RNA extracted from astrocytes we used a cohort of mice (Cohort-1, N = 24)
to isolate astrocytes from two brain regions, hippocampus, and PFC, as described above. These
two brain regions were selected since they represent the two opposite poles with respect to the
yield of astrocytes. As a result, we obtained on average 3 x 10* + 8.5 x 10° cells per one
hippocampus and 9.3 x 10° + 4.3 x 103 cells per PFCs (from both hemispheres). Astrocytes were
sorted directly into lysis buffer (RLT buffer) and were stored at -80°C. Downstream processes,
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including RNA extraction, library preparations, and RNA-seq data analysis were performed in the
genomic facility of Boehringer Ingelheim.

The quality control of our samples was assessed by analyzing RNA quantity and integrity with
Bioanalyzer (Fig. 3.15). The measurements indicated that the quantity of RNA extracted from
hippocampal astrocytes was on average 172 + 151.1 ng, higher than PFC, yielding on average 16.5
+13.3ng (P <0.0001, N =24, Fig. 3.15A). This variation could be explained by the difference in
isolated astrocyte numbers from those regions. However, the quality of RNA was poor, particularly
in the PFC, with a mean RIN value of 3.9 £ 3.5 (N = 24, Fig. 3.15B). In addition, high inconsistency
on RNA integrity between samples was observed for both brain regions. As a result, the RNA
sequencing data was of low quality; the read alignment indicating high intronic (47%) and
intergenic reads (13%) in contrast to low exonic reads (39%) (data not shown). Hence, downstream
gene expression analysis was not pursued.
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Figure 3.15. Parameters of Extracted RNA from Cohort-1. Astrocytes were isolated from the hippocampus
(dots) and PFC (rhombus) obtained from 24 mice (Cohort-1). A. The graph represents the quantity of RNA
extracted from sorted cells, which was sufficient (threshold, 10 ng) for performing downstream sequencing.
Quantity of RNA, Hippocampus vs PFC: P < 0.0001. B. The integrity of RNA was evaluated according to the
RIN values. Samples from PFC showed low and inconsistent RIN values, Hippocampus vs PFC: P = 0.034. C.,
D. Representative electropherograms indicate high quality (C) and low quality (D) of RNA. The data was
generated by the Computational Biology unit in Boehringer Ingelheim. RNA quantity and quality were measured
with Bioanalyzer using RNA 6000 Nano Kit.

RIN: RNA integrity number, 1 being entirely degraded RNA and 10 fully intact. RFU: Relative fluorescence units,
indicating the amount of RNA at a particular size/time. The X-axis shows time in minutes as the RNA fragments
are separated during electrophoresis. Mann-Whitney test was performed since the data was not normally
distributes based on the Shapiro-Wilk test.

In summary, in the first optimization, we achieved our first goal: high yield of viable astrocytes
from low tissue volume, i.e., the prefrontal cortex, hypothalamus, and motor cortex. However, the
second challenge remained open, as we failed to obtain high-quality genetic material suitable for
RNA-seq (Fig. 3.15). Since the latter criterion is a crucial parameter to get biologically significant
transcriptomic data, we performed a second round of optimization experiments to overcome this
problem.

3.2.3. Second Optimization

3.2.3.1.Tissue Homogenization and Astrocyte Isolation

To improve the quality of sorted material, we addressed several parameters by putting emphasis
on the tissue homogenization step (Table 3.3): i. DNAse | addition. ii. debris removal. iii. size of
cell strainer. iv. performing the entire experiment at 4°C. v. dead cell removal. These steps were
tested using the hippocampus, since it offered a decent dynamic range of viable astrocytes
fractions, enabling evaluating the beneficial effect of each modification.

i. Previously, we combined enzymatic digestion with manual trituration performing three
sequential homogenization steps. We used three types of fire-polished glass pipettes and adapted
stroke numbers to respective brain regions. To test alternative approach, after the second round of
trituration, we separated half of the suspension (already dissociated cells) to prevent cell loss due
to excessive trituration. Besides, DNase | was added, as suggested in the literature’?, to reduce
DNA leakage, which could cause an increase in viscosity and formation of cell clumps. Indeed,
the addition of DNase | increased the quantity and quality of RNA (Table 3.3).

ii. Another critical factor was the inclusion of debris removal in our protocol. Manufacturer
(Miltenyi) instructions and several published studies!’2?1% suggested including this step since
debris and dead cells can inhibit antibody staining, decrease the sorting efficiency, and interfere
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with RNA quality. Indeed, including this step lowered astrocyte yield but increased the quantity
and quality of RNA (Table 3.3).

Furthermore, we tested iii. a smaller-sized cell strainer (40 pm instead of 70 um) to filter out
remaining tissue clumps, iv. we performed the entire cell isolation experiment at 4°C to retain
cell/RNA integrity, and v. we eliminated dead cells through a commercial kit (Miltenyi), which
could be combined with the MACS system. However, as shown in Table 3.3, these modifications
did not improve the quality of sorted materials.

In summary, the effects of the resulting parameters on extracted RNA (i.e., quantity and quality)
are provided in Table 3.3. We concluded that the necessary modifications that ameliorated quality
of RNA were DNase | addition and the debris removal step. Therefore, these two steps were
included in the protocol.

Table 3.3. List of Modified Parameters for Improving RNA Quality. The table represents all the parameters
tested to improve the quality of RNA extracted from sorted hippocampal astrocytes. RT: Room temperature.

Modified Cell Number RNA Concentration, ng/ul RIN
Step x 10° Nanodrop | Bioanalyzer Values

DNase | addition 115 9.2 74 8.7

Debris removal 10.5 35 19.7 8.2

40 um filter at 4°C 7 34 15.1 7.9

40 pm filter at RT 55 4.4 6.7 7.6
Dead cells removal-MACS 1.8 3.7 2.1 1
Dead cells removal-FACS 0.5 3.9 15 1

Following the optimization of the tissue homogenization using the hippocampus, astrocytes were
isolated from PFC and extracted RNA quantity and quality were assessed. As expected, we noticed
that homogenization of PFC with debris removal step decreased the yield of astrocytes and RNA
quantity (Fig. 3.16, grey dots). However, omitting the debris removal while maintaining the
addition of DNase | to the cell suspension enhanced the yield of isolated RNA (Fig. 3.16, purple
dots).
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PFC Astrocytes Figure 3.16. Optimization of Tissue Homogenization Step

o for PFC. The graph indicates the impact of different types of
tissue manipulations on sorted astrocytes. PFC was
homogenized using 3 procedures: without debris removal or
DNase | addition (black dots, N = 8), the inclusion of both

° steps (grey dots, N = 5), and only DNase | addition (purple

o o0 dots, N = 10).

0 Cells were counted with Neubauer chamber. RNA quantity

0 5 10 15 20 25 was measured with Bioanalyzer using RNA 6000 Pico Kit.
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Based on this data, we decided to include the debris removal step only when astrocytes were
isolated from big tissue volumes (e.g., whole cortex, hippocampus, and somatosensory cortex) and
to omit this step for lower tissue volumes (e.g., PFC, hypothalamus).

Consequently, our final adapted protocol for the generation of single-cell suspension consisted of
performing sequential homogenization steps, preventing over trituration of cells by separating half
of the suspension after the second round of homogenization step, the addition of DNase I, and
debris removal step for big tissue volumes.

3.2.3.2.Gene Expression Analysis

After the second optimization, we tested our protocol for compatibility with RNA sequencing.
Astrocytes were isolated from a new cohort of mice (Cohort-2, N = 15). For this occasion, RNA
extraction and library preparation were performed in collaboration with EMBL Genomics Facility
(as explained in section 3.2.4.3).

To evaluate the impact of steps incorporated in the second optimization, we compared several
parameters between the genetic material extracted from the hippocampus and PFC in Cohort-1
(first optimization, N = 24) and Cohort-2 (second optimization, N = 12). For both brain regions,
the number of cells obtained in Cohort-1 (mean (X)(ippocampus): 30 X 10° + 8.5 x 10%and Xprc): 9.3
x 10° + 4.3 x 10%) were higher than Cohort-2 (X(ippocampus): 15.9 X 10° + 6.4 x 10% and Xprc): 3.7 X
10% + 1.4 x 10%) (Fig. 3.17A), pointing out that the latter protocol caused loss of cells.

Likewise, RNA quantity in Cohort-2 (X(ippocampus): 34.1 + 15.5 ng) was lower when cells were
isolated from the hippocampus compared to Cohort-1 (X¢nippocampus): 172 + 151.1 ng) (Fig. 3.17B),
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probably due to the additional debris removal step. However, as seen in Figure 3.17C, the second
optimization increased the RNA quality (i.e., RIN values) in Cohort-2 (X(hippocampus): 7.7 £ 0.5 and
Xprc): 7.2 £ 0.5) and made it more consistent across the samples in comparison to Cohort-1
(X(hippocampus): 6.5 = 1.9 and Xrc): 3.9 + 3.5). Since the RIN value is a crucial parameter for
performing high-quality transcriptomic analysis, we implemented the respective changes into our
main workflow.
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Figure 3.17. Comparison Between Cohort-1 and Cohort-2: Cell Number, RNA Quantity, and Quality. Two
independent data sets are generated with Cohort-1 (N = 24) and Cohort-2 (N = 15). Astrocytes were isolated from
the hippocampus (dots) and PFC (rhombus). The graphs show number of sorted cells (A), the yield of extracted
RNA (B), and the RNA quality (C). A. Optimization steps decreased astrocyte yield sorted from both brain regions
in Cohort-2. Cohort-1 vs. Cohort-2, hippocampus: P < 0.0001 and PFC: P < 0.0001. B. Second optimization
caused a reduction in RNA quantity for hippocampal tissue. Cohort-1 vs. Cohort-2, hippocampus: P < 0.0001 and
PFC: P = 0.091. C. Quality of RNA increased and became more consistent within samples for both brain region
in Cohort-2. Cohort-1 vs. Cohort-2, hippocampus: P = 0.005 and PFC: P < 0.001.

Cells were counted with Neubauer chamber. RNA was extracted using RNeasy Plus Micro Kit. RNA quantity and
quality were measured with Bioanalyzer using RNA 6000 Pico Kit. Multiple Mann-Whitney test was performed.
“N” indicates the number of mice used in each group.

To assess whether sorted materials are suitable for RNA sequencing, libraries were generated from
extracted RNA using a modified version of Smart-seq2 protocol*®® (in collaboration with EMBL
Genomics Facility) and preliminary quality control of sequenced data was performed by a trained
bioinformatician (collaboration with Intelliseq). This analysis revealed that the improved RNA
quality of our samples enabled us to obtain better sequencing performance; the read alignment
indicated low intronic (Cohort-2: 7% vs. Cohort-1: 47%) and intergenic reads (Cohort-2: 16% vs.
Cohort-1: 13%) compared to high exonic reads (Cohort2: 76% vs. Cohort-1: 39%) (data not
shown).
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In conclusion, we successfully optimized the published protocol for isolating mouse astrocytes
from freshly dissected brain regions, i.e., hippocampus and PFC. Importantly, this amelioration
allows reliable RNA-seq with single mouse resolution.

3.2.4. Final Version of The Protocol: Isolation of Astrocytes from Various Brain Regions of
Freshly Dissected Adult Mouse Brains

3.2.4.1.Tissue Homogenization

Homogenization. Freshly dissected mouse tissues were homogenized using the Adult Mouse Brain
Dissociation kit (Miltenyi) with implemented modifications. Brain tissues were minced with a pre-
cooled scalpel on ice (omitted for PFC and hypothalamus), transferred into the tube containing
pre-heated Enzyme mix 1 (50 pl Enzyme P + 1900 pl Buffer Z), and incubated for 10 min. at 37°C.
Next, Enzyme mix 2 (10 pl Enzyme A + 20 pl Buffer Y) was added, and the first round of
trituration was performed (5 strokes, for whole-brain and cortex: 10 strokes) with an unpolished
Pasteur pipette. After incubating for 5 min. at 37°C, the second trituration was conducted (5
strokes, for whole-brain and cortex: 10 strokes) with a medium-sized fire-polished Pasteur pipette.
Then, 1 ml of cell suspension was placed into a new tube and kept on ice. The remaining
homogenate was incubated for 10 min. at 37°C. Next, 125 U/ml of DNase | was added, and final
trituration was done (5 strokes, for whole-brain and cortex: 10 strokes) using a small-sized fire-
polished Pasteur pipette. Finally, the homogenate was filtered (the remaining 1 ml cell suspension
kept on ice was applied as well), and the cells were pelleted by centrifugation at 300 x g for 10
min. at 4°C (Supp. Fig. S2).

Debris removal. This step was performed only when astrocytes were isolated from the whole-
brain, cortex, somatosensory cortex, and hippocampus. If simultaneously astrocytes needed to be
isolated from smaller-sized brain tissues (i.e., PFC, hypothalamus, and motor cortex), pellets from
the previous step were resuspended in 100 ul of PB buffer (DPBS, pH 7.2, and 0.5% BSA) and
were kept on ice until debris removal was completed. Exclusion of debris was conducted according

to the manufacturers’ instructions with slight modification; buffer volumes were adjusted
according to the tissue size (indicated in Supplementary Information 5.2). The pellet from the
homogenization step was resuspended in cold DPBS and mixed with a cold debris removal
solution. Next, cold DBPS was gently overlayed to obtain clear two phases and centrifuged at 3000
x g for 10 min. at 4°C with full acceleration and full brake. The top two phases were discarded
(Supp. Fig. S2), cold DPBS was added to a final volume of 15 ml and was gently mixed by
inverting the tubes 3 times. Next, cells were pelleted by centrifugation at 1000 x g for 10 min. at
4°C with full acceleration and full brake.
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3.2.4.2.Astrocyte Isolation

Myelin Removal. Myelin removal step was performed using Myelin Removal Beads Il kit

(Miltenyi) following the manufacturers’ instructions. The pellets were resuspended in PB buffer
(volumes are indicated in Supplementary Information 5.2), myelin removal beads were added,
mixed by pipetting up and down, and incubated for 15 min. at 4°C. Cells were washed with PB
buffer and centrifuged at 300 x g for 10 min. at 4°C. Next, myelinated cells were removed through
a magnetic separator using MS columns. Myelin-positive cells were retained in the column, and
the flowthrough (myelin-negative cells) were collected and centrifuged at 300 x g for 10 min. at
4°C.

ACSA-2+ cell isolation. Anti-ACSA-2 MicroBeads kit (Miltenyi) was used to purify astrocytes
precisely following the manufacturers’ protocol. Positive selection was performed where

astrocytes were magnetically labelled with the beads, retained within the column during the
magnetic field, and eluted. Next, cells were pelleted by centrifugation at 300 x g for 10 min. at
4°C, washed with 500 ul of cold DPBS, and centrifuged again at 300 x g for 5 min. at 4°C. Finally,
the pellets were resuspended in 350 pl of RLT buffer containing B-mercaptoethanol (10 pl of B-
ME per 1 ml of RLT buffer) and stored at -80°C.

3.2.4.3.Gene Expression Analysis

RNA extraction and library preparation. RNA was extracted using the RNeasy Plus Micro kit (as
described in section 2.2.2.3), and cDNAs were prepared using a modified version of Smart-seq2
protocol*®® in collaboration with EMBL Genomics Facility. Nextera XT DNA Library Preparation
Kit (Illumina) was used following the internal protocol of EMBL Genomics Facility. Maximal
amount of RNA (2.4 ul) was employed to generate cDNA, and 0.2 ng of amplified cDNA was
used with 20-40 ng/pl custom-made Tn5 enzyme (EMBL Genomics Facility) for the tagmentation
of cDNA. Next, PCR amplification was performed for adapter-ligand fragments adding a unique
pair of i5 and i7 adapters (Illumina) in the reaction. Lastly, RNA and library quality controls were
done using Bioanalyzer system, RNA 6000 Pico Kit and Agilent High Sensitivity DNA Kit.

RNA sequencing. The sample pools (mix of 13-16 libraries in one tube) were sequenced using
NextSeq 500 system (Illumina) at EMBL Genomics Facility (dual index, paired-end 2 x 75bp run).
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3.3. Applicability of the Protocols for Studying Astrocytes’
Transcriptome in Human MDD and Mouse Model of Chronic
Stress

3.3.1. Nuclear RNA Sequencing in the Prefrontal Cortex of Depressed Suicides

To investigate transcriptional changes specific to the vmPFC (i.e., BA25), the nuclei isolation
protocol (as described in section 3.1.6) was applied to fresh frozen human postmortem brain
samples. Two nuclei fractions, i.e., Hoechst+ and CX43+, were isolated from the postmortem
tissue blocks of healthy controls (CON, N = 12) and suicide completers (MDD, N = 15). Due to
the focus of the study, samples were chosen from a previously characterized cohort®’, where low
expression of astrocyte-specific genes was reported in two PFC areas: BA8/9 and BA10%. The
selected suicide subjects displayed a significant decrease in the expression of at least 5/7 genes
(GFAP, ALDH1L1, SOX9, GLUL, SLC1A3, GJA1, and GJB6)*’, and the controls were individuals
who died suddenly. We reasoned that a detailed investigation of astrocyte transcriptional profiles
would deepen insight into the deregulation of astrocyte-specific molecular pathways, leading to a
better understanding of the underlying pathology. There were no statistically significant
differences in pre-and postmortem variables, such as age and PMI, within the selected groups of
controls and suicide cases (Table 2.4). However, significant differences were found between the
CON and MDD patients for the confounding factors, pH (P < 0.048) and refrigeration delay (P <
0.014, Table 2.4).

3.3.1.1.Validity of the Technical Parameters in Isolation of Hoechst+ and CX43+ Nuclei
Populations

Two nuclei fractions were isolated from CON and MDD subjects (Fig. 3.18A). The number of
Hoechst+ nuclei and fraction of Hoechst+ population were similar between CON and MDD (Fig.
3.18B-C). Likewise, there was no statistically significant difference among CON and MDD in the
CX43+ nuclei yield and the fraction of the CX43+ population (Fig. 3.18B-C). These data suggested
that Hoechst+ and CX43+ nuclei are equally numerous in controls and suicide completers. A total
yield of Hoechst+ population (average nuclei count: 77,795 + 43,072) was higher compared to
CX43+ populations (average nuclei count: 776 + 640, P < 0.0001). This result was expected, since
the Hoechst+ population represented all nuclei within the tissue homogenate, while CX43+
population was only a fraction of nuclei expressing the targeted epitope.

82



Results

A. CON Group MDD Group
3‘\ 5 5 5 5 |
E " Hoechst+ "3 " Hoechst+ w3
2 4 4 4 4
E 10 = m = R | 1w
©
g 3 3 3 3
GJ L | L | Rl | g
Q
[72]
E 2 2 2 2
O 10 =5 10" = 10" t 0"
=] oo L [ [
o 1% = 10 = 107 10?
o :iUIK |DIU|<. I;I]K :DlllK ZEIDK o EDIK |UIDK |5IIIK ’.‘DIUK ZEIUK 0 GDIK IDIUK IﬁIDK IDIDK ZGIDK 0 EDIK |DIEIK IEIDk :DlI]K 25'0)(
A -
Size Distribution (FSC-A) ”
B. .
Hoechst+ Nuclei Number CX43+ Nuclei Number Hoechst+ Events CX43+ Events
200+ 2.5 100+ 4
A AN
(o) (<) A
2.0 A
Y1504 e A = = 75- R 3
= o o Mp U
3 & 157 A gl ® A““ ESO
£ 100 N E 50 c 24
S = 7} LTy ] A
= = 1.07 faa o o A
E s 0z | & me g i
T 307 Sos 25 11
=} = U.oA
= oy = ad &,
DAy A
0 T T 0.0 T T 0 T T 0 T T
CON MDD CON MDD CON MDD CON MDD

Figure 3.18. FACS Nuclei Isolation from CON and MDD Brain Samples. A. Representative flow cytometry
plots illustrating the gating for Hoechst+ and CX43+ populations in CON and MDD groups. B. Nuclei numbers
isolated from both populations were similar between the study groups (CON (dots) vs MDD (triangles), Hoechst+,
P = 0.56 and CX43+, P = 0.48. C. No statistically significant difference was found among the study groups for
the positive events, CON vs. MDD, Hoechst+: P = 0.29 and CX43+: P =0.62. On B and C each symbol represents
a value from a single donor. The flow cytometry analysis was done using FlowJo software.

FSC-A: forward scatter area. Mann-Whitney test was performed since the data was not normally distributes based
on the Shapiro-Wilk test.

Importantly, no statistically significant differences between the CON and MDD groups were
detected within populations for the RNA quantity (Fig. 3.19A) and quality (Fig. 3.19B). The total
yield of extracted RNA was much higher from the Hoechst+ population (average RNA amount:
114.1 £ 87.5 ng) than from the CX43+ population (average RNA amount: 1.2 £ 0.4 ng) (P <
0.0001, Fig. 3.19A). As expected, poor quality of RNA was observed for both populations,
Hoechst+ (average RIN value: 2.9 + 0.9) and CX43+ (average RIN value: 1.5 + 0.3) (Fig. 3.19B).
Low RIN values were reported as a typical feature of mild fixation of postmortem brain samples

prior to nuclei isolation!’8. Therefore, RNA was processed for the construction of SMARTer
Stranded Total RNA-Seq libraries.
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Figure 3.19. RNA Quantity and Quality Comparison Between CON and MDD Samples. RNA was extracted
from Hoechst+ (N = 27) and CX43+ (N = 27) nuclei. A. RNA quantities from both populations were similar
between the study groups, CON (dots) and MDD (triangles), Hoechst: CON vs. MDD, P = 0.52 and CX43: CON
vs. MDD, P = 0.94. B. No statistically significant difference was found among the study groups for the RIN
values, Hoechst: CON vs. MDD, P = 0.42 and CX43: CON vs. MDD, P = 0.46. Data from each donor is

represented individually.
RNA was extracted using RNeasy FFPE Kit. Quantity and quality of RNA were measured with Bioanalyzer using
RNA 6000 Pico Kit. Either t-test or Mann-Whitney test was performed when the data was not normally distributes

based on Shapiro-Wilk test. RIN: RNA integrity number.

The quality check of generated libraries revealed fragment sizes at an expected range (> 200 bp)
for both nuclei populations (Fig. 3.20). However, libraries generated from Hoechst+ samples
displayed a second peak around 1000 bp (Fig. 3.20A). In contrast, libraries originating from
CX43+ samples showed a single peak only at the expected size (~350 bp, Fig. 3.20C), thus
demonstrating a better quality. We attempted to improve the quality of libraries in the Hoechst+
population by modifying several parameters (i.e., the amount of input material (RNA and DNA),
number of PCR cycles for DNA amplification, and DNA purification steps). Nevertheless, these
experiments did not result in noticeable improvement.
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Figure 3.20. Quality Check of Generated Libraries. Libraries were generated from extracted RNA, and the
quality was assessed with Bioanalyzer using High Sensitivity DNA Kit. A., C. Electropherograms of amplified
DNA from Hoechst+ (A) and CX43+ (C) samples illustrated fragment sizes at an expected range, > 200 bp, where
libraries were generated using SMARTer Stranded Total RNA-Seq Kit. A. Libraries constructed from Hoechst+
samples had a second peak around 1000 bp. B. Re-generated libraries using the NEB Next Ultra 1l Directional
RNA approach (conducted by the Computational Biology unit in Boehringer Ingelheim) displayed better quality
(one prominent peak). C. Libraries generated from CX43+ samples showed a single peak at the expected size, 350
bp. Data from each donor is represented individually. The electropherograms were produced by the Computational
Biology unit in Boehringer Ingelheim. FU: Fluorescence unit. bp: base pair.

Interestingly, we observed a similar peak distribution previously in libraries generated from
Hoechst+ nuclei populations (section 3.1.5.3, Fig. 3.11C). We reasoned that the selected method
to generate libraries might not be suitable for the Hoechst+ population due to the high input
material, i.e., nuclei number (average nuclei count: 77,795). Consequently, libraries from the
Hoechst+ population were re-generated by employing the NEB Next Ultra Il Directional RNA
approach (conducted by the Computational Biology unit in Boehringer Ingelheim), suitable for
high input material. These libraries displayed one prominent peak at the expected size range (>
200 bp) with a short shoulder in the electropherogram. Thus, we concluded that the quality was
ameliorated (Fig. 3.20B).

Prior to gene expression analyses, post-RNA-seq quality control was evaluated. The percentage of
uniquely mapped reads (Hoechst: 60-80% and CX43: 20-40%) together with mapping features
and read alignment properties (Supp. Fig. S3) were comparable to the literature (i.e., nuclear RNA-
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seq data)'’8214, The percentage of uniquely mapped reads in the CX43+ population was lower than
the Hoechst+ population, possibly due to the low number of nuclei. Not surprisingly, most of the
reads were mapped to introns because of the nature of the nuclear RNA representing the nascent
and pre-mature RNA transcripts (Supp. Fig. S3C, D). Importantly, we did not observe any
differences in sequencing performance between the study groups, CON and MDD. Moreover,
unbiased clustering through principal component analysis did not reveal major effects of MDD on
gene expression profiles (Supp. Fig. S4). Although few outliers were noticed (e.g., S244 in
Hoechst and S42 in CX43, Supp. Fig. S4), all the samples were included in the downstream
analysis due to the restricted sample size.

Notably, because of differences in the cell type compositions, library preparation method, and
post-sequencing quality, CX43+ and Hoechst+ populations were analyzed separately. Taken
together, our data displayed that the generated libraries from sorted nuclei populations were
suitable to complete further gene expression studies.

3.3.1.2.Purity Analysis in the CX43+ Population

To test the composition of the sorted nuclei fraction, we evaluated the expression profiles of cell-
type specific markers (Fig. 3.21). We found the expression levels of astrocytic markers as (mean
Log2(CPM) values = SD in arbitrary units): SLC1A2: 9 £ 1.3 a.u., ATP1B2: 6.6 = 0.8 a.u., and
S100B: 3.5 £ 1.7 a.u. (Fig. 3.21). However, neuronal markers were also expressed (RAB3C: 7 +
0.7 a.u., RBFOX3: 9.3 + 0.8 a.u.). Furthermore, we assessed the expression levels of the top 10
genes known to be primarily enriched in human cortical astrocytes, neurons, oligodendrocytes,
and microglia (using the data set from McKenzie et al. (2018)*°2 as reference). The data revealed
that most astrocyte-specific genes were expressed in the CX43+ population together with the
neuronal markers. In addition, oligodendrocytes and microglia markers were also detected but to
a lesser extent than astrocyte markers (Supp. Fig. S5). These findings showed that the CX43+
nuclei fraction contained a mixed population composed of astrocytes and neurons.
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Figure 3.21. Cell-Type-Specific Gene Expression

154 CX43+ Nuclei Population Profiles in CX43+ Population. The abundance of
o cell-type-specific marker expression was evaluated
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‘f;\l; >+ @ o % markers from each donor individually. CX43+
S o4 nuclei population was largely composed of
odo S astrocytes and neurons. The Log2(CPM) values

o were calculated by Intelliseq.
— SCL1A2, ATP1B2, S100B - astrocytes, RAB3C,
-5 T T T T T T T RBFOX3 - neurons, PLP1 - oligodendrocytes,

8\’(,'\‘?3;@’&%15»\'00%?&%%:;%(,0{5 Q\?E o CX3CR1  microglia.

3.3.1.3.Gene Expression Changes in the vmPFC of Depressed Suicides

DEGs analysis was conducted for both nuclei fractions to generate BA25-associated
transcriptional profiles of healthy controls and depressed suicides. In the Hoechst+ population, a
total of 105 genes were differentially expressed (P < 0.005, Fig. 3.22). The gene list consisted of
91 protein-coding genes and 13 long non-coding RNAs, where most of the genes were
downregulated in the MDD group (a total of 96 genes). However, none of the genes passed the
strict selection criteria (false discovery rate (FDR) < 0.1).

We evaluated whether the list of DEGs in the Hoechst+ population contained previously identified
genes altered in depression. To this end, an extensive literature search was conducted, and among
the studies, seven were found using PFC tissue samples originating from either MDD or depressed
suicide patients (Supp. Table S2). While these studies used various significant criteria, for the
purpose of comparison, we admitted all reported DEGs, which were 1213 genes in total. We found
19 shared genes between those studies and our findings in the Hoechst+ population, of which 11
were known to be enriched in astrocytes such as SLC7A11, EDNRB, SLC1A2. Taken together,
although the RNA-seq data analysis in the Hoechst+ nuclei population resulted in low statistical
power, we were able to detect expression changes in the genes previously associated with
depression and propose new ones altered in the vmPFC.
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Figure 3.22. Heatmap for Differentially Expressed Genes in the Hoechst+ Population. Hierarchical clustering
for DEGs per subject in each study group, CON and MDD. Representative gene names are illustrated on the right,
individual sample IDs on the bottom. A total of 105 genes were differentially expressed (P < 0.005) but did not
pass the strict FDR < 0.1 criteria. Most of the genes (91.4%) were downregulated. Heatmap color represents the
Log(FC) values (red shows high expression level and blue shows low expression levels). The heatmap was

In the CX43+ nuclei population we found a total of 260 genes differentially expressed between
CON and MDD, which passed the FDR < 0.1 criteria (Fig. 3.23, Full list in Supp. Table S3). While
most genes were protein-coding (83.1%), a smaller fraction (14.6%) comprised long non-coding
RNA. Importantly, we analyzed the expression of cell type-specific markers (reference database:
McKenzie et al. (2018)'%%) and found that almost half of the genes were enriched in astrocytes (72
genes), and a smaller fraction was enriched in neurons (11 genes).
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Figure 3.23. Heatmap for Differentially Expressed Genes in the CX43+ Population. Hierarchical clustering
for DEGs per subject in each study group, CON and MDD, in the CX43+ population. Representative gene names
are illustrated on the right, individual sample IDs on the bottom. A total of 260 genes were significantly
differentially expressed (FDR < 0.1) in the CX43+ nuclei population (full list is in Supp. Table S3). Most of the
genes (85.8%) were downregulated. Heatmap color represents the Log(FC) values (red shows high expression
level and blue shows low expression levels). The heatmap was generated by Intelliseq.

Majority of genes (a total of 223 genes) were downregulated, which is consistent with previously
published transcriptome studies of MDD**3184 The list of downregulated DEGs contained 188
protein-coding and 34 long-non-coding RNA. Remaining genes were upregulated, and in this
group 28 encoded for proteins and 4 non-coding long RNA. These data provide the list of DEGs
in the CX43+ population, revealing the molecular deficits in the BA25 of suicide completers.

We also investigated whether the list of DEGs in the CX43+ population included previously
discovered astrocyte-specific genes altered in the PFC of MDD subjects (reference studies are
presented in Supp. Table S2). Side-by-side comparison of our data to the literature findings (a total
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of 80 genes) identified 23 shared genes, which contained crucial astrocytic genes such as SLC1A2,
GLUL, GJB6, SLC4A4, and GRIN2C (Fig. 3.24, circled in black). All these common genes were
downregulated in MDD.

Volcano Plot Figure 3.24. DEGs in the CX43+ Population Associated
27 with Previous Findings in Depression. A volcano plot
y was created with the list of DEGs in the CX43+
population. The majority of the genes were downregulated
n : (blue dots) in which 23 of them overlapped with previous
0 findings (reference studies are presented in Supp. Table
@) &) S2). Notably, these genes are known to be enriched in
Lgo f;4A4‘ ® human astrocytes, e.g., SLC1A2, GLUL, GJB6, SLC4A4,
— ® f &) £ o g and GRIN2C (circled in black). None of the upregulated
-2 - I&ZL’E l"kLC1A2 genes in the CX43+ population (red dots) overlapped with
©GJB6 @ o literature data; hence they were novel findings. The

o Log(FC) was calculated by Intelliseq.
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A further comparative analysis using PsyGeNET?'®, a tool for investigating psychiatric illnesses
and their linked genes, revealed that 28 of 260 DEGs in the CX43+ population were previously
associated with mental disorders such as depression (a total of 10 genes), bipolar disorder, and
schizophrenia (Supp. Fig. S6). The top 5 genes linked to those diseases, i.e., MAOA, GLUL,
VEGFA, SLC1A2, and FYN, were downregulated in the CX43+ population. Interestingly, these
genes are known to be enriched in human astrocytes'®3. Taken together, our results pointed out
that we could recapitulate published MDD findings and identified new genes (e.g., all upregulated
genes in the CX43+ population) associated with the disease.

3.3.1.4.Biological Functions Altered in the CX43+ Population of Depressed Suicides

To investigate the functional relevance of our findings, we used DAVID Bioinformatics
Resources?® and performed analyses for gene ontology (GO), pathway enrichment, and gene
functional classification. Since the upregulated gene list for the CX43+ population was noticeably
shorter than the one of downregulated genes, the statistical power of the upregulated genes analysis
was insufficient (calculated with Fisher Exact P-value by DAVID). Nonetheless, detected major
GO terms were the “lipid transport” (P = 0.08, GULP1), “intracellular membrane-bounded
organelles” (P = 0.02, KCNG1), and “ATP binding” (P = 0.08, ATAD3B).
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We identified significantly (P < 0.05) enriched terms for biological processes such as “dermatan
sulfate biosynthesis”, “glycosaminoglycan metabolism”, and “glutamate catabolic process” for the
downregulated gene list. The major GO terms categorized for cellular compartments involved
“synaptic membrane”, “plasma membrane”, and “extracellular component”. Likewise, “GTP
binding”, “heparin binding”, and “extracellular matrix structural constituent” terms were the
molecular functions enriched for the list of downregulated genes in the CX43+ population.
Moreover, pathway enrichment analysis revealed “focal adhesion”, “fatty acid metabolism”, and
“nitrogen metabolism” related biological systems. Next, we explored the functional groups in the
downregulated gene list and detected 3 clusters, consisted of terms as “glycoprotein” (e.g.,
GPM6A, ADORA2B, GRM3), “transmembrane region” (e.g., NKAIN3, SLC4A4, TMEM19), and
“signal” (e.g., ILA7RB, KREMEN1, PTPRZ1). These results suggest that essential biological
functions in the CX43+ nuclei population might be altered in the MDD group. Complete results
from DAVID are shown in Supplementary Table S4-S8.

To further extend our findings between the downregulated genes in the CX43+ population and the
associated biological systems, we conducted STRING network analysis?!’. The overall interaction
among the proteins encoded by DEGs was significantly higher than for a random set of proteins
of similar size (P < 1x10°%, calculated by STRING) (Fig. 3.25). Examples for the overrepresented
biological processes (a total of 103 terms) include “nervous system development™ (protein count:
46/2206), “dermatan sulfate biosynthesis” (protein count: 5/12), and “regulation of signaling”
(protein count: 55/3360). In addition, strongly enriched cellular compartments (a total of 21 terms)
consisted of the “membrane” (protein count: 117/8420) and “extracellular region” (protein count:
39/2505) (Fig. 3.25). Interestingly, the “transport of small molecules” was the unique enriched
pathway in STRING analysis, which encompassed proteins such as SLC25A18, ATP13A4, and
SLCO1CL.

Notably, STRING analysis did not reveal any network for the upregulated genes since the list was
relatively short, and the statistical power was insufficient to have significantly more interactions
than expected by chance (P = 0.07, calculated by STRING).
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Figure 3.25. GO Ontology Terms Analysis for Downregulated Genes in the CX43+ Population. STRING
network analysis was performed, and representative GO terms associated with genes altered in the CX43+ nuclei
fraction are shown in the graph. The cellular compartments (green bar) and biological processes (purple bar) were
plotted based on the -Log10 (FDR) values.

A clustering analysis (MCL clustering in STRING) was run based on protein interaction scores,
which associated several clusters of functionally related proteins (Fig 3.26). Proteins in cluster A
were linked to the “synapse and glutamate receptor signaling pathway”. The functional enrichment
for cluster B consisted of “metabolic process”, “nervous system development”, and “dermatan
sulfate biosynthesis”. Cluster C encompassed known astrocytic proteins where the biological
systems as “positive regulation of transport”, “glutamate biosynthetic process”, and
“neurotransmitter uptake” were over-represented. The “fatty acid metabolic process” was strongly
associated with the proteins represented in cluster D (Fig 3.26). Taken together, the identified set
of genes downregulated in the CX43+ nuclei fraction originating from vmPFC were encoding
proteins functionally linked to essential biological systems in the brain. While most of these
biological functions were previously associated with MDD?821° our findings provided
complementary data by identifying new components in these clusters.
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Figure 3.26. Protein Clustering Analysis for Downregulated Genes in the CX43+ Population. Four major
clusters of functionally related proteins were found using STRING (MCL clustering). Cluster A was associated
with “synapse and glutamate receptor signaling pathway”, cluster B was linked to “metabolic process”, “nervous
system development”, and “dermatan sulfate biosynthesis”, cluster C consisted of “positive regulation of
transport”, “glutamate biosynthetic process”, and “neurotransmitter uptake”, and cluster D encompassed the “fatty

acid metabolic process”. The nodes indicate both functional and physical protein associations.

3.3.1.4.1. Validation of Identified Gene Expression Changes

To validate the gene expression changes identified in the CX43+ population, we performed
western blot analyses for several proteins: SLC1A2, SLCO1C1, SLC4A4, SLC25A18, and GLUL.
We selected those proteins since they regulate the critical biological function of astrocytes, namely
glutamate homeostasis. Importantly, genes encoding those proteins were previously implicated in
MDD and were known to be enriched in human astrocytes3/153218.220 Note that due to the low
yield of FACS-isolated CX43+ nuclei, we decided to employ homogenates of BA25 originating
from CON (N = 8) and MDD (N = 8) subjects, which were used for the gene expression study. As
seen in Figure 3.27A, only SLC1A2 at 140 kDa size was significantly (Xcon): 1.1 + 1.0 a.u. vs.
Xpp): 0.4 £ 0.2 a.u., P =0.03, n = 1 repeat in blotting experiments) downregulated in the MDD

group.
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Figure 3.27. Validation of DEGs by Western Blot. Western blot experiments were conducted using tissue
homogenates from CON (N =8, C, dots) and MDD (N = 8, M, triangles) groups. Samples were selected from the
same cohort used for the transcriptional study. Western blots and graphs illustrate the quantification of the relative
protein levels. A. SLC1A2 protein levels at 140 kDa were significantly (P = 0.03) decreased in MDD subjects. B.
SLC1A3 protein levels at 120 kDa (P = 0.01) and at 60 kDa (P = 0.049) were significantly reduced in MDD
subjects. No statistical differences were observed for the isoform of SLC1A2 at 70 kDa size. We did not detect
statistically significant changes for the SLCO1C1 (C), SLC4A4 (D), SLC25A18 (E), and GLUL (F).

20 pg of protein was loaded for each sample. Bands were imaged with Vilber FUSION FX. Protein quantification
was done using ImageJ software and calculated as a ratio of the relative density of selected bands to the
housekeeping protein, B-ACTIN. The t-test or Mann-Whitney test was performed when the data was not normally
distributed based on the Shapiro-Wilk test.

Moreover, we measured the protein levels of SLC1A3, another astrocyte-specific protein involved
in the glutamate homeostasis. Although SLC1A3 expression was not changed in the CX43+
population, the gene encoding this protein was downregulated in the Hoechst+ nuclei population
isolated from MDD samples. The protein analysis showed that SLC1A3 at 120 kDa (X(con): 2.8 +
1.6 a.u. vs. X(vop): 1.0 £ 0.6 a.u., P = 0.01) and 60 kDa (X(con): 1.1 + 1.0 a.u. vs. Xvop): 0.3 £ 0.3
a.u., P = 0.049) were significantly reduced in suicide completers (n = 1 repeat in blotting
experiments, Fig. 3.27B).

On the contrary, the other proteins were not significantly changed (Fig. 3.27C-F) in the CX43+
population. The discrepancy between the gene and protein levels could be because gene expression
analysis was conducted in the CX43 labelled nuclei population, whereas the protein expression
was evaluated using brain homogenate. Hence, the changes in a specific cellular compartment
could be masked when the mixed cell population was analyzed. Furthermore, we observed high
variability in protein expression within the study groups, which might diminish the statistical
power.

In summary, the nuclei isolation protocol was applied to investigate astrocyte-specific gene
expression changes in depression. First, we validated the compatibility of our established protocol
for RNA-sequencing analysis. Isolated CX43+ nuclei fraction largely consisted of astrocytes and
neurons. Next, we detected sets of DEGs in both nuclei populations, i.e., Hoechst and CX43, which
were mostly downregulated in depressed suicides. Importantly, the list of downregulated genes in
the CX43+ population contained previously discovered astrocytic genes associated with MDD.
Together with the upregulated gene list in the CX43+ population, we also identified new genes
altered in MDD. Finally, functional implications of DEGs were evaluated, and we found
connectivity between essential biological systems and proteins expressed primarily in astrocytes,
e.g., extracellular matrix, neurotransmitter uptake, and glutamate homeostasis. Consequently, we
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explored transcriptional changes specific to the vmPFC and identified altered molecular pathways
in a subgroup of depressed suicides.

3.3.2. Astrocyte-Specific Molecular Changes Elicited by Chronic Stress in Mice

The protocol for astrocyte isolation from the adult mouse brain samples (as described in section
3.2.4) was used to uncover astrocyte-specific molecular changes and pathways elicited by CSDS.
Hence, the CSDS paradigm was applied to mice, and assays were conducted to evaluate the impact
of CSDS on depressive-like behavior (by Carmen Menacho Pando). As a proof of concept, here |
solely present the applicability of the optimized strategy of magnetic cell sorting, which was
employed to isolate astrocytes from control (CONT, N = 7) and stressed (CSDS, N = 8) animals.
The first goal of the experiment was to explore the regional heterogeneity of the CSDS-induced
transcriptional profile of astrocytes. Therefore, cells were isolated from 4 brain regions:
hippocampus, hypothalamus, PFC, and somatosensory cortex (SC). The second goal was to
highlight those transcriptional deviations regulated by glucocorticoid signaling. Since
glucocorticoids physiologically regulate circadian metabolism, brain samples were obtained from
identically treated mice at different times of the circadian cycle: Zeitgeber time (ZT) 1 (08:00) and
ZT11 (18:00), where ZTO depicts the beginning of the active phase (lights off).

3.3.2.1.Validity of the Technical Parameters of MACS-Isolated Astrocytes

We evaluated the technical properties of the MACS-isolated astrocytes from CONT and CSDS
animals. As shown in Figure 3.28, no statistically significant differences were observed in isolated
cell number, RNA quantity, and quality between CONT to CSDS group (statistics are presented
in Supp. Table S9). As expected, the number of astrocytes sorted from the hippocampus
(X(hippocampus): 15.9 x 10% + 6.4) and SC (X(sc): 13.9 x 10% + 9.6) were higher than the hypothalamus
(X(hypothalamus): 3.8 X 10° + 1.3) and PFC (Xprc): 3.7 x 10° + 1.4) (for all the comparisons: P < 0.0001).
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Figure 3.28. Astrocyte Yield, RNA Quantity, and Quality Assessment. RNA was extracted from astrocytes
isolated from the hippocampus, hypothalamus, PFC, and somatosensory cortex (SC). Comparison of astrocyte
yield (A), RNA quantity (B), and quality (RIN values) (C) between CONT (dots) and CSDS (triangles) group.
Dashed line indicated RIN = 7, generally acceptable threshold for the RNA quality. No statistically significant
differences were found between the study groups (Supp. Table S9). Data from each sample is represented
individually. PFC: Prefrontal cortex, SC: Somatosensory cortex.

RNA was extracted using RNeasy Plus Micro Kit. Quantity and quality of RNA were measured with Bioanalyzer
using RNA 6000 Pico Kit. Cell isolation experiments were conducted with Carmen Menacho Pando. Either t-test
or Mann-Whitney test was performed when the data was not normally distributes based on the Shapiro-Wilk test.
RIN: RNA integrity number.

Next, we evaluated the quality of the libraries. Fragment sizes were detected at an expected range
(> 200 bp) for all the samples (Fig. 3.29). The quality check of RNA-seq revealed adequate
sequencing performance; as such, the read alignment indicated low intronic (7%) and intergenic
reads (16%), and high exonic reads (76%) (data not shown). Taken together, these findings showed
that genetic material extracted from isolated astrocytes was suitable to pursue RNA sequencing
and further gene expression analysis between the two study groups, CONT and CSDS.
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Figure 3.29. Quality Check of Generated Libraries. Libraries were generated from RNA extracted from 4 brain
regions of adult mouse brain, and the quality was assessed with Bioanalyzer using High Sensitivity DNA Kit. A -
D. Representative electropherograms of amplified DNA in astrocytes sorted from the hippocampus (A),
hypothalamus (B), PFC (C), and SC (D). The fragment sizes were observed at an expected range, > 200 bp.
Smart-seq2 protocol was used to generate the libraries in collaboration with EMBL Genomics Facility and Carmen
Menacho Pando. FU: Fluorescence unit. bp: base pair. PFC: Prefrontal cortex, SC: Somatosensory cortex.

3.3.2.2.Purity Analysis in Isolated Astrocytes

To determine the gene expression profile of ACSA-2 labelled astrocytes in different mouse brain
regions, our datasets were first compared with the previously published work of Zeisel et al.
(2015)%2. In this study, the authors conducted single-cell RNA-seq to identify subclasses of known
major cell types in the mouse somatosensory cortex and hippocampal regions??!. Hence, the gene
abundances (FPKM values) for each sample were correlated with gene expression of each cell type
(based on Zeisel et al. (2015)%?!) as shown in the heatmap (Fig. 3.30). As a result, we found that
isolated ACSA-2+ cells were strongly correlated (r > 0.7) with mouse astrocytes and, to a less
extend (r < 0.5) with ependymal cells (Fig. 3.30). Besides, the evaluation of the percentage of
variance explained by any cell type revealed that the transcriptome variance in ACSA-2+ cells was
strongly associated (>80%) with the gene expression profiles of mouse astrocytes (Supp. Fig. S7).
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Figure 3.30. Purity Analysis for MACS Isolated Astrocytes. The heatmap shows the Spearman correlation of
the FPKM values for each sample (columns) with gene expression for each cell type (rows). The top 100 genes
from each cell type were used based on reference database??*. MACS isolated ACSA-2+ cells showed a strong
correlation (> 0.7) with mouse astrocytes. The data in the heatmap consisted of cell isolation experiments
conducted for two independent cohorts of mice (N = 29). The heatmap was generated by Intelliseq. FPKM:
Fragments Per Kilobase of transcript per Million mapped reads, ZT: Zeitgeber time.

Additionally, we assessed the expression profiles of cell-type-specific markers used in the qPCR
analysis (Fig. 3.14). We found enrichment of astrocyte marker (Aldh1l1) in isolated cells (Fig.
3.31A). Notably, Atplb2 (encoding the epitope targeted by ACSA-2) was highly enriched
compared to other cell-type markers (Fig. 3.31A). As expected, the expression levels of the
markers were distinct in each brain region.
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Figure 3.31. Brain Region-Specific Gene Expression Profiles of Astrocytes. A. The graph represents the mean
FPKM values of 7 markers in ACSA-2+ cells sorted from the hippocampus (green), hypothalamus (yellow), PFC
(purple), and SC (red). Astrocyte-specific markers (Atp1lb2 and Aldh1I1) were enriched in all the brain regions. B.
PCA revealed the associations of samples respective to each brain region. The proportion of variance explained is
indicated in parentheses. Each dot indicates one sample. The data in the PCA consisted of cell isolation
experiments conducted for two independent cohorts of mice (N = 29). FPKM values and the PCA were generated
by Intelliseq.

Atplb2, Aldhlll - astrocytes, Mbp - oligodendrocytes, Cx3crl - microglia, Sytl - neurons, Cspg4 - NG2 cells,
Ocln - endothelial cells.
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The PCA analysis of all samples revealed that astrocytes isolated from each brain region clustered,
and the transcriptome of subcortical (i.e., hippocampus and hypothalamus) astrocytes grouped
together (Fig. 3.31B). Hence, these data were in line with previous studies demonstrating brain
region-specific subtypes of astrocytes in mice'®>?2?, Importantly, we did not observe any variation
in astrocytes sorted from CONT and CSDS animals (Fig. 3.31B). Consequently, the RNA-seq data
showed that isolated ACSA-2+ cells represent an enriched astrocyte population and displayed
diversity across brain regions.

3.3.2.3.Gene Expression Changes in Astrocytes of CSDS Mice

The optimized protocol was routinely employed to explore astrocyte-specific molecular deficits
upon chronic stress exposure. To confirm the protocols’ applicability, we presented astrocyte-
specific differential transcript expression analysis between control and stress animals (Supp. Fig.
S8).

In this project, we primarily focused on the PFC circuits; therefore, here, we illustrated alterations
in astrocytes-specific transcripts when cells were isolated from the PFC (Fig. 3.32). The ANOVA
test with Sacrifice Time x Treatment interaction was used to detect statistically significant
difference in gene expression between 4 groups of mice: CONT sacrificed at 8am, CONT
sacrificed at 6pm, CSDS sacrificed at 8am and CSDS sacrificed at 6pm. A total of 66 transcripts
were found to pass the criteria of differential expression (P < 0.001, Fig. 3.32).
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Figure 3.32. Heatmap for Differentially Expressed Transcripts in Astrocytes Isolated from the PFC.
Hierarchical clustering for differentially expressed transcripts per sample in each study group, CONT (green) and
CSDS (pink). A total of 66 transcripts were significantly differentially expressed (P < 0.001, ANOVA with
interaction) in the PFC upon stress exposure and the names are illustrated on the right, individual sample 1Ds on
the bottom. The data consisted of cell isolation experiments conducted for two independent cohorts of mice (N =
29). Heatmap color represents the normalized FPKM values (red shows high expression level and blue shows low
expression levels). The heatmap was generated by Intelliseq.

In summary, the MACS isolation protocol was successfully applied to study astrocyte-specific
molecular alterations elicited by chronic stress in mice. First, the purity of ACSA-2+ cells was
confirmed by RNA-seq data, representing an enriched astrocytes population. Next, in line with the
literature, a brain region-specific gene expression profile was observed. Finally, differentially
expressed transcripts were detected in astrocytes isolated from control and stressed mice (detailed
analysis was skipped since it was not the purpose of this project). Consequently, we offered an
optimized method for astrocytes isolation allowing cell-type-specific transcriptomic studies in low
volume tissue samples, i.e., PFC and hypothalamus, dissected from adult mouse brain.
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4. DISCUSSION

In this project, we conducted a systematic approach by establishing methods for investigating gene
expression of astrocytes in humans and rodents. This effort was driven by a hypothesis stating that
astrocytes’ dysfunctions underlie neurobiological features of depression and that it would be
possible to identify disease relevant cell-type-specific transcriptional alterations. There were no
available methods for positive selection of human astrocytic nuclei at the beginning of this project,
and the published strategies for isolating astrocytes from adult mouse brains had to be modified
for small tissue volume. Eventually, we successfully used these optimized techniques for gene
expression studies of astrocytes in human depression and rodent model of chronic stress to identify
differentially regulated astrocytic genes.

4.1. Establishing Astrocytic Nuclei Isolation Method for Human
Brain Samples

We developed a nuclei isolation method suitable for investigating the transcriptomic profile of
astrocytes from human samples. When our project started, positive nuclei selection strategies were
available only for two brain cell types: neurons and oligodendrocytes®®l, Thus, this project
provided the first positive selection approach for isolating astrocytic nuclei from frozen
postmortem human brain samples.

The major strengths of our protocol are as follows: i. the isolation of nuclei could be employed to
investigate archived fresh frozen brain samples, ideally from resources where the medical history
of patients is well documented, ii. the combination of CX43-positive nuclei selection with sized-
based nuclei collection step provided a unique approach for obtaining a population enriched in
astrocytic nuclei, iii. conducting the entire procedure on ice or at 4°C and including RNAse
inhibitors in every buffer allowed maintaining the tissue and RNA as intact as possible, and iv. the
collection of bulk astrocytic nuclei offered a gene expression study in a cell type with low RNA
abundance.

In previous efforts, the negative selection was a strategy to study astrocytes, defined as non-
neuronal nuclei (i.e., NEUN-) population in FACS using frozen human postmortem brain
samples®’. Astrocytes were considered the primary glial cells presented in the NEUN- nuclei
population®’. However, depleting neurons from glial cells did not lead to isolating pure astrocyte
populations. In fact, we isolated neuronal nuclei using an antibody targeting NEUN to recapitulate
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the reference protocol of Krishnaswami et al. (2016)%. Upon successful isolation of neurons, we
assessed the purity of both sorted populations, NEUN+ and NEUN-. gPCR analysis suggested the
enrichment of neuronal markers in the NEUN+ nuclei fractions compared to other cell type-
specific markers. Interestingly, we observed a mixed composition of the NEUN- fraction, with the
enrichment of oligodendrocytes marker, PLP1 (data not shown). This analysis showed that
depletion of neurons led to a population with the majority of cells being oligodendrocytes, while
astrocytes constituted a minor fraction. Hence, to investigate specifically astrocytic transcriptome
at an appropriate resolution, it was essential to enrich the nuclei population with astrocytes.

At the time we started our work, the protocol of Krishnaswami et al. (2016)*® was the leading
approach for isolating single neuronal nuclei through positive selection from frozen human brain
samples and extracting genetic materials suitable for RNA-seq analysis. The core steps of our
method, i.e., fresh frozen tissue homogenization and technical features of FACS, were established
according to the reference protocol*®, Special care was taken throughout the isolation method to
keep the nuclei intact and compatible with RNA-seq as possible through: i. adjusting the number
of Dounce homogenizer strokes — to avoid the damage of free nuclei in the suspension, ii. using
Triton X-100 as a nonionic-mild detergent — to keep nuclear envelop and proteins intact, iii.
establishing FACS parameters — to select intact nuclei without clog formation, and iv.
implementing density gradient centrifugation — to remove the debris aggregates'®. The cumulative
outcome of employing these technical details was the protocol, which largely replicated published
astrocyte-specific gene expression changes in human MDD obtained with tissue homogenates, but
additionally uncovered a number of pathways altered in BA25, which may represent the novel
hallmark of depression.

4.1.1. Challenge 1. Identification of Astrocyte-Specific Nuclear Epitopes

One of the most challenging parts of the project was to identify nuclear proteins specific to
astrocytes. We initially focused on the transcription factors since they are localized in the nucleus.
Similarly, Lutz et al. (2017) isolated nuclei of oligodendrocytes from frozen human brain samples,
using an antibody to label the transcription factor SOX10*8, Our literature research identified
SOX?9 as the strongest candidate. SOX9 has essential roles in CNS development (e.g., glial fate
specification, including astrocytes) and in the adult brain (e.g., a regulator of synaptic plasticity
and astrocytes’ gap junction protein expression, i.e., CX30)"*?%, Furthermore, genomic data
representing brain cell type-specific expression patterns in adult mice and humans showed that
SOX9 was enriched in astrocytes compared to other brain cell types!®3.

Indeed, Sun et al. (2017), employed Sox9 as a nuclear epitope to isolate astrocytic nuclei from
fresh mouse cortical samples®®. However, our attempt to isolate mouse cortical astrocyte nuclei
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employing the same antibody against the Sox9 epitope failed (data not shown), which may suggest
batch-to-batch variance.

We found a working anti-SOX9 polyclonal antibody coupled to AF488, which resulted in high
nuclei yield and it was crucial in many improvements applied in the final protocol. At the same
time, the use of a polyclonal anti-Sox9 antibody turned out a critical drawback of our protocol.
Although polyclonal antibodies can recognize multiple epitopes and have a high affinity against
the antigen, batch-to-batch variability is a disadvantage. In contrast, monoclonal antibodies
maintain the affinity and specificity across distinct lots??®. The breakdown of a supply of the anti-
SOX9-AF488 antibody led us to turning to a new epitope for labeling astrocytes; the gap junction
protein, CX43.

CX43 is highly enriched in human astrocytes!® and is implemented in various molecular functions
as regulating excitatory synaptic transmission®?*, potassium buffering®?®, and ATP signaling®?.
Furthermore, CX43 can be localized in multiple compartments, such as the plasma membrane,
nucleus, ER, and mitochondria?*?%, We attempted to confirm these diverse locations through
immunohistochemical (IHC) staining of frozen human postmortem brain sections, but we failed to
acquire comprehensive imaging data (data not shown). High-quality of IHC against a protein with
punctate profile in human samples would require tedious optimization, which was not possible due
to time restrictions of the project.

Nevertheless, in a test experiment astrocytic nuclei could be isolated by a direct labeling approach
employing an anti-CX43 antibody. Due to significant delay in the time-fixed project and the
limited amount of the material, we relied on this experiment and processed experimental samples
with the anti-Cx43 antibody. Evidently, multiple replications would be beneficial to further
improve the purity and yield of the sorted fraction of nuclei.

Notably, during the FACS experiments, we did not observe any background signal in the negative
control samples, e.g., isotype control. In addition, the anti-CX43 antibody was selected based on
the reference publications provided by the supplier (ThermoFisher), which illustrated its use in the
human brain (western blot), rat brain (co-localization with CX30, IHC), and confirming its
specificity with knockout experiments in the human cell line (western blot). It was specified that
the selected antibody could recognize the unphosphorylated and some phosphorylated forms of
CX43 (ThermoFisher). Nevertheless, different anti-CX43 antibodies could also be tested.
Likewise, the antibody dilution could be optimized to find the best specificity for immunolabeling
with low background. Such pilot experiments were initially performed for the SOX9 antibodies;
however, they were omitted for the anti-CX43 antibody due to time and material limitations.
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Alternative astrocyte-specific epitopes could be evaluated for the isolation of astrocytes from
humans. For example, Xu et al. (2018) used a combination of NEUN and the glutamate transporter,
EAAT1, to sort mouse astrocytic nuclei (NEUN-/EAAT1+ nuclei) from the cerebellum®®,
Although EAAT1 was known to be expressed in the plasma membrane of astrocytes'*, the authors
showed that EAAT1 was also localized in the ER/nuclear membrane!’®, Likewise, we assessed the
EAATL1 as an option, and FACS isolated EAAT1+ nuclei fraction from frozen human postmortem
brain samples (data not shown). However, the positive events did not clearly separate in the flow
cytometry compared to the isotype control, contrary to CX43 labeling. Furthermore, we conducted
a double labelling approach using antibodies against the CX43 and EAATL1. Even though we
observed a better separation in FACS analysis, the gPCR data indicated poor purity (enrichment
of neuronal and oligodendrocyte markers) for the CX43+/EAAT1+ nuclei population (data not
shown). Still, alternative anti-EAAT1 antibody and staining conditions could be assessed as a
possible epitope for isolating human astrocytic nuclei.

4.1.2. Challenge Il. Developing a Method Compatible for RNA Sequencing Studies

Another crucial aspect of this project was the compatibility of the method with RNA sequencing.
We initially replicated the reference protocol*®, where the selected nuclei population was sorted
into lysis buffer, followed by direct cDNA amplification (omitting RNA extraction step).
However, the sequencing quality check revealed a low genome mapping and read alignment, and
high variability across the test samples. The low number of reads mapped to the genome was also
reported in the reference protocol for the non-neuronal nuclei'®. Notably, the goal of
Krishnaswami et al. (2016)'® was to conduct a single neuronal nucleus RNA-seq, where their
choice was justified, as the method was suitable for detecting an acceptable number of sequenced
reads from a single nucleus. Even though we sorted a low number of nuclei (between 380 to 1700
nuclei), the selected method for genetic material extraction was unsuitable for our purpose (i.e., to
study bulk nuclei). One possible explanation for the lower quality of our RNA-seq data could be
the inadequate lysis of bulk nuclei and inefficient cDNA synthesis, leading to the observed
variability. The latter result was a critical limitation since the primary reason for developing our
protocol was to employ it for a comparative transcriptional study, in which high variability would
largely preclude the identification of small transcriptional changes resulting from the disease.
Another reason for the low quality could be RNA degradation, manifesting through low coverage
for coding genes*®®.

These circumstances led us to adopt a mild fixation step before tissue homogenization. This
procedure led to diminished quality of the RNA. Therefore, alternative conditions for fixation
could be further tested to extract RNA of better quality, such as other fixatives (e.g., ethanol),
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diverse PFA concentrations (e.g., lower than 1%), different incubation periods, and other RNA
isolation methods. However, recent studies employing fixation steps for cell-type-specific nuclei
isolation protocols consistently reported low RNA quality, which did not hamper the RNA-seq
data analysis!’®%7. Furthermore, it is known that fixation might impair the protein conformation
and the antigenicity??’. Therefore, alternative conditions for fixation could also be evaluated for
this aspect. One of the latest studies employed ethanol as a fixative solution and isolated astrocytic
nuclei by targeting a cytoskeleton protein, GFAP??%, Note that organic solvents (e.g., methanol,

ethanol) might also lead to the extraction of nuclear proteins?°.

Collectively, applying post-fixation of frozen tissue, along with performing debris removal and
extracting RNA, increased the percentage of mapped reads, the coverage for coding genes, and
lowered the variability between samples. These parameters are essential for comprehensive

downstream bioinformatics studies?®,

In line with previous nuclear RNA-seq studies'’®214, we noticed higher intronic reads than exonic
reads, possibly representing the nascent and pre-mature RNA transcripts. A recent study
characterized the nuclear and cytoplasmic RNA transcripts in the dIPFC of human brain samples
and pointed out that nuclear-enriched transcripts were longer (presumably due to the time required
for transcription) and displayed a high number of intronic reads and noncoding genes?.
Furthermore, the authors revealed similar levels of nuclear- and cytoplasmic-enriched transcripts
in each brain cell type, including astrocytes (using post RNA-seq bioinformatics analysis)?3!.
There are no direct comparison studies for the nuclear and cytoplasmic transcriptome of sorted
astrocytes. Nevertheless, several studies revealed the high similarity between nuclear and whole-
cell transcriptome in other brain cell types (e.g., neurons'®*232 microglia?®3). It was also reported
that transcripts expressed in the nuclear compartment were valid to study gene expression changes
in psychiatric illnesses such as schizophrenia, bipolar disorder, and autism spectrum disorder?3:.
These data suggest that nuclear RNA-seq is suitable for investigating mental disorders in a cell
type-specific manner.

4.1.3. Current Developments for Astrocytic Nuclei Isolation from Human Samples

Our protocol is timely since the interest in transcriptomic studies with the cell-type resolution has
been expanding, particularly to investigate disease states and defining the primary cell type(s)
involved in the pathology. In this context, alternative nuclei isolation protocols have been
developed in the course of our project for specific cell types in the brain, including
astrocytes??2%4235 QOne approach described by Srinivasan et al. (2020) was used to profile the
gene expression pattern in four different brain cell types from Alzheimer’s disease vs. healthy
individuals’ postmortem samples (originating from the frontal cortex)??. First, frozen samples
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(100-200 mg) were dissociated (in Accutase, by pipetting), nuclei were fixed (in ethanol, on ice),
and immune-labelled before FACS (anti-GFAP, for 20 min.). Next, GFAP-positive nuclei (average
yield of nuclei: 40,000) were collected in lysis buffer, and RNA was extracted (with a kit suitable
for unfixed materials). Similar to our result, the authors reported low RNA quality and related it
to the dissociation conditions and the fixation step. Importantly, the GFAP-positive nuclei
population was shown to express known astrocyte-specific markers. The fact of labeling astrocytes
using GFAP was somewhat surprising since GFAP is a known cytoskeleton protein®,

Considering successful isolation of nuclei with antibodies against the cytoskeletal protein
(Srinivasan et al. (2020)?%%), ER protein (this study) or membrane protein (Xu et al. (2018)8)
provokes the hypothesis of minimal damage of astrocytes in frozen material. A detailed study of
the integrity of cellular organelles in frozen and homogenized material could be beneficial for
resolving this issue and may suggest even more epitopes suitable for astrocytes’ isolation.

Tome-Garcia et al. (2020) reported a strategy based on a simultaneous selection of OPC (targeting
OLIG2) and astrocytic nuclei from non-neuronal fractions?®*. The authors applied the method to
profile the gene expression pattern of isolated nuclei population in human epilepsy (from the
temporal lope). The workflow consisted of tissue homogenization (200-500 mg frozen samples, in
the same hypotonic buffer as ours, by Dounce homogenizer strokes), antibody labeling (for 1h),
and flow cytometry. Next, RNA was extracted from sorted nuclei populations using the standard
phenol/chloroform method, and RNA-seq was performed. The protocol did not involve a tissue
fixation step, resulting in better RNA quality. However, no information was provided with respect
to the quality of the extracted genetic material and RNA-seq data. Initially, two approaches were
evaluated to sort astrocytic nuclei fraction by selecting either NEUN-/OLIG2-/SOX9+ (referred to
as SOX9+) population or NEUN-/OLIG2-/PAX6+ (referred to as PAX6+). Since the purity
analysis (by gPCR) demonstrated higher enrichment of astrocytic markers for the PAX6+ fraction,
the authors decided to continue with that epitope. PAX 6 (Paired Box 6) is a transcription factor
enriched in astrocytes, particularly in fetal astrocytes’®. It has essential roles during the
development of multiple tissues such as the brain and eye?®.

The most recent published protocol for nuclei isolation of multiple brain cell types was developed
to be employed for chromatin immunoprecipitation-sequencing studies?®. Hence its applicability
for RNA-seq analyses was not evaluated. Here, tissue samples (150 mg) were fixed (in 1%
formaldehyde) and homogenized (by pellet pestle grinder) at the same time. Next, Dounce
homogenization was performed (in the same hypotonic buffer as ours), and single nuclei
suspension was incubated with antibodies (overnight). Finally, FACS-sorted astrocytic nuclei
(average yield of nuclei: 100,000) were collected for downstream analysis. Astrocytic nuclei were
labelled using two antibodies, where the NEUN-/LHX2+ nuclei fraction was selected. LHX2
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(LIM/Homeobox 2) is a transcription factor involved in the development of the brain and is
primarily expressed in fetal astrocytes and, to a lesser extent, in mature astrocytes'®2. Importantly,
the authors presented a detailed description of the protocol, which might be adapted for
transcriptomic studies. However, no information was provided concerning the purity of the
isolated astrocytic nuclei population.

Consequently, recently published protocols used a combination of antibodies to facilitate the
separation of other brain cell types from astrocytic nuclei, such as NEUN-/OLIG2-1"8, NEUN-
JOLIG2-/PAX6+2%*, and NEUN-/LHX2+%3, Therefore, an essential advance to improve the purity
in our study could be to implement the depletion of neuronal nuclei population and use a double
staining approach, i.e., NEUN-/CX43+.

4.2. Transcriptional Alterations of Astrocytes in Human Depression

The novel nuclei isolation method was applied to investigate transcriptional changes of astrocytes
in human BA25 frozen tissue samples from healthy controls and depressed suicides.

4.2.1. The Nuclei Protocol was Suitable for Comparative Transcriptional Study in Humans

The use of postmortem human brain samples is inevitable in the context of depression. Fortunately,
well archived brain samples can be acquired through brain banks specialized in the disease.
However, several critical components, e.g., sample quality and patient history, need to be
considered when RNA sequencing is performed to study disease states using frozen postmortem
samples®®. For instance, postmortem factors such as PMI, agonal state (e.g., refrigeration delay),
and freezing procedures were shown to affect the RNA quality by reducing the brain pH and
increasing RNA degradation rate?3%272%8_Although care was taken to match the samples chosen
for this study for those factors, we observed significant differences between the CON and MDD
patients for the confounding factors, pH and refrigeration delay. Notably, the differences in pH
among the CON and MDD groups was very low (Table 2.4). Additionally, increased refrigeration
delay in MDD samples could be due to the cause of death (i.e., suicide) and the difficulty to
monitor for the agonal state. Importantly, we did not detect a reduced pH in the MDD samples as
a result of enhanced refrigeration delay. Note that we also checked the initial RNA quality of a
fraction of postmortem brain samples and measured moderate RIN values (N = 6, average RIN
values: 5.3 = 0.8). We also did not find diagnose-dependent differences between two populations;
Hoechst+ and CX43+ in the number of sorted nuclei, the quantity and quality of extracted genetic
material, and on sequencing performance (i.e., mapping features and read alignments).
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4.2.2. Challenge I1l. Validation of the Purity of CX43+ Nuclei Population

Ideally, our approach should result in pure fraction of astrocytic nuclei. However, we repetitively
observed contamination of other cell-type specific markers in the gPCR analysis of FACS-sorted
nuclei. Oligodendrocytes and OPCs were repetitively reported in protocols employing astrocyte-
specific epitopes®. Therefore, we followed an alternative approach by implementing size-based
exclusion of oligodendrocytes during our flow cytometry analysis. This method resulted in almost
complete elimination of oligodendrocytes nuclei from the desired fraction.

In our final RNA-seq analysis, we observed the enrichment of neuronal and microglial markers
together with astrocytic markers, which we did not detect in the test experiment with anti-CX43
antibody. The differences between the two results might be due to the relatively lower sensitivity
of the qPCR measurement and low specificity of the primer pair employed. Besides, RNA-seq data
provided higher detection power and allowed us to assess multiple cell-type-specific markers.
Notably, cell type-specific markers were selected from the meta-analysis published by McKenzie
etal. (2018)1%3. We selected this database because we also employed it to choose astrocyte-specific
nuclear epitope (i.e., CX43). However, a technical disparity was that McKenzie et al. (2018)
presented data generated from whole-cell RNA (isolated from fresh brain samples) and not nuclear
RNA. Besides, the authors evaluated the marker expression in the human cortex, while CX43+
nuclei were isolated from vmPFC (BAZ25), which may display regional characterization of
astrocytes.

One possible solution to avoid this issue would be conducting a preliminary RNA-seq experiment
with a smaller sample size to expand the gene expression profile of the markers. Additionally,
enrichment analysis by gPCR should be repeated in independent experiments. However, time
restrictions and the limited number of samples prevented us from further optimization.
Furthermore, the chosen markers for enrichment analysis might not be compatible with our study
because of methodological differences. Cell type-specific gene expression analysis must consider
differences in cellular abundance and heterogeneity in every brain region. Since an analogical
study (i.e., transcriptomic data on human astrocytic nuclei sorted from the vmPFC brains samples)
was missing, an alternative approach could be to use the recently published nuclear RNA-seq data
generated from frozen archived PFC brain samples®®. Alternatively, the specificity index (SI)
algorithm implemented by Xu et al. (2018)!’® might be employed to evaluate the purity of the
CX43+ nuclei population. This bioinformatics approach could enhance the sensitivity and the
power of the analysis.

Nevertheless, while existing contaminations outcome precludes assigning detected changes to a
single cell type, the enrichment of astrocytes was evident and majority of previously reported
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alterations of astrocyte-specific gene expression was recapitulated. Importantly, we found a
number of novel genes being either down- or upregulated at very strict statistical criteria (FDR <
0.1) in BA25 of a subpopulation of suicide completers. We consider this discovery a major finding
of this project.

4.2.3. Differential Expression Analysis for the Hoechst+ Population Resulted in Low
Statistical Power

Defining the transcriptional changes in the Hoechst+ population would be beneficial to understand
the broad alterations in the vmPFC and would complement previously published MDD studies
conducted in brain homogenates. Unfortunately, in the Hoechst+ nuclei population, none of the
genes (a total of 105 genes) passed the strict selection criteria, FDR < 0.1, hence we could not find
a strong correlation for DEGs between the CON and MDD groups. Therefore, we did not perform
further downstream pathway analyses. One possible explanation for this result could be that the
subtle alterations in gene expression might be masked due to the mixed cell composition. As
discussed previously, astrocytes transcriptome can be underrepresented in RNA-seq analysis
conducted on a mixed cell population; thus, we might not reach the statistical power to detect them.
Another reason for this outcome could be that the transcriptional deficits could be specific to
astrocytes in the selected subjects. We observed that 19 DEGs were in common with literature
findings investigating gene expression changes in the PFC of depressed patients. Interestingly, the
majority of these genes were astrocyte-specific, which confirmed that our efforts of broadening
the insight into this cell type were fully justified.

4.2.4. Astrocyte Deficits in the vmPFC of Depressed Suicides

A total of 260 DEGs were identified in the CX43+ nuclei isolated from the vmPFC of depressed
suicides, and the majority of the DEGs were downregulated in MDD. Our results were in line with
the literature findings in several aspects: i. our gene list was associated with mental illnesses,
including depression, ii. DEGs encompassed known astrocytic genes, which were previously
linked to MDD, and iii., DEGs were largely enriched in astrocytes compared to neurons. Moreover,
we identified new genes either downregulated, e.g., MGST1, KREMEN1, and SERPINE2, or
upregulated, e.g., ASL, GULP1, and LIG1, in MDD, which were known to be expressed in human
astrocytes. This result pointed out that labeling nuclei with CX43 enabled us to detect subtle gene
expression changes associated with astrocytes.

Importantly, our findings suggested a disruption largely in the modulation of signaling and
transport system in MDD patients where the plasma membrane proteins might take primary roles.
The proteins encoded by the downregulated genes clustered under various biological processes
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known to be regulated by human astrocytes. For example, the proteins in cluster A (OLFM2,
GRIN2C, GRM3, GPM6A, and CPE) were associated with the synapse and glutamate receptor
signaling. In addition, most of the proteins in cluster A (except OLFM2) were previously linked
to the altered glutamatergic system in MDD*4220.23% | jkewise, the proteins in this cluster were
primarily localized in the plasma membrane?'®, suggesting a potential effect on glutamatergic
transmission. Consequently, our data provided complementary information to the literature by
highlighting possible new components of this system, which might be involved in the pathology
of the disease. However, further studies are necessary to confirm the functional interactions of
these proteins and understand the altered mechanism mediated by astrocytes.

We next explored whether genes downregulated in the CX43+ nuclei compartment were
associated with previously observed astrocytic deficits in this group of patients. Nagy et al. (2015)
studied DNA methylation patterns and reported increased DNA methylation for BEGAIN
accompanied by decreased gene expression®’. Moreover, the authors linked BEGAIN with
postsynaptic density 95 (PSD95), which regulates excitatory/inhibitory balance through its
localization in excitatory synapses. As a result, a possible impairment in synaptic communication
and/or synaptic plasticity mediated by astrocytes was suggested®’.

To compare our findings, we conducted a STRING analysis and found significant interactions
between PSD95, BEGAIN, and the proteins in cluster A (Supp. Fig. S9). The hub protein in this
interaction network was GRIN2C (glutamate ionotropic receptor NMDA type subunit 2c), a
glutamate binding subunit of NMDA receptor?®. Although their functionality is still controversial,
NMDAR subunits' expression, including GRIN2C, were reported in cultured human and mouse
cortical astrocytes?*?. Interestingly, Chandley et al. (2014) revealed increased expression levels of
GRIN2C and GRIN2B in the LC neurons (collected by LCM) but not in the PFC pyramidal neurons
(BA10) in MDD patients?*'. Additionally, the authors suggested an alteration in the NMDAR
subunit composition and disruption in glutamatergic input to the noradrenergic LC?*'. Contrary,
Dean et al. (2016) reported no change in the expression levels of GRIN2C and PSD95 in the BA10,
BA46, and BA24 from MDD subjects; instead, the authors showed higher levels of GRIN2D in
the BA10%*2. Moreover, reduced GRIN2C expression was observed in the BA46 of bipolar
disorder?2,

Taken together, in consonance with the literature, our data proposed changes in the glutamatergic
function in subjects with MDD highlighting the possible roles of astrocytes in this pathology.
Further studies are needed to explain the specific regional and cellular variations in the
excitatory/inhibitory system in depression.
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4.2.5. Limitations and Advantages of the Study Design

The suicide completers were selected from a previously characterized subgroup of patients based
on the low expression of astrocytic genes (at least 5/7 genes) in BA8/9 and BA103'. We chose to
study this subpopulation of subjects to broaden the insight into the transcriptional alterations of
astrocytes. Our data showed the downregulation of 3/7 genes in the Hoechst+ population and 4/7
in the CX43+ population. This result was comparable to the reference study*” and confirmed the
possible astrocyte deficits in the BA25 of selected patients. Importantly, it is known that MDD
patients are highly heterogeneous (e.g., display diverse biological symptoms and treatment
responses)?®1?4 and it is difficult to explain such polygenic disease under a common biological
mechanism?®®. Therefore, studying a subgroup of subjects with a defined molecular deficit could
facilitate the development of new strategies for classifying patients and matching them with
appropriate treatments.

All the subjects in our study were males. Notably, transcriptional changes associated with MDD
were reported to be distinct in females??. Furthermore, although we did not observe technical
differences between the CON and MDD groups, and our samples were largely matched for the
postmortem factors, the treatment history of the subjects should be further evaluated as a potential
confounder.

In conclusion, we presented the applicability of our nuclei isolation protocol to study
transcriptional changes in MDD. We reported new DEGs specific to BA25, demonstrating
evidence of astrocytic dysfunction. Furthermore, our data suggested deviations in essential
biological functions of astrocytes, highlighting the impairment of astrocytes as one of the crucial
hallmarks of depression. Future studies are necessary to reveal the potential interactions between
other brain cell types in this particular brain region. Likewise, further investigations, e.g., using
animal models, could explain the mechanisms of identified biological functions.

4.3. Optimization of Astrocyte Isolation Methods for Various Adult
Mouse Brain Region

The second goal of this project was to modify available protocols for astrocyte isolation for small
brain regions using a magnetic cell sorting system. To start, we followed the manufacturers’
instructions (Miltenyi) and well-established relevant protocols!’22%-211 Dye to initial suboptimal
results, we progressively improved several parameters of the original protocols overcoming two
main challenges: sorting viable astrocytes from small brain regions (i.e., PFC and hypothalamus)
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and extracting high quality RNA from isolated cells suitable for RNA-sequencing. We
demonstrated that our approach was suitable for employing low volume tissue samples dissected
from a single mouse brain and compatible with RNA sequencing. This progress enables now
comparing the transcriptome from small brain regions in mouse-to-mouse fashion, which is crucial
to correlate individuals’ behavior to transcriptome and limits the number of animals required for
such studies.

4.3.1. Advantages of MACS System for Isolation of Astrocytes

Among available technigues, we opted to use the MACS approach because it was suitable to enrich
viable astrocytes from wild-type adult mouse brain tissues and generate genetic material
compatible with RNA sequencing analysis?!®. Furthermore, the MACS system did not require
expensive specialized equipment and was relatively fast to sort astrocytes from multiple samples
(max. 8 samples simultaneously).

Interestingly, a recent study compared the two widely used techniques, MACS, and FACS, for
astrocytes’ isolation from the whole mouse brain'®. MACS-enriched astrocytes showed higher
yield (MACS: 23 x 10 cells vs. FACS: 14 x 10 cells), slightly greater viability (for both systems,
above 85%), and MACS protocol took less time than FACS (MACS: 25-30 min. vs. FACS: 1.5-
2h, after antibody staining step)'®®. Moreover, the authors conducted a comprehensive gene
expression analysis to assess the purity of FACS- and MACS-sorted astrocyte populations. The
gPCR data suggested that both systems provided similar levels of enriched astrocytes, however
with slight contamination of endothelial cells (i.e., Pecaml1, Ocln) and oligodendrocytes (i.e.,
Cspg4)®s. This finding was consistent with our qPCR data, in which we also detected minor
enrichment of Cspg4 marker in sorted astrocyte population from different brain regions.

4.3.2. Challenge 1V. Adapting Methodological Parameters to Sort Astrocytes from Low
Tissue Volumes

We pursued a step-by-step approach to revise the available protocols, and the first critical
parameter we modified was the step of generating single-cell suspension. To this end, the
enzymatic digestion (incubation with papain) was combined with a manual trituration process
using fire-polished pipettes instead of a semi-automated device (Miltenyi)?®®?! or oxygen
perfusion system?!®. The mechanical dissociator was not suitable for low tissue volume (< 20
mm?). Likewise, the oxygen perfusion system was not established in our laboratory infrastructure,
including that it would require an additional manual trituration step to acquire effective
dissociation of cells from the tissue. Eventually, our approach was suitable to obtain intact single-
cell suspension from various mouse brain regions in a cost-effective way.
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4.3.3. Challenge V. Isolation of Pure Astrocyte Population

Our initial findings pointed out the necessity to include the myelin removal step due to the
contamination of oligodendrocyte, as also recommended by Batiuk et al. (2017)12. Myelin levels
are known to be higher in adult mice brains compared to the early postnatal animals®. Likewise,
recent studies implemented this additional step, indicating that ACSA-2 labels also mature
oligodendrocyte populationt’*243, An intriguing question was the presence of an NG2 cell marker
(i.e., Cspg4) that was detectable in isolated astrocytes. This membrane protein was known to be
expressed in several cell types in the brain, such as in pericytes or OPC®, Interestingly, Cspg4
and Atp1b2 were reported to be co-expressed in a small fraction of astrocytes, suggesting that the
ACSA-2+ cell population may express it as well'®®, Nevertheless, our result was consistent with
the study that we followed as a reference method paper (i.e., Batiuk et al. (2017)), which showed
the expression of Cspg4 in the astrocyte population sorted from the cortex'’2.

An unexpected result of our method was the presence of neuronal marker (Sytl) in the astrocyte
fraction isolated from the PFC. This finding could be due to the increased number of neurons or
increased expression of the marker itself. To resolve this point, we conducted a qPCR analysis on
brain homogenates obtained either from PFC or the whole brain. We found that the relative
expression level of Sytl was much higher in the PFC (relative expression: 3.5 a.u.) than whole
brain tissue (relative expression: 0.1 a.u.) (data not shown). Similarly, the RNA-seq data showed
high expression level of the neuronal marker, Sytl, in the population of ACSA-2+ cells from PFC
astrocytes, pointing out the differences in cellular abundance and regional heterogeneity. Another
explanation for this result could be that there might be a dependent vesicular release from
astrocytes expressing exocytotic proteins, including Syt1244,

Eventually, RNA-seq data analysis revealed that ACSA-2+ cells represented a population highly
enriched with astrocytes. Notably, the transcriptome of ACSA-2+ cells weakly correlated with the
gene expression profile of ependymal cells, particularly in two brain regions, the hippocampus and
hypothalamus. One possible explanation for this result could be that astrocytes and ependymal
cells are developmentally related?*>. Ependymal cells are types of glial cells, which form an
epithelial layer on the walls of the ventricles in the CNS and the central canal of the spinal cord#’.
They possess motile cilia and play roles in cerebral fluid balance, transport of the CSF, and toxin
metabolism*’. Ependymal cells can be derived from radial glial cells (during the development)
and astrocytes (in the adult brain)'#’. Similarly, it was shown that astrocytes and ependymal cells
are transcriptionally related®®. Indeed, in the selected reference database??!, 53 out of the top 100
genes enriched in either type were shared between astrocytes and ependymal cells. Additionally,
Kantzer et al. (2017) reported that in flow cytometry, a small fraction of cells (6-9%) in the adult
mouse brain were positive for both ACSA-2 and CD24, a marker for ependymal cells?*!. Hence,
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we might have sorted a small population of ependymal cells together with astrocytes. Nonetheless,
our analysis showed that > 80% of the variance in the gene expression data was explained by
astrocytes.

4.3.4. Challenge VI. Extraction of High Quality RNA from Sorted Astrocytes

To extract high quality RNA, two necessary modifications were implemented: DNAse | addition
and debris removal. DNAse | is known to cleave the free DNA released during tissue dissociation,
which also helps to avoid clumps formation??’. Furthermore, a fraction of the cells die and form
debris during mechanical tissue trituration, which can aggregate and affect the immunolabeling
efficiency?®. Excluding debris can ameliorate isolated cells’ viability and the quality of extracted
genetic material. Initially, we omitted the debris removal step to minimize cell loss when using a
low amount of the input material. Nevertheless, we decided to implement both parameters in our
protocol and fine-tune it according to the brain region of interest (i.e., omitting debris removal
when cells were isolated from PFC and hypothalamus). As a result, the RNA of better quality
(Judged by RIN values) was extracted from astrocytes isolated from all the brain regions and shown
to be suitable for RNA-seq experiments.

4.3.5. Current Developments for Astrocytes’ Isolation Using MACS

The MACS system was recently reported to enable the isolation of astrocytes from low volume
tissue samples, i.e., hippocampus?*’ and hypothalamus?*® of the adult mouse brain. Tertil et al.
(2018) sorted hippocampal astrocytes using the ACSA-1 kit and studied the cells in the context of
stress-induced alterations and aversive memory?*’. Notably, the authors pooled hippocampi from
two animals, possibly to increase yield of sorted astrocytes. Another study investigating
hypothalamic glial cells utilized the ACSA-2 approach for astrocytes and microglia isolation from
hypothalamus?*. Nonetheless, due to the low input material, they had to pool samples from five
mice to sort an adequate number of cells for downstream analysis. These studies highlight the
necessity of our efforts to adjust the protocol for low volume tissue samples.

4.4. Gene Expression Studies of Astrocytes in a Mouse Model of
Chronic Stress

We applied the optimized protocol to explore astrocyte-specific molecular deficits elicited by
chronic stress. Note that extended investigation of the chronic stressed-induced, brain region- and
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time point-specific analysis of gene expression changes was beyond the scope of this thesis. Hence,
only the applicability of the protocol and the quality of resulting RNA-seq data are discussed.

4.4.1. The Protocol for Astrocytes Isolation was Suitable for Comparative Transcriptional
Study in Mice

We were able to isolate astrocytes from a cohort of mice without observing statistical differences
in isolated cell numbers, RNA quantity, and quality between the study groups, CONT and CSDS.
Furthermore, the extracted genetic materials (both RNA and libraries) were suitable to conduct
comprehensive RNA-sequencing. In comparison to the available protocols®**24’, our approach
enabled us to study astrocytes’ transcriptome in low tissue volume samples dissected from a single
mouse brain.

4.4.2. Astrocytes’ Transcriptome Displayed Brain Region Specific Gene Expression Profile

In line with previous studies!®???, we detected distinct gene expression profiles of astrocytes in
every brain region. In addition, we explored the expression of the Atplb2 gene, encoding for the
protein recognized by ACSA-2, and observed its enrichment in astrocytes isolated from all brain
regions. This finding confirmed that ACSA-2 selectively labels astrocyte populations in adult
mouse brains. In line with our data, the expression level of the astrocytic marker, ATP1B2 was
also shown to be variable throughout the brain (judged by immunostaining), and lower protein
levels were detected in the PFC (judged by immunoblotting)’.

Batiuk et al. (2020) recently employed the ACSA-2 strategy and explored cortical and
hippocampal astrocyte subtypes at a single cell resolution???. The authors revealed common (in >
60% of cells) and specific genes across astrocyte subtypes. For example, Agt was enriched in
hippocampal astrocytes subpopulation, and Chrdl1 was prominent in cortical astrocytes???. We
examined the expression of both genes in the hippocampus, PFC and SC, and we found similar
results; Agt was enriched in astrocytes isolated from the hippocampus, and Chrdl1 was increased
in the PFC and SC (data not shown). These genes are essential for astrocytes functions such as
synapse function/plasticity (Agt) and synaptogenesis (Chrdl1)?%2. Hence, comparable to published
studies, our RNA-seq data suggested region-specific gene expression profiles of astrocytes
relevant to their local functions.

4.4.3. Limitations and Advantages of the Study Design

Several factors could still be improved in our experimental approach. One major limitation for the
MACS was that the system is not compatible with simultaneous isolation of multiple cell types as
it offered, for example, by FACS?*. Instead, MACS requires sequential isolation steps, making it
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more time consuming. However, since we focused solely on studying astrocytes’ transcriptome,
this factor was not critical for our project.

Next, assessing the expression levels of multiple cell type-specific markers in a sorted astrocyte
population would increase the confidence about the purity of isolated cells in our gPCR analysis.
With that respect, genes as Agp4 and Gjal (astrocytes), Pdgfra and Plpl (OPC and
oligodendrocyte), and Reln and Rbfox3 (neurons) could be used as additional specific markers.
However, the number of isolated astrocytes from a single brain region was limited, precluding a
more extensive analysis. As a possible solution, after sorting, we pooled cells from multiple mice
tissues to increase the yield and genetic material used for gPCR. Still, we could only quantify five
cell type-specific markers. Another adjustment to improve the quality and quantity of RNA would
be adding RNase inhibitors into the cell suspension to prevent RNA degradation. Further
experiments would be necessary to optimize the concentration of RNase inhibitors. Interestingly,
none of the published protocols implemented this step.

A common consideration for cell type-specific studies is that antibody labelled, and sorted cells
might represent only a sub-population of the analyzed cell type. While we cannot exclude this
possibility, in a recent study, Batiuk et al. (2020) employed the ACSA-2 system and identified

cortical and hippocampal astrocyte sub-types at a single cell resolution???,

Furthermore, we applied ACSA-2+ cell isolation to investigate the transcriptome of astrocytes,
and we did not provide any information on its applicability to study the proteome. Therefore,
further improvement might be necessary to adopt the protocol for proteomics. Next, one might
need to consider additional adjustments (e.g., in the tissue homogenization step) if astrocytes are
to be isolated from different small brain regions like the amygdala or habenula, which were
previously implicated in depression®8, and where gene expression changes were reported in mice
exposed to CSDS™, Likewise, the variation in Atplb2 expression levels across brain regions
cannot be excluded.

In summary, we illustrated that the established method enabled to study of astrocytes-specific
alterations in multiple cohorts of mice exposed to CSDS. The key strength of this protocol was
that astrocytes were isolated from low tissue volumes at a single animal resolution. It is important
to keep the individual differences when animal models are employed to correlate behavioural
alterations (e.g., stress-related phenotypes such as decreased social interactions) to the gene
expression changes.
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4.5. General Remarks and Future Perspectives

The presented work offers methods for astrocytes’ isolation to explore their transcriptome in
human depression and mouse model of chronic stress. Employing these approaches enabled us to
identify novel genes linking astrocyte-specific molecular processes with altered neurobiological
functions in depression.

45.1. Are the Selected Astrocyte-Specific Epitopes Suitable to Study Stress and
Depression?

A general consideration for cell isolation methods is whether the expression of the selected marker
to isolate the cells is affected by pathological conditions. Expression changes of CX43 genes in
several brain areas were linked to depression’>7424_ Notably, suicide completers in this study were
chosen from a previously characterized cohort for which the CX43 levels were reported to be
downregulated in the BA8/9 and BA10%. To a less extend, decreased levels of Atplb2 were
reported in the amygdala of rat animal model of depression®. Interestingly, increased ATP1B2
expression in humans was observed in the hippocampus and BA10 of suicide completers without
depression?1252, Importantly, our studies did not detect significant changes in the number of
isolated human astrocytic nuclei (CX43+ nuclei fraction) and mouse astrocytes (ACSA-2+ cells)
among the study groups. Furthermore, we evaluated the protein levels of the CX43 in the brain
homogenates (BA25) from CON (N = 8) and MDD (N = 8) subjects and we did not observe a
significant change (X(con): 0.065 + 0.02 a.u. and Xvpp): 0.069 + 0.04, P = 0.83, n = 1 single blotting
experiment).

Astrocytes have essential cellular functions in the brain, such as regulating synaptic plasticity*°,
neurotransmitter uptake'*3, and mediating the brain metabolism'*3. Mounting evidence
demonstrated the gene expression changes for the core components of astrocytes in chronic stress
and depression, e.g., GFAP, EAAT1, PAX6, CX43, and ATP1B28513.249253 Hence, it is not easy to
find an astrocyte-specific epitope, which is highly abundant, broadly expressed, and not implicated
in MDD and/or CSDS. Nevertheless, the most recent published protocol sorted human astrocytic
nuclei, i.e., NEUN-/LHX2+ nuclei fraction for chromatin immunoprecipitation-sequencing
analysis?®. Up to date, LHX2 has not been associated with depression. Therefore, adapting this
protocol for transcriptomic studies could be an alternative strategy to study astrocytes in stress-
related mental disorders. Likewise, astrocytic Stonin 2 (STON2), an adaptor molecule known to
be expressed in the nucleus, plasma membrane, and lysosome?®, could be another optional marker,
which has not been involved in MDD.
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4.5.2. Role of Astrocytes in Stress and Depression

Considering the heterogeneity of the patients, we still do not know how physiological changes
observed in MDD translate to brain dysfunction. It is essential to gain insight into the aberrant
biology of the most relevant brain regions and to find out the brain cell type(s) underlying the
neuronal network alterations in this brain region. We hypothesized that astrocytes’ dysfunctions
in BA25 mediate biological symptoms of depression and that it is possible to identify disease
relevant cell-type-specific transcriptional alterations. Thanks to the novel protocols, we identified
such alterations and revealed substantial changes in genes engaged in the essential functions of
astrocytes.

4.5.2.1.Astrocytes and Synaptic Plasticity

The tripartite synapse formation is a complex structure where astrocytes cover the pre-and
postsynaptic parts of the synapses. Astrocytes were shown to mediate synapse formation,
maturation, elimination, and maintenance by secreting factors and signaling molecules: cholesterol
(increase synapse development), syndecans (SDCs, induce neurite outgrowth), thrombospondin
(enhance synapse formation and decrease neuronal excitability), wingless’WNT (promote synaptic
glutamate receptor), and TNF-a (homeostatic scaling of synapse)3%254-2%,

Crucial components of astrocytes involved in the regulation of synapse formation and functioning
were also implicated in depression. For instance, astrocytes were suggested to take part in
synaptogenesis disruption based on their ability to synthesize and secrete neurotrophins and
expressing several neurotrophic factors (i.e., BDNF and glial cell-derived neurotrophic factor
(GDNF), fibroblast growth factor receptor (FGFR), SPARC-like 1 (SPARCL1, also known as
HEVIN))8%728 Decreased gene expression levels of BDNF in patients’ blood were reported to
be associated with antidepressant treatment response®®2%°, Likewise, we also observed
downregulation of genes encoding extracellular proteins, such as SDC3, FGFR3, GPC5,
SPARCL1, and CHRDL1, in the CX43+ nuclei fraction of depressed subjects. While our data is in
line with previous findings, e.g., expression levels of FGFR3 were shown to be diminished in the
LC"?, dIPFC®8 ACC?® of depressed patients, we also provide new astrocyte-specific components
involved in synaptic plasticity, e.g., chordin like 1 (CHRDL1). However, how disruption in
neurotrophins or growth factors levels leads to develop depression and what is the direct role of
astrocytes in this framework are not fully known yet. Astrocytes can control neurons’ activity and
survival by regulating extracellular ion and neurotransmitter levels in dynamic and bidirectional
ways'®2?1 Hence, emerging therapeutic approaches to increase the expression of astrocyte-
derived neurotrophic factors might be an option for alternative therapies in depression.
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Nevertheless, further studies are necessary to differentiate between astrocytic and neuronal
participation of these factors in the development of depression.

Interestingly, WNT signaling was involved in the pathology of mood disorders, including
depression!3*2%2_ Postmortem brain samples (obtained from PFC) showed changes in expression
levels of FZD10 (frizzled-10, up-regulated), FZD2 (frizzled-2, up-regulated), and WIF1 (WNT
inhibitory factor 1, down-regulated)’?%, These genes are expressed in astrocytes, and they are
involved in regulating the excitatory synaptic receptor clustering™®®. In vitro studies proposed that
antidepressants (i.e., fluoxetine) can affect WNT-related components (i.e., GSK3B, glycogen
synthase kinase 3 beta), which in turn may lead to activation of WNT signaling and enhance
neuroplasticity?®?. A component of this pathway, KREMEN1, was downregulated in our data. This
gene is expressed in human astrocytes and encodes a receptor for Dickkopf (DKK1) proteins
involved in the inhibition of WNT signaling?®®. Note that since WNT signaling and related proteins
participate in various other processes, such as inflammation, cytoskeletal functioning, and cellular
metabolism, it is challenging to depict their exact role in depression pathology.

4.5.2.2.Astrocytes and Glutamate Homeostasis

Astrocytes can control spatial and temporal synaptic transmission by the removal of
neurotransmitters from the extracellular space by expressing specific transporters for glutamate,
EAAT1 (SLC1A3), EAAT2 (SLC1A2), or GABA, SLC6A11 (solute carrier family 6 member 11,
known as GAT-3)*0. The glutamate in astrocytes can be converted to glutamine via the cytosolic
enzyme GLUL; then, glutamine can be shuttled back to the presynaptic neurons by sodium-
dependent transporter?®. In neurons, glutamine can be used to synthesize glutamate (by
glutaminase) for cellular storage or as a precursor of GABA. Once extracellular GABA is taken
up into astrocytes, it is further degraded by GABA-transaminase (GABA-T) and ultimately leads
to glutamate formation?®*. Astrocytes also express glutamate (MGLUR3 — GRM3) and GABA
(GABAAR) receptors responding to glutamate and GABA, respectively®®8. As a result, astrocytes
have key homeostatic roles in these complex excitatory and inhibitory neurotransmission systems
in the brain.

Postmortem cellular data showed decreased density in the GLUL-immunoreactive astrocytes in
the dIPFC, sgACC, and anterior insular cortex, but no changes in the nucleus accumbens samples
collected from MDD patients?'®. Interestingly, the authors explored the cellular specificity of the
observed phenotype by taking into consideration GLUL-immunoreactive oligodendrocytes, which
did not reveal any alterations. An independent postmortem study comparing the protein levels of
the GLUL in the PFC (BA47) reported no significant changes in the MDD group?®. Discrepancies
between findings could be due to methodological differences, brain region of interest, including
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expression differences across cortical layers, and patients’ distribution (disease and treatment
history).

The evidence for the alteration in glutamine/glutamate cycling involving astrocyte components
was expanded with transcriptional studies®®®. Investigations on bulk tissue homogenates
consistently reported reduced gene expression levels in EAAT1, EAAT2, GLUL, and GRM37%
74132266 Notably, similar findings were made in multiple brain regions, i.e., locus coeruleus,
hippocampus, and frontal cortex (dIPFC, ACC, and vmPFC). In line with these data, we also
observed decreased expression of astrocyte-specific excitatory/inhibitory neurotransmission and
glutamate metabolism components in BA25, such as EAAT2, GLUL, GRM3, GRIN2C, GLUD1.
Interestingly, we identified a new component of this pathway, i.e., SLC25A18, which was
downregulated in the CX43+ nuclei fraction isolated from the vmPFC of depressed patients.

The functional imaging studies also suggested altered glutamate concentrations in MDD
patients®2%7. However, there are still open questions: Is the reduced expression of astrocytic
components an adaptive glial response to decreased synaptic glutamate levels? Are the deficits in
astrocytes lead to increased extracellular glutamate concentrations? Furthermore, taking into
account the transcriptional changes (i.e., related to glutamate pathway) occurring in the neuronal
compartment’?, a systematic approach studying the transcriptome of multiple brain cells may help
answer those questions and understand the mechanism underlying neurotransmitter imbalance in
depression.

In summary, these observations show major deficits in transcriptional programs underlying
glutamate homeostasis in astrocytes. Consequently, we propose that astrocytes may constitute a
primary cellular locus responsible for deficient glutamate signaling in MDD.
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5. SUPPLEMENTARY INFORMATION

5.1. Detailed Procedures: Isolation of Astrocytic Nuclei from Fresh
Frozen Human Brain Samples

Clean the working place and equipment with ethanol (70%) and RNaseZap. Pre-cool the reagents
and tools on ice.

Fixation

1. Take out the tissue (~100 mg) from -80°C and placed it on ice for 2 minutes. Transfer the tissue
into pre-cooled 1 ml of 1% fixative solution and incubate for 8 minutes on ice.

2. Discard the fixative solution and add 1 ml of SB to wash. Centrifuge at 400 x g for 5 min. at
4°C.

Homogenization

1. Prepare beforehand two Dounce homogenizers and pestles. Fill each homogenizer with 1 ml
of cold HB and keep them on ice.

2. After centrifugation, discard the SB and immediately divide the fixed tissue into two by
transferring each half into pre-cooled Dounce homogenizers.

3. Homogenize the tissue on ice, using a chilled loose pestle with 5 strokes. Then, continue with
the tight pestle performing 10 strokes. The number of strokes should be optimized based on
the tissue type and amount. The homogenization should be done gently to prevent the loss of
nuclei. Avoid bubble formation.

4. Place a 40 um cell strainer on top of a 50 ml Falcon tube and wet it with 10 ml of SB. Pour out
the buffer from the tube to discard it. Filter and combine both homogenates into one 50 mli
Falcon tube.

5. Pellet the nuclei by centrifugation at 1000 x g for 10 min. at 4°C. Aspirate the supernatant
without disturbing the pellet.

6. Re-suspend the nuclei with 250 pl of SB. Add 250 pl of 50% (vol/vol) Optiprep solution on
top of the nuclei and mix gently. (This will make 25% Optiprep solution-nuclei).

7. Inanew 1.5 ml Eppendorf tube, place 500 ul of 29% Optiprep solution. Then, slowly, layer
the 25% Optiprep solution-nuclei.
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Centrifuge at 10,000 rpm for 30 min. at 4°C. Aspirate both layers without disturbing the pellet.

Re-suspend the pellet with 1 ml of SB and assess the number of the nuclei with Neubauercell
counting chamber. On average, from ~100 mg of frozen human brain tissue, 1.5 x 10° nuclei
are obtained.

Immunostaining

1.
2.

Incubate the nuclei in SB buffer for 15 min. on ice for blocking.

Divide the nuclei into different 15 ml Falcon tubes for immunostaining at a final volume of
1000 pl. Use the same number of nuclei and identical antibody concentration for the Control
samples and Sample-anti-CX43, as following:

Sample Primary Antibody Secondary Dilution | Hoechst
Content Antibody Concentration | Antibody

Control — nuclei - - - - -

Control — Hoechst - - - - 10 ng/ml
Control —secondary | - - Alexa 488 4 pg/ml | 10 ng/ml
Control — isotype Mouse IgG1 | 5 pg/ml Alexa 488 4 pg/ml | 10 ng/ml
Sample —anti-CX43 | Anti-CX43 5 pg/ml Alexa 488 4pg/ml | 10 ng/ml

3. Incubate the samples with primary antibodies (total volume 1000 ul) on a tube rotator for 1

hour at 4°C.
Add 500 pl of SB into each tube and centrifuge at 400 x g for 8 min. at 4°C to perform washing.
Incubate the samples with the secondary antibody on a tube rotator for 45 min. at 4°C.

Add 500 pl of SB into each sample and centrifuge at 400 x g for 8 min. at 4°C to perform
washing.

Aspirate the supernatant, resuspend the samples in 500 pl of SB containing Hoechst (except
the control-nuclei sample) and transfer them into FACS tubes through the filtering cap. Keep
the samples on ice and protect them from light until FACS analysis.

FACS — Nuclei Isolation

1. Prepare the collection tubes (1.5 ml Eppendorf) containing 100 ul of PKD buffer (from Qiagen

FFPE RNA kit) and keep them on ice.

The FACS instrument is prepared by the facility. The droplet stream is optimized, and the
sorting delay, speed, and accuracy are calibrated using beads. Keep the instrument loading

chamber at 4°C. The 100 pm nozzle was selected for sorting.

124



Supplementary Information

First, load the control-nuclei sample. Using BD FACSDiva 8.0.1 software, adjust the gating
and voltage parameters to prevent sorting doublets or groupings of attached nuclei (use side
and forward scatter channels). Keep the overall event rate for particles to 200-4,000
events/second on the FACS instrument.

Second, load the control-Hoechst sample and select the Hoechst positive populations (P1 and
P2, Fig. S1A). Select the P2 (Fig. S1A) population as a parental gate for further hierarchical
gating to sort CX43 positive nuclei.

Next, load the control-secondary and control-isotype samples. Define the negative populations
based on the signal intensity at 488 nm (Fig. S1B).

Finally, load the sample anti-CX43 for astrocyte isolation. First, define the positive population
based on negative controls (P3, Fig. S1C). Next, perform size-based selection and unselected
approximately 10-15% of small-sized nuclei from the P4 (Fig. S1C) population by excluding
the P1 from Hoechst+ events (Fig. S1A).

Sort the nuclei into the collection tubes containing 100 ul of PKD buffer, place them on ice
and store them at -80°C until RNA extraction.
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Figure S1. FACS Nuclei Isolation. Representative FACS dot plots for astrocytic nuclei isolation. A. Control-
Hoechst sample. B. Control-Isotype sample. C. Sample-anti-CX43 tube. P1-P6 represent different nuclei
populations. FSC-A: forward scatter area.
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5.2. Detailed Procedures: Isolation of Astrocytes from Adult Mouse

Brain Samples

Clean the working place and equipment with ethanol (70%) and RNaseZap. Pre-cool the DPBS
and dissecting tools on ice. Work fast as possible.

Dissected brain tissue samples (Fig. 2.1) are kept on ice until the homogenization step.

Homogenization

1.

Prepare beforehand the fire-polished Pasteur pipettes with medium and small bores by rotating
glass Pasteur pipettes in a flame until the edges become rounded. Small bores are
approximately 0.3-0.4 mm, and medium pores are around 0.6-0.8 mm internal diameter.
Autoclave pipettes to sterilize.

Prepare enzyme mixtures as mentioned in the protocol (Adult Brain Dissociation Kit) and
incubate them in the water bath for 15 min. at 37°C.

a. Enzyme mix 1: 50 pl Enzyme P + 1900 pl Buffer Z.
b. Enzyme mix 2: 10 ul Enzyme A + 20 pl Buffer Y.

Minced the brain tissues (if the tissue is a whole-brain, cortex, somatosensory cortex, and
hippocampus) and transfer into a 15 ml Falcon tube containing pre-heated Enzyme mix 1.

Incubate for 10 min. at 37°C. Mix the tubes every 2-3 min., manually.

Add the Enzyme mix 2 and start the first round of trituration with an unpolished pipette. Avoid
bubble formation.

a. For the whole brain and cortex; 10 strokes.

b. For somatosensory cortex, motor cortex, hippocampus, PFC, hypothalamus: 5
strokes.

Incubate for 5 min. at 37°C. Mix the tubes every 2-3 min., manually.

Triturate 5 times slowly using a medium-sized fire-polished Pasteur pipette. Take out 1 ml of
the triturated solution, put it into a new 15 ml tube, and keep it on ice.

Incubate the remaining homogenate for 10 min. at 37°C. Mix the tubes every 2-3 minutes,
manually.

Add 125 U/ml of DNase I and triturate 5 times slowly using a small-sized fire-polished Pasteur
pipette.
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10. Place MACS SmartStrainer on a 50 ml Falcon tube and wet it with 10 ml DPBS. Discard DPBS

from the tube.

11. Gently mix the cell suspension and filter. Apply the remaining 1 ml of triturated samples that

were kept on ice.

12. Wash the filter with 10 ml of cold DPBS.

13. Discard the filter and centrifuge the cell suspension at 300 x g for 10 min. at 4°C. Aspirate

supernatant completely.
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Figure S2. Generation of Single Cell Suspension. Schematic representation of the tissue homogenization steps.
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Debris Removal

Omit debris removal when astrocytes are isolated from PFC, hypothalamus, and motor cortex. If
simultaneously astrocytes need to be isolated from bigger-sized brain tissues, keep cells in 100 pl
of PB buffer (DPBS, pH 7.2, and 0.5% BSA) on ice until debris removal is performed. Otherwise,
proceed directly to myelin removal.

1.

N o &

For debris removal, resuspend the cell pellet in an appropriate volume of cold DPBS and
transfer it into 15 ml Falcon tubes.

a. For the whole brain, follow the manufacturer’s indications: 3100 pl.
b. For cortex: 1500 pl.
c. For hippocampus and somatosensory cortex: 1000 pl.

Add appropriate volume of cold debris removal solution and mix gently by pipetting up and
down.

a. For the whole brain, follow the manufacturer’s indications: 900 pl.

b. For cortex: 400 pl.

c. For hippocampus and somatosensory cortex: 300 pl.
Overlay gently appropriate volume of cold DPBS. To obtain clear phases, use a glass Pasteur
pipette and break the beginning with a slight angle before overlaying.

a. For the whole brain, follow the manufacturers’ indications: 4 ml.

b. For cortex: 3 ml.

c. For hippocampus and somatosensory cortex: 1 ml.
Centrifuge at 3000 x g for 10 min. at 4°C with full acceleration and full brake.

Three phases should be formed. Aspirate the two top phases entirely and discard them.
Fill up with cold DPBS to a final volume of 15 ml and gently invert the tube three times.

Centrifuge at 1000 x g for 10 min. at 4°C with full acceleration and full brake. Aspirate
supernatant completely.

Elimination of Red Blood Cells

Perform red blood cell removal only when astrocytes are isolated from the whole cortex.
Otherwise, proceed directly to myelin removal.

1.

Dilute Red Blood Cell Removal Solution (10X) 1:10 with cold double-distilled water (ddH20O).
Do not use deionized water for dilution.
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2. Resuspend the cell pellet in an appropriate volume of cold 1X Red Blood Cell Removal
Solution:

a. For the whole cortex (100-1000 mg): 1 ml. Do not vortex.
3. Incubate for 10 min. in the fridge (4°C).

4. Add an appropriate amount of cold PB buffer:

a. For the whole cortex (100-1000 mg): 10 ml.
5. Centrifuge at 1000 x g for 10 min. at 4°C. Aspirate supernatant completely.

Myelin Removal

1. Resuspend the pellet from the previous step with an appropriate volume of cold PB buffer.

a. For cortex: 720 pl.
b. For hippocampus and smaller tissues: 100 pl.
2. Add an appropriate volume of Myelin Removal Beads.

a. For cortex: 80 pl.
b. For hippocampus and smaller tissues: 10 pl.
3. Mix well with a pipette and incubate for 15 min. in the fridge (4°C).

4. Wash cells by adding an appropriate volume of cold PB buffer.

a. For cortex: 7.2 ml.
b. For hippocampus and smaller tissues: 1 ml.
5. Centrifuge at 300 x g for 10 min. at 4°C. Aspirate the supernatant completely.

6. Place pre-cooled MS columns on the MACS separator attached to the magnetic stand. Wash
the column with 1 ml of PB buffer.

7. Put an empty 15 ml Falcon collection tube on ice and place it under the MS column to collect
the myelin negative cells (flowthrough). These cells will be further processed to isolate
astrocytes.

8. Resuspend the pellet in 500 pl of cold PB buffer and apply the cell suspension onto the column.
Avoid bubble formation.

9. As soon as the column is empty, start washing steps by adding 500 ul of cold PB buffer.
Perform this step 3 times.

10. Collect the cells in the flowthrough. Centrifuge at 300 x g for 10 min. at 4°C. Aspirate
supernatant completely.
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ACSA-2 Positive Cell Isolation

10.
11.

12.

Resuspend the pellet in 80 pl of cold PB buffer.

Add 10 pl of FcR blocking reagent. Mix well with a pipette and incubate for 15 min. in the
fridge (4°C).

Add 10 pl of Anti-ACSA-2 Micro Beads. Mix well with a pipette and incubate for 15 min. in
the fridge (4°C).

Wash the cells by adding 1 ml PB buffer and centrifuge at 300 x g for 10 min. at 4°C. Aspirate
supernatant completely.

Place pre-cooled MS columns on the MACS separator attached to the magnetic stand. Wash
the column with 1 ml of PB buffer.

Resuspend the pellet in 500 ul of cold PB buffer and apply the cell suspension onto the column.
Avoid bubble formation.

As soon as the column is empty, start washing steps by adding 500 ul of cold PB buffer.
Perform this step 3 times.

Remove the MS column from the MACS separator and place it on a 15 ml Falcon tube.

Add 500 pl of cold PB buffer onto the column. Immediately flush out the magnetically labelled
cells by firmly pushing the plunger into the column.

Centrifuge at 300 x g for 10 min. at 4°C. Aspirate supernatant completely.

Wash the pellet with 500 pl of cold DPBS and centrifuge at 300 x g for 5 min. at 4°C. Aspirate
supernatant completely.

Add 350 pl of RLT buffer containing -mercaptoethanol (Add 10 ul of B-ME per 1 ml of RLT
buffer). Mixed well and transfer into nonstick, RNase-free, 1.5 ml tubes. Store the cells at -
80°C.
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5.3. Supplementary Tables

Table S1. List of Antibodies. The table represents information for the antibodies used in section 3.1 and section
3.3, including the working concentration for each technique and the thesis section, which was used. IF:
immunofluorescence, WB: western blot.

Antibody Supplier Article Final Thesis
Name Name Number Concentration Section
. . Merck- 3.1.2
Anti-NeuN Antibody, clone A60 Millipore MAB377 5 pg/ml (FACS) 3132
Goat anti-Mouse 1gG Secondary | Thermo- 3.1.2
Antibody, Alexa Fluor 594 Fisher A11005 4 ug/ml (FACS) 3.1.3.2
Mouse 1gG1 [B11/6] - Isotype 3.1.2
Control Abcam ab91353 5 pg/ml (FACS) 3132
12 pg/ml (IF) 3.13.1
Sox9 Abcam ab185966 12 pg/ml (FACS) 3132
Goat anti-Rabbit 1gG Highly Thermo-
Cross-Adsorbed Secondary Fisher A-11036 8 ug/ml (IF) 3.13.1
Antibody, Alexa Fluor 568
Goat anti-Rabbit 1gG Highly Thermo-
Cross-Adsorbed Secondary Fisher P-2771MP 4 ug/ml (FACS) 3.1.3.2

Antibody, PE

Uncoupled rabbit monoclonal
[EPR25A] - isotype control

Abcam ab172730 12 pg/ml (FACS) 3.1.3.2

Human SOX9 Antibody R&D | AF3075-SP | 2pug/ml (FACS) | 3.1.3.2
APC-donkey anti-goat IgG IJ;%‘Z?]’; 705-136-147 | 1ug/ml (FACS) | 3.1.3.2

Normal Goat IgG Control -

isotype control R&D AB-108-C 2 pg/ml (FACS) 3.1.3.2

Anti-Glil Abcam ab151796 10 pg/ml (FACS) 3.1.3.2
Anti-Gli3 ngr']zs PA5-28029 | 10 pg/ml (FACS) | 3.1.3.2

Rabbit IgG, polyclonal - isotype
control
Goat anti-Mouse 1gG Highly
Cross-Adsorbed Secondary

Abcam ab37415 | 10 ug/ml (FACS) | 3.1.3.2

Thermo- | A11029 | 4pg/mi (FACS) | o132

Antibody, Alexa Fluor 488 Fisher 3.15.2

Alexa Fluor® 488 Anti-SOX9 3.1.3.2
antibody Abcam ab196450 5 pg/ml (FACS) 314

Rabbit 19G, monoclonal 3.13.2
[EPR25A] - Isotype Control Abcam ab199091 5 pg/ml (FACS) 3.14
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Recombinant Alexa Fluor® 647

Anti-SOX9 antibody Abcam ab196184 5 ug/ml (FACS) 3.15
[EPR14335]
Connexin 43 Monoclonal Thermo-
Antibody, monoclonal mouse 13-8300 5 ug/ml (FACS) 3.15.2

IgG1 (CX-1B1) Fisher

Mouse 1gG1, Kappa
Monoclonal [B11/6] - Isotype Abcam ab91353 5 ug/ml (FACS) 3.15.2

Control
A”tiﬁmzh nlouse WA | 5365634 | 0.2pg/mi (WB) | 33141
OATP14 Polyclonal antibody Prt‘;t;i]”' 17163-1-AP | 0.6 pg/ml (WB) | 3.3.1.4.1
Anti-SLC4A4/NBC antibody Abcam ab56215 1 pg/ml (WB) 3.3.14.1
ZIP12 Polyclonal Antibody Tgf’srrmf PA5-90883 | 2.75 pug/ml (WB) | 3.3.1.4.1

Monoclonal Anti-SLC25A18 | i | SAB1403390 | 1pg/iml (WB) | 3.3.1.4.1

antibody
P 'Anﬁﬂﬂo‘ﬁ';jﬁiﬁ?bgﬁ‘;”“ SigCnZ'I'ing 3700 0.5 pg/ml (WB) | 3.3.1.4.1
%%itoﬁ’y;ry Xﬁfb:?d?,,(ﬁ ;E) TEET;? 62-6520 | 0.75pug/ml (WB) | 3.3.1.4.1
%‘;i;i‘;t;rﬁ f,?t'itb?df,y(,:' ;t) TEET;? 626120 | 0.5pg/ml (WB) | 33.14.1

Table S2. Published Transcriptional Studies of MDD. The table represents previous studies reporting DEGs,
which were enriched in astrocytes. dIPFC: dorsolateral prefrontal cortex, ACC: anterior cingulate cortex, vmPFC:
ventromedial prefrontal cortex, OFC; orbitofrontal cortex, PFC: prefrontal cortex, SnRNA-seq: single nucleus
RNA sequencing. Cell-type-specific analysis was conducted by Dr. Michal Slezak.

Author Published Sequencing Brain EITE

Name Year Technique Region it

DEGs #
Evans S. J. 2004 Microarray dIPFC, ACC 2
Choudary P. V. 2005 Microarray dIPFC, ACC 3
Klempan T. A. 2009 Microarray vmPFC, dIPFC 3
Ernst C. 2011 Microarray dIPFC 27
Bernard R. 2011 Microarray Locus coeruleus 8
Sequeira 2012 Microarray dIPFC, ACC, 17

nucleus accumbus

132



Supplementary Information

Darby M. M. 2016 RNA-seq OFC, hippocampus 1
Labonte B. 2017 RNA-seq PFC 43
Gandal M. J. 2018 Microarray, GWAS Cortex 7
Nagy and Maitra 2020 SnRNA-seq dIPFC 8

Table S3. List of DEGs in CX43+ Population. The table represents genes differentially expressed in the CX43+
nuclei population in MDD. A total of 260 genes were significantly differentially expressed (FDR < 0.1) in the
CX43+ nuclei population. FDR: False discovery rate. The analysis was performed by Intelliseq.

Gene ID Gene Name Gene Biotype Log(FC) FDR
ENSG00000164089 ETNPPL protein coding -3.03019 0.004258
ENSG00000121742 GJB6 protein coding -2.54582 0.017294
ENSG00000139155 SLCO1C1 protein coding -2.48772 0.001225
ENSG00000234377 OBI1-AS1 IncRNA -2.27834 0.004486
ENSG00000103740 ACSBG1 protein coding -2.24101 0.000763
ENSG00000117525 F3 protein coding -2.1702 0.00303
ENSG00000211448 DIO2 protein coding -2.15935 0.022274
ENSG00000251372 LINC00499 InNcRNA -2.12454 0.006033
ENSG00000182902 SLC25A18 protein coding -2.04688 0.006033
ENSG00000156049 GNA14 protein coding -2.00543 0.000763
ENSG00000136160 EDNRB protein coding -2.00327 0.015957
ENSG00000110436 SLC1A2 protein coding -1.9821 0.000202
ENSG00000170425 ADORA2B protein coding -1.91845 0.000187
ENSG00000169006 NTSR2 protein coding -1.91068 0.072162
ENSGO00000134716 CYP2J2 protein coding -1.89529 0.00679
ENSG00000170989 S1PR1 protein coding -1.89522 0.051062
ENSG00000101198 NKAIN4 protein coding -1.87069 0.008238
ENSG00000113721 PDGFRB protein coding -1.82248 0.006954
ENSG00000177133 PRDM16-DT InNcRNA -1.79573 0.042723
ENSG00000215612 HMX1 protein coding -1.77061 0.087533
ENSG00000135821 GLUL protein coding -1.75478 0.001164
ENSG00000140545 MFGES8 protein coding -1.74644 0.003647
ENSG00000136378 ADAMTS7 protein coding -1.72737 0.009045
ENSG00000161509 GRIN2C protein coding -1.71381 0.009045
ENSG00000100968 NFATC4 protein coding -1.68878 0.034315
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ENSG00000235180 LINC00601 InNcRNA -1.66519 0.008512
ENSG00000126785 RHOJ protein coding -1.65891 0.000507
ENSG00000116016 EPAS1 protein coding -1.6566 0.00226
ENSG00000285082 AL160272.2 protein coding -1.64758 0.021669
ENSG00000286387 AC007432.1 InNcRNA -1.62209 0.009665
ENSG00000068078 FGFR3 protein coding -1.60028 0.062348
ENSG00000249240 AC069368.1 protein coding -1.57929 0.023006
ENSG00000231246 AL445426.1 INcRNA -1.5704 0.090129
ENSG00000286364 AL512308.1 IncRNA -1.56187 0.061962
ENSG00000072952 MRVI1 protein coding -1.55905 0.039662
ENSG00000124440 HIF3A protein coding -1.5557 0.008605
ENSG00000271904 AC091826.3 InNcRNA -1.5347 0.002453
ENSG00000250166 AC053513.1 InNcRNA -1.523 0.041842
ENSG00000134508 CABLES1 protein coding -1.52296 0.000763
ENSG00000277196 AC007325.2 protein coding -1.49885 0.019447
ENSG00000136235 GPNMB protein coding -1.48869 0.087533
ENSG00000135540 NHSL1 protein coding -1.48817 0.061962
ENSG00000288542 AL133318.1 IncRNA -1.48399 0.065161
ENSG00000064655 EYA2 protein coding -1.47704 0.008647
ENSG00000287069 AC061958.1 IncRNA -1.4764 0.090129
ENSG00000236790 LINC00299 IncRNA -1.47064 0.02369
ENSG00000184232 OAF protein coding -1.45887 0.010584
ENSG00000235538 AL078602.1 IncRNA -1.44695 0.097448
ENSG00000105852 PON3 protein coding -1.43668 0.062605
ENSG00000179399 GPC5 protein coding -1.43382 0.006033
ENSG00000116132 PRRX1 protein coding -1.42207 4.01E-05
ENSG00000287277 AL392086.3 InNcRNA -1.41233 0.041117
ENSG00000105894 PTN protein coding -1.39517 0.000187
ENSG00000064787 BCAS1 protein coding -1.39508 0.072162
ENSG00000136297 MMD2 protein coding -1.37744 0.00226
ENSG00000287862 AC114971.1 INcRNA -1.37417 0.069235
ENSG00000127249 ATP13A4 protein coding -1.37099 0.013911
ENSG00000126878 AIF1L protein coding -1.36699 0.094277
ENSG00000186193 SAPCD2 protein coding -1.3616 0.07449
ENSG00000109099 PMP22 protein coding -1.35425 0.072103
ENSG00000134569 LRP4 protein coding -1.34027 0.030636
ENSG00000144119 C1QL2 protein coding -1.32003 0.019117
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ENSG00000080493 SLC4A4 protein coding -1.30962 0.003647
ENSG00000188770 OPTC protein coding -1.30362 0.062348
ENSG00000189058 APOD protein coding -1.28283 0.017294
ENSG00000119927 GPAM protein coding -1.2807 0.044627
ENSG00000251165 F11-AS1 IncRNA -1.27687 0.037159
ENSGO00000089472 HEPH protein coding -1.26195 0.072785
ENSG00000147509 RGS20 protein coding -1.25729 0.028269
ENSG00000173546 CSPG4 protein coding -1.25403 0.021792
ENSG00000225329 LHFPL3-AS2 IncRNA -1.25078 0.067756
ENSG00000141756 FKBP10 protein coding -1.24803 0.096604
ENSG00000118094 TREH protein coding -1.24731 0.045004
ENSG00000248528 LINC02058 IncRNA -1.23455 0.079945
ENSG00000178722 Chorf64 IncRNA -1.22564 0.023377
ENSG00000264015 AC124254.2 IncRNA -1.2213 0.091777
ENSG00000148175 STOM protein coding -1.21991 0.045634
ENSG00000103196 CRISPLD2 protein coding -1.21291 0.044063
ENSG00000168874 ATOHS protein coding -1.20936 0.070985
ENSG00000163884 KLF15 protein coding -1.20568 0.006329
ENSG00000185942 NKAIN3 protein coding -1.20045 0.000763
ENSG00000285867 BX470102.2 IncRNA -1.19983 0.056373
ENSG00000287127 AC009879.4 IncRNA -1.19569 0.028269
ENSG00000011201 ANOS1 protein coding -1.19114 0.03609
ENSG00000188783 PRELP protein coding -1.18926 0.034315
ENSG00000226476 LINCO01748 IncRNA -1.1771 0.040041
ENSG00000164741 DLC1 protein coding -1.15668 0.001164
ENSG00000183963 SMTN protein coding -1.14168 0.003937
ENSG00000231252 AC099792.1 IncRNA -1.13854 0.071317
ENSG00000100399 CHADL protein coding -1.13686 0.072103
ENSG00000186583 SPATC1 protein coding -1.13429 0.071317
ENSG00000144749 LRIG1 protein coding -1.1335 0.048949
ENSG00000038427 VCAN protein coding -1.12506 0.023377
ENSG00000125462 Clorf6l protein coding -1.12445 0.001266
ENSG00000115468 EFHD1 protein coding -1.12009 0.078355
ENSG00000145794 MEGF10 protein coding -1.11972 0.078369
ENSG00000167191 GPRC5B protein coding -1.11499 0.009045
ENSG00000226994 AC012593.1 IncRNA -1.11461 0.044063
ENSG00000106278 PTPRZ1 protein coding -1.08566 0.035975
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ENSG00000116962 NID1 protein coding -1.0783 0.084535
ENSG00000154493 C100rfo0 protein coding -1.07656 0.072103
ENSG00000150760 DOCK1 protein coding -1.07562 0.082483
ENSG00000056736 ILL7RB protein coding -1.07412 0.001266
ENSG00000287158 AC117464.1 IncRNA -1.07179 0.086343
ENSG00000227036 LINCO00511 INcRNA -1.04553 0.00679
ENSG00000100906 NFKBIA protein coding -1.04365 0.09542
ENSG00000179403 VWA1 protein coding -1.0414 0.018438
ENSG00000005513 SOX8 protein coding -1.04122 0.059605
ENSG00000148672 GLUD1 protein coding -1.03941 0.022783
ENSG00000107104 KANK1 protein coding -1.03825 0.049341
ENSG00000134873 CLDN10 protein coding -1.02823 0.017684
ENSG00000287550 AL450345.2 IncRNA -1.02441 0.090626
ENSG00000117834 SLC5A9 protein coding -1.02236 0.046882
ENSG00000163431 LMOD1 protein coding -1.02012 0.072103
ENSG00000101542 CDH20 protein coding -0.99698 0.034315
ENSG00000101311 FERMT1 protein coding -0.9923 0.082137
ENSG00000079482 OPHN1 protein coding -0.97822 0.000133
ENSG00000145555 MYO10 protein coding -0.97656 0.059314
ENSG00000111961 SASH1 protein coding -0.97358 0.021669
ENSG00000286288 AL109809.4 IncRNA -0.96597 0.015218
ENSG00000008394 MGST1 protein coding -0.96482 0.090239
ENSG00000164292 RHOBTB3 protein coding -0.96434 0.087533
ENSG00000129244 ATP1B2 protein coding -0.96079 0.009381
ENSG00000112769 LAMA4 protein coding -0.95373 0.015911
ENSG00000187527 ATP13A5 protein coding -0.95252 0.020058
ENSG00000152583 SPARCL1 protein coding -0.93838 0.072162
ENSG00000101938 CHRDL1 protein coding -0.93253 0.000202
ENSG00000175130 MARCKSL1 protein coding -0.93027 0.076314
ENSG00000114166 KAT2B protein coding -0.92623 0.009045
ENSG00000118322 ATP10B protein coding -0.92602 0.06388
ENSG00000230490 AL139383.1 IncRNA -0.92491 0.015218
ENSG00000163235 TGFA protein coding -0.92229 0.049641
ENSG00000198948 MFAP3L protein coding -0.91961 0.024167
ENSG00000285755 AC132153.1 IncRNA -0.91789 0.060612
ENSG00000205336 ADGRG1 protein coding -0.91524 0.073234
ENSG00000189221 MAOA protein coding -0.9149 0.052217
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ENSG00000120896 SORBS3 protein coding -0.91477 0.072162
ENSG00000124217 MOCS3 protein coding -0.90667 0.050753
ENSG00000114646 CSPG5 protein coding -0.89675 0.021925
ENSG00000196132 MYT1 protein coding -0.89523 0.053454
ENSG00000197977 ELOVL2 protein coding -0.89025 0.026368
ENSG00000135318 NT5E protein coding -0.88297 0.013225
ENSG00000112715 VEGFA protein coding -0.87206 0.062178
ENSG00000135919 SERPINE2 protein coding -0.86775 0.050687
ENSG00000135424 ITGA7 protein coding -0.85799 0.072848
ENSG00000105088 OLFM2 protein coding -0.85573 0.009381
ENSG00000111962 UST protein coding -0.84236 0.000815
ENSG00000198822 GRM3 protein coding -0.83697 0.004164
ENSG00000081913 PHLPP1 protein coding -0.83662 0.017549
ENSG00000143878 RHOB protein coding -0.836 0.040041
ENSG00000157613 CREB3L1 protein coding -0.8357 0.094617
ENSG00000144040 SFXN5 protein coding -0.83028 0.047899
ENSG00000185920 PTCH1 protein coding -0.82577 0.036745
ENSG00000178538 CA8 protein coding -0.82372 0.022978
ENSG00000249096 LINC02362 IncRNA -0.82123 0.02221
ENSG00000143842 SOX13 protein coding -0.81724 0.023377
ENSG00000177303 CASKIN2 protein coding -0.81678 0.041388
ENSG00000181350 LRRC75A protein coding -0.81518 0.084535
ENSG00000169129 AFAP1L2 protein coding -0.80472 0.084535
ENSG00000134215 VAV3 protein coding -0.80466 0.038601
ENSG00000127946 HIP1 protein coding -0.8045 0.015911
ENSG00000139291 TMEM19 protein coding -0.80018 0.037238
ENSG00000183762 KREMEN1 protein coding -0.78804 0.086343
ENSG00000157890 MEGF11 protein coding -0.78022 0.072103
ENSG00000104833 TUBB4A protein coding -0.77641 0.072162
ENSG00000186998 EMID1 protein coding -0.77607 0.082137
ENSG00000072134 EPN2 protein coding -0.76897 0.008512
ENSG00000130287 NCAN protein coding -0.76425 0.023533
ENSG00000103175 WFDC1 protein coding -0.75392 0.093199
ENSG00000134824 FADS2 protein coding -0.75031 0.072103
ENSG00000150625 GPM6A protein coding -0.74923 0.006852
ENSG00000109472 CPE protein coding -0.74447 0.023087
ENSG00000109458 GAB1 protein coding -0.73278 0.079825
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ENSG00000137177 KIF13A protein coding -0.72651 0.00401
ENSG00000141314 RHBDL3 protein coding -0.72496 0.062605
ENSG00000136114 THSD1 protein coding -0.71696 0.071343
ENSG00000145284 SCD5 protein coding -0.71575 0.007648
ENSG00000130449 ZSWIM6 protein coding -0.71503 0.072162
ENSG00000182667 NTM protein coding -0.71209 0.034938
ENSG00000019144 PHLDB1 protein coding -0.70523 0.082483
ENSG00000141179 PCTP protein coding -0.70346 0.079689
ENSG00000179314 WSCD1 protein coding -0.69746 0.087533
ENSG00000187068 C3orf70 protein coding -0.69738 0.006329
ENSGO00000140470 ADAMTS17 protein coding -0.6875 0.031768
ENSG00000198768 APCDD1L protein coding -0.6871 0.082483
ENSG00000179241 LDLRAD3 protein coding -0.68578 0.017294
ENSG00000196230 TUBB protein coding -0.68191 0.079713
ENSG00000152492 CCDC50 protein coding -0.67112 0.072785
ENSG00000123595 RAB9A protein coding -0.66034 0.035975
ENSG00000162512 SDC3 protein coding -0.66025 0.008512
ENSG00000187398 LUZP2 protein coding -0.64985 0.047827
ENSG00000173674 EIF1AX protein coding -0.64783 0.072785
ENSG00000130787 HIP1R protein coding -0.63985 0.097473
ENSG00000135916 ITM2C protein coding -0.63952 0.009381
ENSG00000204899 MZT1 protein coding -0.63706 0.086589
ENSG00000214941 ZSWIM7 protein coding -0.6169 0.051715
ENSG00000010810 FYN protein coding -0.60277 0.062348
ENSG00000047365 ARAP2 protein coding -0.59857 0.072103
ENSG00000104419 NDRG1 protein coding -0.5695 0.049341
ENSG00000197965 MPZL1 protein coding -0.55205 0.048949
ENSG00000170903 MSANTD4 protein coding -0.55057 0.000569
ENSG00000136802 LRRC8A protein coding -0.54809 0.072103
ENSG00000172667 ZMAT3 protein coding -0.54047 0.032236
ENSG00000167291 TBC1D16 protein coding -0.53917 0.090239
ENSG00000168795 ZBTB5 protein coding -0.53854 0.071317
ENSG00000235501 AC105942.1 IncRNA -0.53714 0.090626
ENSG00000138413 IDH1 protein coding -0.51812 0.021669
ENSG00000237036 ZEB1-AS1 IncRNA -0.50491 0.069235
ENSG00000204128 C2orf72 protein coding -0.48309 0.079713
ENSG00000156475 PPP2R2B protein coding -0.47684 0.088272
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ENSG00000164300 SERINC5 protein coding -0.4682 0.087533
ENSG00000067141 NEO1 protein coding -0.46766 0.048949
ENSG00000123384 LRP1 protein coding -0.45457 0.069768
ENSG00000136243 NUP42 protein coding -0.45043 0.078369
ENSG00000148143 ZNF462 protein coding -0.4459 0.072103
ENSG00000078124 ACER3 protein coding -0.44578 0.072103
ENSG00000100225 FBXO7 protein coding -0.44326 0.082137
ENSG00000156973 PDE6D protein coding -0.4375 0.082782
ENSG00000113742 CPEB4 protein coding -0.40322 0.071934
ENSG00000166128 RAB8B protein coding -0.38652 0.090239
ENSG00000157985 AGAP1 protein coding -0.38191 0.091717
ENSG00000012983 MAP4K5 protein coding -0.3647 0.044063
ENSG00000136807 CDK9 protein coding 0.432068 0.090239
ENSG00000168016 TRANK1 protein coding 0.45526 0.042723
ENSG00000206561 COLQ protein coding 0.4636 0.072103
ENSG00000160072 ATAD3B protein coding 0.476558 0.078369
ENSG00000179889 PDXDC1 protein coding 0.477791 0.045004
ENSG00000144366 GULP1 protein coding 0.482668 0.099614
ENSG00000105486 LIG1 protein coding 0.483955 0.086589
ENSG00000156873 PHKG2 protein coding 0.533241 0.086589
ENSG00000154262 ABCA6 protein coding 0.533491 0.088422
ENSG00000152503 TRIM36 protein coding 0.540452 0.099352
ENSG00000186094 AGBL4 protein coding 0.544565 0.091717
ENSG00000162929 KIAA1841 protein coding 0.553205 0.079344
ENSG00000122966 CIT protein coding 0.553904 0.086343
ENSG00000052126 PLEKHAS protein coding 0.579403 0.099156
ENSG00000255557 AP001266.2 IncRNA 0.58955 0.041842
ENSG00000162105 SHANK?2 protein coding 0.614034 0.023087
ENSG00000183426 NPIPAL protein coding 0.615212 0.071317
ENSG00000126522 ASL protein coding 0.64455 0.071317
ENSG00000277701 AC159540.2 InNcRNA 0.645749 0.051715
ENSG00000186862 PDzD7 protein coding 0.67812 0.090239
ENSG00000163617 CCDC191 protein coding 0.706526 0.087533
ENSG00000153246 PLA2R1 protein coding 0.70916 0.094191
ENSG00000124749 COL21A1 protein coding 0.71179 0.052883
ENSG00000106077 ABHD11 protein coding 0.755975 0.048949
ENSG00000267780 AC021594.2 IncRNA 0.762521 0.098697
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ENSG00000117245 KIF17 protein coding 0.862621 0.067922
ENSG00000149927 DOC2A protein coding 0.990685 0.052217
ENSG00000276302 AL021997.3 protein coding 1.160171 0.048447
ENSG00000230453 ANKRD18B protein coding 1.179536 0.037238
ENSG00000026559 KCNG1 protein coding 1.256528 0.00242
ENSG00000159674 SPON2 protein coding 1.422452 0.019117
ENSG00000189275 LINC01164 InNcRNA 1.721807 0.087533

Table S4. GO Terms Related to Biological Functions Enriched for Downregulated Genes in the CX43 Nuclei
Fraction. The table represents enriched biological terms linked to downregulated genes in the DEGs-CX43 list.
DAVID Bioinformatics Resources was used to perform GO analysis. Count: number of genes involved in the term.
%: involved genes/total genes related to that term.

Term Count | % | P-Value
dermatan sulfate biosynthetic process 5 2.5 | 4.00E-06
glycosaminoglycan metabolic process 6 3 | 8.00E-06

cell adhesion 16 8.1 | 4.20E-05

angiogenesis 11 5.6 | 6.50E-05

chondroitin sulfate catabolic process 4 2 | 3.00E-04
chondroitin sulfate biosynthetic process 4 2 | 1.80E-03
regulation of cell shape 7 3.5 | 2.50E-03

positive regulation of positive chemotaxis 3 15 | 4.90E-03

cell migration 7 3.5 | 6.70E-03

positive regulation of cholesterol efflux 3 1.5 | 7.90E-03
negative regulation of neuron projection development 4 2 | 8.90E-03
unsaturated fatty acid biosynthetic process 3 1.5 | 9.10E-03
response to drug 9 45 | 9.80E-03

regulation of small GTPase mediated signal transduction 6 3 | 9.90E-03
positive regulation of endothelial cell migration 4 2 | 1.00E-02
regulation of actin cytoskeleton organization 4 2 | 1.10E-02
linoleic acid metabolic process 3 1.5 | 1.20E-02
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extracellular matrix organization 7 3.5 | 1.20E-02
cytoskeleton-dependent intracellular transport 3 1.5 | 1.30E-02
cellular response to platelet-derived growth factor stimulus 3 1.5 | 1.30E-02

positive regulation of platelet-derived growth factor receptor-beta

L 2 1 | 1.90E-02
signaling pathway
positive regulation of skeletal musgle acetylcholine-gated channel 9 1 | 1.90E-02
clustering
phosphatidylinositol-mediated signaling 5 2.5 | 2.00E-02
regulation of synaptic transmission, glutamatergic 3 1.5 | 2.10E-02
positive regulation of epidermal growth factor receptor signaling 3 15 | 220E-02
pathway
peripheral nervous system development 3 1.5 | 2.20E-02
nervous system development 8 4 | 2.20E-02
positive regulation of GTPase activity 12 6.1 | 2.20E-02

positive regulation of cell proliferation by VEGF-activated

platelet derived growth factor receptor signaling pathway 2 1| 290802

retinal rod cell differentiation 2 1 2.90E-02

regulation of transcription from RNA polymerase 1l promoter in

response to hypoxia 3 15 | 3.00E-02

vascular endothelial growth factor receptor signaling pathway 4 2 | 3.30E-02
small GTPase mediated signal transduction 7 3.5 | 3.30E-02

iron ion homeostasis 3 1.5 | 3.40E-02

regulation of cell migration 4 2 | 3.50E-02

regulation of endocytosis 3 1.5 | 3.60E-02

positive regulation of phosphatidylinositol 3-kinase activity 3 1.5 | 3.60E-02
glutamate catabolic process 2 1 | 3.80E-02

negative regulation of protein catabolic process 3 1.5 | 3.80E-02

heart morphogenesis 3 1.5 | 3.80E-02

lung development 4 2 | 3.80E-02

regulation of phosphatidylinositol 3-kinase signaling 4 2 | 4.00E-02
bone mineralization 3 1.5 | 4.30E-02

activation of cysteine-type endopeptidase activity involved in

. 4 2 4.70E-02
apoptotic process
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Table S5. GO Terms Related to Cellular Component Enriched for Downregulated Genes in the CX43 Nuclei
Fraction. The table represents enriched cellular component terms linked to downregulated genes in the DEGs-
CX43 list. DAVID Bioinformatics Resources was used to perform GO analysis. Count: number of genes involved
in the term. %: involved genes/total genes related to that term.

Term Count % P-Value

proteinaceous extracellular matrix 14 7.1 2.60E-06
lysosomal lumen 8 4 2.00E-05

cell surface 18 9.1 2.60E-05

Golgi lumen 7 35 3.70E-04

plasma membrane 61 30.8 5.20E-04

synaptic membrane 4 2 6.80E-04
postsynaptic density 8 4 2.30E-03

ruffle membrane 5 25 8.70E-03
extracellular exosome 41 20.7 8.80E-03
extracellular matrix 9 4.5 9.10E-03

integral component of plasma membrane 24 121 1.20E-02
extracellular vesicle 4 2 1.30E-02

focal adhesion 10 5.1 1.50E-02

integral component of membrane 65 32.8 1.80E-02
perinuclear region of cytoplasm 13 6.6 2.00E-02
intrinsic component of plasma membrane 3 15 3.10E-02
neuronal cell body 8 4 3.60E-02

basement membrane 4 2 4.30E-02
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Table S6. GO Terms Related to Molecular Function Enriched for Downregulated Genes in the CX43 Nuclei
Fraction. The table represents enriched molecular function terms linked to downregulated genes in the DEGs-
CX43 list. DAVID Bioinformatics Resources was used to perform GO analysis. Count: number of genes involved
in the term. %: involved genes/total genes related to that term.

Term Count % P-Value

heparin binding 9 4.5 1.50E-04

extracellular matrix structural constituent 6 3 4.40E-04
GTP binding 10 5.1 1.20E-02

G-protein coupled receptor binding 4 2 1.60E-02
GTPase activator activity 8 4 1.80E-02
collagen binding 4 2 2.00E-02
phosphatidylinositol-4,5-bisphosphate 3-kinase activity 4 2 2.10E-02
extracellular matrix binding 3 15 2.50E-02
GTPase activity 7 35 2.50E-02
stearoyl-CoA 9-desaturase activity 2 1 2.80E-02
epidermal growth factor receptor binding 3 15 3.50E-02
vascular endothelial growth factor binding 2 1 4.70E-02

Table S7. Pathways Enriched for Downregulated Genes in the CX43 Nuclei Fraction. The table represents
enriched KEGG pathways linked to downregulated genes in the DEGs-CX43 list. DAVID Bioinformatics
Resources was used to perform GO analysis. Count: number of genes involved in the pathway. %: involved
genes/total genes related to that pathway.

Term Count % P-Value

Nitrogen metabolism 3 1.5 1.40E-02

Fatty acid metabolism 4 2 1.50E-02

Cocaine addiction 4 2 1.50E-02

Focal adhesion 7 3.5 2.30E-02

Proximal tubule bicarbonate reclamation 3 1.5 2.50E-02
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Biosynthesis of unsaturated fatty acids 3 1.5 2.50E-02

Renal cell carcinoma 4 2 3.40E-02

Table S8. Gene Functional Classification for Downregulated Genes in the CX43 Nuclei Fraction. The table
represents the functional annotation clustering linked to downregulated genes in the DEGs-CX43 list. DAVID
Bioinformatics Resources was used to perform this analysis. The functional annotation clustering uses a grouping
algorithm to report similar genes together. Enrichment score: the geometric mean (in -log scale) of member's p-
values in a corresponding annotation cluster.

Group 1
Enrichment Score: 4.98

glutamate metabotropic receptor 3 (GRM3)

myelin protein zero like 1 (MPZL1)

adenosine A2b receptor (ADORA2B)

transmembrane protein 19 (TMEM19)

olfactomedin 2 (OLFM2)

WSC domain containing 1 (WSCD1)

syndecan 3 (SDC3)

coagulation factor I, tissue factor (F3)

interleukin 17 receptor B (IL17RB)

uronyl 2-sulfotransferase (UST)

leucine rich repeats and immunoglobulin like domains 1 (LRIG1)

neurotensin receptor 2 (NTSR2)

integral membrane protein 2C (ITM2C)

solute carrier family 5 member 9 (SLC5A9)

microfibrillar associated protein 3 like (MFAP3L)

solute carrier family 4 member 4 (SLC4AA4)

glycoprotein nmb (GPNMB)

protein tyrosine phosphatase, receptor type Z1 (PTPRZ1)

cadherin 20 (CDH20)
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APC downregulated 1 like (APCDDLL)

thrombospondin type 1 domain containing 1 (THSD1)

peripheral myelin protein 22 (PMP22)

low density lipoprotein receptor class A domain containing 3 (LDLRAD?3)

alkaline ceramidase 3 (ACER3)

leucine zipper protein 2 (LUZP2)

kringle containing transmembrane protein 1 (KREMENL1)

Na+/K+ transporting ATPase interacting 4 (NKAIN4)

neurotrimin (NTM)

neogenin 1 (NEO1)

chondroitin sulfate proteoglycan 5 (CSPG5)

multiple EGF like domains 11 (MEGF11)

G protein-coupled receptor class C group 5 member B (GPRC5B)

glycoprotein M6A (GPMG6A)

Na+/K+ transporting ATPase interacting 3 (NKAIN3)

Group 2
Enrichment score: 2.81

Opticin (OPTC)

leucine rich repeat containing 8 family member A (LRRC8A)

chondroadherin like (CHADL)

PH domain and leucine rich repeat protein phosphatase 1 (PHLPP1)

proline and arginine rich end leucine rich repeat protein (PRELP)

leucine rich repeats and immunoglobulin like domains 1 (LRIG1)

Group 3
Enrichment score: 1.6

RAB8B, member RAS oncogene family (RAB8B)

RAB9A, member RAS oncogene family (RAB9A)

ras homolog family member J (RHOJ)

ras homolog family member B (RHOB)
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Table S9. Astrocyte Yield, RNA Quantity and Quality Comparison Between CONT and CSDS Samples.
The table represents the statistical analysis for the comparison of astrocyte yield, RNA quantity, and quality
between CONT and CSDS groups, shown in Fig. 3.28. SD: Standard deviation. Either t-test or Mann-Whitney test
was performed when the data was not normally distributes based on the Shapiro-Wilk test.

Astrocyte Yield
sranregn | Cgiumben [ CONT e co0s
Hippocampus 16+6.4 0.48
Hypothalamus 38+13 0.89
Somatosensory Cortex 13.9+9.6 0.11
Prefrontal Cortex 3714 0.06
RNA Quantity
Brain Region RNA Amount, CONT vs CSDS,
ng + SD P- value
Hippocampus 343+155 0.12
Hypothalamus 18.7+10.9 0.18
Somatosensory Cortex 25+ 16.1 0.07
Prefrontal Cortex 28 +10.9 0.28
RNA Quality
Brain Region RIN Values + SD CO’\;I\\//;SeSDS’
Hippocampus 7.7+05 0.27
Hypothalamus 72+04 0.69
Somatosensory Cortex 78+04 0.14
Prefrontal Cortex 7.2+05 0.06
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5.4. Supplementary Figures
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Figure S3. Quality Check of RNA Sequencing Data. Post RNA-seq quality analysis for Hoechst and CX43
samples. The analysis focused on the mapping features (A, B) representing the number of the reads that are mapped
to a known sequence (assigned mapping) and the read alignments data (C, D), indicating the features of the
sequenced data as coding, untranslated region (UTR), intronic, intergenic, ribosomal, and not aligned regions.
Both results showed good mapping features illustrated with the high percentages of reads. The data was generated

by the Computational Biology unit in Boehringer Ingelheim.
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Figure S4. Principal Component Analysis for Subjects. PCA plots reveal the associations of subjects in Hoechst
(A) and CX43 (B) samples. Each dot indicates a subject (green: CON, red: MDD). The proportion of variance
explained is indicated in parentheses. A. and B. The subjects mostly clustered together irrespective of the study
group. A. Possible outliers in Hoechst samples were S244, S254, and S240. B. Possible outliers in CX43 samples
were S42, S53, and S45. Unbiased clustering through PCA did not reveal major effects of MDD on gene expression
profiles. The data and PCAs were generated by Intelliseq.
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Figure S5. Cell-Type-Specific Gene Expression Analysis for CX43+ Nuclei Fraction. The abundance of cell-
type-specific marker expression (mean Log2(CPM) value) was evaluated in the CX43+ nuclei population using
transcriptomic data. The expression profiles of top 10 specific genes for human astrocytes (A), neurons (B),
oligodendrocytes (C), and microglia (D). Markers were selected from McKenzie et al. (2018)%%. CX43+ nuclei
population was largely composed of astrocytes and neurons. Microglia markers were less expressed compared to
other cell type-specific markers. Data from each donor is represented individually. The Log2(CPM) values were

calculated by Intelliseq.
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Figure S6. PsyGeNET Comparative Analysis. Psychiatric disorders and genes association network analysis
revealed that 28 genes in the CX43-DEGs list were previously linked with mental disorders. A total of 10 genes
in the CX43-DEGs list were associated with depression (pink). The top 5 genes linked to all the diseases are
MAOA, GLUL, VEGFA, SLC1A2, and FYN. Cytoscape tool and DisGeNET plugin were employed for the

integrative analysis.
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Figure S7. Analysis of Purity for MACS Isolated Astrocytes. The heatmap shows the percentage of variance
explained by each cell type (rows) and sample (columns). The top 100 genes based on the database?? from each
cell type were used. MACS isolated ACSA-2+ cells displayed a strong association (> 80%) with mouse astrocytes.
Brain samples were obtained at different times of the sleep-wake cycle of the animal (ZT1: 08:00 and ZT11:
18:00). The data in the heatmap consisted of cell isolation experiments conducted for two independent cohorts of
mice (cohort 3 and 4). The heatmap was generated by Intelliseq. ZT: Zeitgeber time.
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Figure S8. Heatmap for Differentially Expressed Transcripts in Mouse Astrocytes. Hierarchical clustering
for differentially expressed transcripts (P < 0.001) per sample in each study group, CONT (green) and CSDS
(pink). Representative transcript names were illustrated on the right, individual sample IDs on the bottom. Brain
samples were obtained at different times of the sleep-wake cycle of the animal (ZT1: 08:00 and ZT11: 18:00). The
data consisted of cell isolation experiments conducted for two independent cohorts of mice (N = 29). Heatmap
color represents the normalized FPKM values (red shows high expression levels and blue shows low expression

levels). The heatmap was generated by Intelliseq.
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Figure S9. Protein Clustering Analysis. Interactions analysis between PSD95, BEGAIN, and the proteins in
cluster A (Fig. 3.26) was conducted using the STRING clustering. The edges indicate functional and physical
protein interactions. The hub protein was found as GRIN2C. The overall interaction among the proteins was
significantly higher than for a random set of proteins of similar size (P < 1.68x10%3, calculated by STRING).
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