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Abstract

The role of oligodendrocytes and myelin in differential susceptibility to stress-induced
anxiety

by
Kimberly Lorraine Page Long
Doctor of Philosophy in Neuroscience
University of California, Berkeley

Professor Daniela Kaufer, Chair

Human reactions to stress can range from nonchalance to crippling changes to mood and
emotionality. Understanding the neural underpinnings of this individual variation is of
critical importance to public health; however, the basis for differential susceptibility to
stress remains poorly understood. Recently, the oligodendrocyte (the myelin-producing
cell of the central nervous system) has been increasingly implicated in stress, plasticity,
and mood and anxiety disorders. Furthermore, previous work from our lab has found that
stress increases the production of oligodendrocytes in the hippocampus of rats. Whether
changes to these glial cells are merely a secondary consequence of neural changes or
whether they are a contributing factor to the outcomes of stress remains largely unknown.
In the present studies, we investigated the role of these glial cells as both predictive and
causative factors to stress-induced behavior. In Chapter 2, we describe how
oligodendrocytes and myelin in the hippocampus correspond to long-term changes in
anxiety-like behavior in an animal model of severe stress. While Chapter 2 focuses on
males, Chapter 3 expands this work to females, and we discuss the differences between
males and females in their responses to acute, severe stress. Together, these studies
contribute to the understanding of differential susceptibility to stress and may provide new
avenues for biomarkers and therapies.
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Chapter 1

Introduction



A brief overview of the stress response

Stress is a pervasive aspect of every mammal’s life. From a life-threatening
encounter with a predator, to chronic sleep disruption, to a looming thesis deadline, stress
is inevitable. Whether tangible (a rattlesnake rattling), intangible (that looming exam you
have tomorrow), and even fictitious, its effects are vast and variable and influence
everything from the structure of cells to the motivation to get out of bed.

Stress initiates a wide range of hormonal, neuronal, and glial changes that have
developed over evolutionary history to allow an organism to cope with a stressor. The
cascade is triggered initially by the detection of a threat, which can take the form of any
sensory input, from olfactory to visual to tactile, etc. In the case of humans, it can also be
triggered by cognitive input, such as the abstract concepts of deadlines, debts, and divorce.
The detection of such threats is conducted by the brain’s sensory and association cortices,
which then set in motion a coordinated system of neural and endocrine activity.

Through innate or learned associations, either direct or indirect input is provided to
the limbic system, an evolutionarily conserved set of regions responsible for contextual and
emotional integration to direct motivational states. The amygdala, a major structure of this
system, is particularly important to stress for threat detection and responsesl. Its
interconnected set of nuclei includes the lateral amygdala (LA), basolateral amygdala
(BLA), and central amygdala (CeA), with information flow largely occurring in that order.
The LA receives input from sensory structures and relays primarily to the BLA. This larger
subdivision has many reciprocal connections to structures throughout the brain, including
the prefrontal cortex, hippocampus, and sensory regions. Its primary output targets are the
CeA, bed nucleus of the stria terminalis (BNST), and striatum, each of which is implicated in
directing motivational and motor responses to the stimulus. Early and subsequent lesion
studies of the amygdala revealed its importance both to the recognition of positive and
negative stimuli and to emotional learning, such as the acquisition of fear?-* As
methodologies have progressed, studies have revealed the detailed molecular and circuit
dynamics that lead to the ability of the amygdala to encode valence for both reward and
fear cues!. Thus, the amygdala specifically contributes to the stress response by
recognizing negative emotional stimuli and enacting changes to a broad number of stress-
relevant regions.

In addition to the amygdala, sensory input is directed to the hippocampus, a
structure critical for contextual memory formation, spatial navigation, and behavioral
inhibition. The hippocampus is a gyrated structure with a well-characterized information
flow progressing unilaterally from the dentate gyrus (DG) to cornu Ammonis 3 (CA3) to
CA1 to the subiculum>. The DG receives excitatory input from the perforant path from
superficial layers of the entorhinal cortex in the temporal lobe, which in turn receives
information from many sensory, association, and frontal cortex structures. Axons from the
DG project through the hilus to CA3, and the output of CA3 projects to CAl. CAl, in
conjunction with the subiculum, acts as the final output of the hippocampus and creates a
circuit by projecting back to deeper layers of entorhinal cortex®. Additional output from
these regions projects to a number of areas, including the amygdala, lateral septum, and
nucleus accumbens®. The hippocampus and adjoining temporal lobe structures were first
noted for their importance to episodic memory, as lesions to this region inhibit new
memory formation, and the hippocampus has since been implicated in spatial processing,
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emotion, and motivation®. The hippocampus, then, contributes to associational learning of
emotional and contextual stimuli, and independent of its connections with the amygdala,
the hippocampus exerts inhibitory feedback to stress regions of the hypothalamus?.

In conjunction with limbic structures, the prefrontal cortex (PFC) provides critical
executive control over the stress response. It is composed of a number of sub-regions, each
with distinct afferent and efferent connections. Important to the stress response, portions
of the medial PFC (mPFC) contain reciprocal connections to the amygdala, hippocampus,
and other stress-related regions8. Overall, the PFC is known for its higher order cognitive
processing and its role in working memory, attention, planning, and coordinating goal-
oriented actions8?. The mPFC also encodes the expectation of rewarding or negative
outcomes, as well as learned signals of safety®10. Through its connections to the limbic
system and hypothalamus, the mPFC can exert top-down executive control over the stress
response to either promote or inhibit negative emotional states811-13,

Upon the conscious or unconscious perception of a threat, diffuse neurotransmitter
systems become activated by primary sensory areas and the amygdala to promote a state
of vigilance and alertness in the brain. In particular, the locus coeruleus is a small body of
catecholinergic neurons in the brainstem that project to nearly all areas of the brain,
including the hippocampus, hypothalamus, thalamus, cortex, and amygdalal#1>, In addition
to the promotion of vigilance and heightened alertness within the brain, the amygdala
triggers the peripheral stress response via stimulation of the hypothalamus and
subsequent activation of the sympathetic nervous system (SNS). Specifically, the lateral
division of the hypothalamus stimulates the medulla and the cells that control the spinal
cord SNS ganglial®. The SNS acts through acetylcholine and norepinephrine to bring about
changes to heart rate, respiration, and skeletal muscle tone and the release of adrenaline
from the adrenal medulla. Together, these systems induce the classic “fight-or-flight”
response that prepares the body for physical action.

In parallel with the sympathetic nervous system comes activation of the
hypothalamic-pituitary-adrenal (HPA) system, the primary steroidal hormone response to
stress1’. The hypothalamus is a set of diverse nuclei with equally diverse functions located
in the ventral diencephalon. Its sub-regions regulate a variety of homeostatic and survival
systems, including blood pressure, reproduction, feeding, temperature, thyroid function,
and stress responses. As detailed above, the lateral hypothalamus stimulates the SNS via
the medulla to promote the fight-or-flight response. In addition, the paraventricular
nucleus of the hypothalamus (PVN) is the hypothalamic regulatory site of the HPA. This
nucleus receives direct input from a number of regions, including the BNST, dorsal raphe
nucleus, and adjacent hypothalamic nuclei. The amygdala, hippocampus, and mPFC all
provide indirect projections to the PVN via the BNST and surrounding hypothalamic nuclei.
While hippocampal and mPFC projections ultimately produce inhibition of the PVN, the
amygdala stimulates the PVN, highlighting the role for each of these structures in stress
regulation. The primary product of PVN neurons is corticotropin-releasing hormone (CRH).
The axons of these neurons extend to the median eminence and release CRH into the
hypopheseal portal vasculature. Upon reaching the pituitary gland, CRH binds to receptors
on the nonneural anterior pituitary, the cells of which produce adrenocorticotropic
hormone (ACTH) from its precursor POMC. ACTH is released into the general blood stream
and travels to the adrenal glands. ACTH acts upon the zona fasciculata of the adrenal cortex
and stimulates the production of glucocorticoids (primarily either cortisol or
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corticosterone). These glucocorticoids, the final product of the HPA axis, act upon the
mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) in numerous tissues of
the body to bring about both fast and slow responses to stress18. These responses include
the stimulation of gluconeogenesis, memory consolidation, negative feedback upon the
HPA axis, and repression of immune function, among many others.

Adapting to the times: Mechanisms of stress-induced plasticity

Each of the systems described above is triggered by acute or chronic exposure to
stress, and each elicits mechanisms that enact short- or long-term plasticity within the
brain. These effects are wide-ranging and under most circumstances are adaptive means of
coping with and learning from experience. Such learning is ultimately brought about by
synaptic plasticity that takes place to create contextually and emotionally charged
stimulus-response associations. For example, a rodent might learn to avoid the yard where
the dog lives, or a human may recognize and fear the sound of a gunshot. This fear learning
is enacted by the sensory cortex and the limbic system described above.

The BLA in particular has been thoroughly studied for its role in fear learning.
Because this region receives extensive input from the LA as well as mPFC, hippocampus,
and sensory cortex, the BLA is positioned to integrate many bottom-up and top-down cues
via mechanisms such as spike-timing-dependent plasticity?29, In addition, its output to
these same regions may modulate synaptic plasticity and fear associations outside of the
amygdalal220, Glutamatergic and noradrenergic activity within the BLA are critical to
enhancing amygdala modulation of fear learning?1-23, and glucocorticoids also act in the
BLA to enhance memory consolidation?4. Synaptic plasticity and memory engram
formation in the hippocampus is also implicated in the behavioral output of fearful
stimuliz5, and mPFC-dependent learning can modulate amygdala and hypothalamic activity
to signal safety13:26,

Synaptic plasticity can be modulated by a number of stress-related
neurotransmitters and neuropeptides. For example, as mentioned previously,
norepinephrine is implicated in memory consolidation by the BLAZ3. The actions of
norepinephrine on adrenergic receptors in this and other regions are believed to enable
short- and long-term associative synaptic plasticity?’. These effects are believed to be
mediated by central norepinephrine from the nucleus of the solitary tract and the locus
coeruleus. Peripherally-released catecholamines, such as adrenaline, are unable to cross
the blood-brain-barrier; however, peripheral adrenaline has been found to act on the vagus
nerve, which then stimulates central norepinephrine from the nucleus of the solitary
tract?s.

In addition, a number of peptides enact changes to synaptic and dendritic structure
and function throughout the brain. For example, in addition to median eminence-projecting
PVN neurons that promote ACTH release, CRH neurons project to many stress-related
regions of the brain, including the amygdala, hippocampus, and mPFC, to enable fear
responses??. CRH release in the hippocampus triggers dendritic spine loss within hours of
stress exposure3?3l, Neuropeptide Y (NPY), often seen as the counter to CRH, is an
anxiolytic peptide. Activation of its receptor can trigger long-lasting reductions in anxiety-
like behavior and reduces post-synaptic excitatory currents while increasing inhibitory
post-synaptic currents in amygdala neurons via G-protein coupled cascades32. Growth
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factors, such as fibroblast growth factor 2 (FGF2), are released with acute stress exposure
and may contribute to neurogenesis33, while prolonged stress decreases expression of
brain-derived neurotrophic factor (BDNF), causing long-lasting reductions to spine
density34. Our appreciation for the role of various peptides and monoamines, including
oxytocin, cocaine and amphetamine regulated transcript (CART), serotonin, and dopamine,
in stress-induced plasticity continues to grow.

Many effects, including those detailed above, are brought about by the actions of
glucocorticoids. These steroidal hormones act upon both membrane-bound and cytosolic
receptors to bring about vast changes to transcriptional regulation, protein synthesis,
cellular structure, and functional modulation3>. The most studied target of glucocorticoids
is GR, a cytosolic receptor that translocates to the nucleus upon ligand binding. There, the
receptor-ligand complex dimerizes and interacts with glucocorticoid response elements to
activate or repress transcription of downstream genes. The complex can also interfere with
other transcription factors. Through these mechanisms, protein synthesis for numerous
genes is altered3>. Glucocorticoids also employ epigenetic changes. Through transcriptional
regulation of methyltransferases and histone deacetylase enzymes, glucocorticoid signaling
can induce long-lasting and even trans-generational changes to the epigenome3¢37. Finally,
the recently-discovered, membrane-bound glucocorticoid receptors act via G-protein
cascades to induce rapid functional changes to synaptic plasticity and neurotransmitter
action3s.

In sum, stress leaves an indelible mark upon the brain through these numerous
mechanisms. In the hippocampus, neurogenesis is increased or decreased depending on
stress severity333940, Chronic stress can induce atrophy of apical dendrites*!, and
uncontrollable stress leads to impairments to long-term potentiation#2. Similar changes are
seen in the mPFC: Chronic stress reduces spine density and dendritic arborization*344 and
ultimately reduces mPFC excitability!3. Conversely, stress potentiates the amygdala. While
atrophy is present in the hippocampus and mPFC, amygdala neurons display increased
spine density and dendritic arborization*>4¢, In addition, CRH, norepinephrine, and
glucocorticoids all modulate amygdala activity to promote fear learning and memory
consolidation?.20.24,

Much less understood are the effects of stress on glia and, conversely, the role of glia
in mediating the effects of stress. All glial subtypes express receptors for glucocorticoids,
and each subtype also expresses receptors for various neurotransmitters and peptides*’.
Hippocampal astrocytes release FGF2 in response to acute stress33, and astrocytic
modulation of amygdala circuits may contribute to the expression of fear*8. Microglia
display distinct morphological changes in response to stress and release pro-inflammatory
cytokines that alter synaptic plasticity and neural function*74950, Furthermore,
oligodendrocytes display dynamic changes in response to stress. Chronic social defeat
stress reduces oligodendrocyte precursor cell (OPC) density in the mPFC of mice, and social
isolation stress reduces PFC myelination>1-33. Chronic stress broadly alters transcription of
oligodendrocyte lineage genes, and several white matter abnormalities are found in
psychiatric disorders>4-57. Still, relatively little is known about how these cells contribute to
stress-induced plasticity, and this is an exciting new area of exploration.

The coordinated physiological response to stress was likely evolutionarily selected
as an adaptive mechanism for encountering life-threatening events, such as predators.
However, with sustained or traumatic stress, these mechanisms can quickly become
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maladaptive by triggering aberrant plasticity and long-lasting changes to fear and anxiety.
In particular, stress is recognized as a trigger for mood and anxiety disorders, including
depression, panic disorder, and post-traumatic stress disorder (PTSD). With prolonged
glucocorticoid exposure comes atrophy of the hippocampus and mPFC, hypertrophy of the
amygdala, loss of mPFC oligodendrocytes, sustained neuroinflammation, and many other
changes that ultimately create long-term harmful changes to motivational states,
emotionality, and fear>85%, Teasing apart the many underlying mechanisms of stress is thus
of critical importance to human health and disease.

Individuals vary in their responses to stress.

Complex, multicellular species exhibit individuality as a result of the complexity of
the genome coupled with the vast and unique experiences of an organism. Besides the
heterogeneity between individual genetic codes, even organisms with identical genomes
can display distinctive behaviors after unique environmental experiences®. For humans,
the emergence of individuality is true not only for appearance but also for brain function,
behavior, and reactions to stressful life experiences. In particular, human reactions to
traumatic events and chronic stressors can range from nonchalance to crippling changes to
mood and emotionality. Given the violence that persists in our world and the greater global
exposure to chronic physiological and psychological stressors, understanding the
underlying mechanisms of individual reactions to stress have become of great importance
to public health and welfare. This topic has become a rich area of exploration, as the
reasons for individual variation can range from external factors such as the nature of the
stressor to epigenetic changes that can confer susceptibility to dramatic alterations in
behavior.

Appraisal and community: Severity, controllability, and social support

First, factors completely external to the individual can influence the perceived
threat of an event. For example, physical severity of the stressor can dramatically influence
physiological responses and outcomes. While mild stress can enhance cognitive
performance and hippocampal function3361, severe trauma and life threatening events can
bring about persistent anxiety and impaired cognition and memory®2. This “inverted-U”"
model emerges for many aspects of stress, both cognitive and physiological®3, and the
potency of a stressor directly translates to strength of activation of stress-related regions of
the brain®%. Frequency and duration of stressors also influence outcomes. Repeated
exposures to a particular stressor can lead to habituation over time, with decreased
sympathetic and HPA activation®>; however, long duration or chronic, unpredictable stress
can lead to depression and irreversible structural alterations to the brain®®.

The perceived degree of control over one’s situation also influences reactivity and
cognitive outcomes®’. Uncontrollable stressors can induce exaggerated sympathetic
activity, increased glucocorticoid secretion, and learned helplessness®. Conversely, these
effects are largely eliminated when the individual can act to terminate the stressor®®. While
these factors appear external, physiological responses to different types of stressors
ultimately are rooted in the individual’s perception of threat and the corresponding
reactivity of the brain. Appraisal and perceived threat of a shared stressful event can,
therefore, create individual differences in stress responses. Most notably, this can lead to
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differences in the development of psychiatric disorders. For example, while a group of
individuals may all experience the same natural disaster, only about 4% of exposed
individuals will go on to develop PTSD70. The processes that influence appraisal can be
altered by genetic, epigenetic, hormonal, and neural factors, each of which will be
addressed in this overview.

Additional external factors include one’s interactions with others. While psychiatric
disorders can erode social interactions and support’l, social support has been
hypothesized to act as a buffer against trauma that can ameliorate the effects of stress’2.
This hypothesis has been well researched’3, and we have shown in our own work that
moderate stress in a rodent model can cause the release of oxytocin coupled with increased
time spent huddling with a cage mate’4 Culture may also influence the responses to
traumatic events, as culture and interpersonal interactions are tightly linked. Culture has
been hypothesized to influence many cognitive processes that are critical to the
development of stress-induced psychiatric disorders (appraisal, fear, memory), and its
impact on social interactions may contribute to psychological outcomes of trauma by
influencing how individuals seek support and how their physiology benefits from positive
social experience’>.

Early life adversity

An important contributor to individual differences in stress reactivity is life history,
specifically previous exposure to stress. For example, one indicator of susceptibility that
has emerged from surveys of PTSD patients is prior exposure to trauma, leading to the
hypothesis that previous experience of trauma predisposes an individual to subsequent
psychiatric disorders after a second hit7’¢-7°. This has been questioned by further
epidemiological research suggesting that, while those who experienced previous trauma
and subsequently developed PTSD had an elevated risk to develop PTSD later in life to a
secondary stressor, those who were exposed to trauma but did not develop PTSD do not
have an elevated risk after a second traumatic exposure8?. Nonetheless, several animal
models have successfully replicated this effect and provided valuable insight into the
plasticity that is produced by stress and how this plasticity affects future behavior and
reactivity to stress8l. For example, natural variation in licking and grooming of pups has
emerged as a model of poor early life care8283, Here, low maternal care was shown to alter
epigenetic regulation of the GR promoter in offspring, suggesting life-long alterations in
HPA axis regulation due to early life experience. Separation of the pups from the dam alters
adult hippocampal responses to stress84, and fragmented maternal care induced by limited
bedding material for the dam has also been suggested to alter behavior, HPA axis function,
and neural processes later in life8>. Exposure to stress during the juvenile time period
(prior to puberty) has also been shown to alter GR expression, subsequent responses to
stress, and function of regions such as the hippocampus86-2,

Counter to this is the stress-inoculation hypothesis. Here, it is hypothesized that
exposure to stress induces plasticity that confers adaptive advantages to the organism,
especially when a secondary threat is encountered later in life®l. This suggests, then, that
early exposure to stress could contribute to mechanisms of resilience, rather than
susceptibility. These, however, need not be mutually exclusive, as individual differences in
plasticity mechanisms could give rise to either adaptive or aberrant changes in physiology



and behavior, depending upon the strength of changes and the nature of subsequent
stressors.

Repeated exposure to stress in the adult time period has similar consequences.
Moderate stress can confer adaptive changes to the brain and behavior, including learning,
neurogenesis, and enhanced sociality3374. Chronic exposure, however, whether prolonged
or recurring, has been repeatedly shown to induce maladaptive changes to behavior,
potentially through prolonged exposure to glucocorticoids and/or vast structural changes
to neurons in stress-sensitive regions4>92,

Genetics and epigenetics

These external factors each bring about changes to physiology and behavior by
acting on stress-sensitive circuits within the brain, yet natural variation in the foundation
of these circuits can also bring about individual difference in stress responses®3. At the
smallest level, genetic differences in certain genes critical to the cellular response to stress
have been associated with individual variability. For example, polymorphisms in the gene
for FKBP5, a co-chaperone of the glucocorticoid receptor, have been associated with risk
for PTSD after early trauma®. A single nucleotide polymorphism in the BDNF gene
(Val66Met) is also associated with reduced neuronal secretion of BDNF, behavioral anxiety,
and depression495, Additional genes implicated in differential outcomes of psychiatric
disorders include ADCYAP1R1 (encoding pituitary adenylyl cyclase-activating peptide, or
PACAP), CRHR1 (a receptor for CRH), SLC6A4 (the serotonin transporter), and NPY
(neuropeptide Y), each of which implicates systems relevant to stress circuitry®6-2°.

In addition, as mentioned above, early life experience or even the experience of
previous generations can alter epigenetic signatures in genes critical to glucocorticoid
signaling, and these signatures have been associated with altered HPA action and risk for
psychiatric disorders100, Specifically, low maternal care increases methylation of the NR3C1
promoter in rats, which corresponds with decreased GR expression in the hippocampus
and elsewhere82:83101,102 Methylation of this gene has also been identified in the children of
mothers with prenatal depression03, as well as adolescents with internalizing behaviors104,
Several other genes have been implicated in epigenetic studies, many of which correspond
with SNP-associated genes cited previously, including CRHR1, FKBP5, SLC6A4, and IGF2195,

Hormones and neurotransmitters

Many of these point to crucial roles for hormonal and neurotransmitter signaling in
the etiology of mood and anxiety disorders. With the pivotal role of glucocorticoids in the
HPA axis and the associations of genetic and epigenetic changes to glucocorticoid signaling
with anxiety, it is no surprise that glucocorticoids are hypothesized to play a major role in
individual responses to trauma®’. With their wide-ranging effects on cells throughout the
entire body, glucocorticoids can trigger mechanisms of plasticity that will alter future
behavior. Through the actions of the glucocorticoid receptor and glucocorticoid responsive
elements, these stress hormones can elicit widespread changes to gene expression that
then correspond with PTSD and trauma-related outcomes106107, [n addition to
glucocorticoids changing gene expression, early life experience and prior stress can create
differential GR expression patterns via the epigenetic mechanisms discussed previously.
This can then affect the degree of glucocorticoid action on a given tissue and itself alter
HPA responses to stress. In particular, a hyporesponsive HPA can predict PTSD
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susceptibility®’. With decreased GR expression in the hippocampus with low maternal care
in early life, hormonal negative feedback can be impaired, leading to exaggerated
corticosterone responses in rats82:83101,

The mineralocorticoid receptor (MR) has also been implicated in stress
susceptibility. With a greater affinity for glucocorticoids, MRs are believed to be the
primary target of these hormones under basal conditions. With stress exposure and HPA
activity, these receptor sites become saturated, and glucocorticoids then begin to occupy
GRs108, Thus, increased MR expression can buffer against the effects of glucocorticoids.
Consistent with this, stress-susceptible mice display decreased hippocampal MR
expressionl%?, and decreased MR expression in several regions is linked with major
depressive disorder110,

In addition to glucocorticoids, adrenaline and norepinephrine signaling are
implicated in anxiety outcomes. Namely, increased autonomic nervous system activity is a
marker of PTSD, with increased norepinephrine levels in the CSF and increased heart rate,
blood pressure, and skin conductance at baseline and in response to trauma reminders!11,
High adrenergic activity at the time of trauma may also predict future PTSD outcomes12,
CRF (an alternative name for CRH) is also tightly linked with HPA axis activity, yet CRF
neurons project to many different regions of brain beyond the PVN and generally promote
anxiety-like behavior. Methylation of this gene can promote resilience in micel13, and both
genetic variants and epigenetic regulation of this gene are implicated in depression and
PTSD97.105

Another neuropeptide implicated in individual variability is NPY. With its capacity
to attenuate the effects of stress, variations that result in a loss of NPY function have been
associated with anxiety disorders and stress susceptibility?8114115 Specifically, plasma NPY
was negatively correlated with symptoms of dissociation in a study of soldiers undergoing
military training!14, and NPY levels are lower in those with PTSD, with a significant
correlation between increased plasma NPY and symptom improvement16. BDNF is another
peptide whose loss of function results in increased susceptibility to stress, while gain of
function results in resilience. As discussed previously, the Val66Met variant of the BDNF
gene is associated with depression®49>, In addition, extensive evidence from animal models
shows that BDNF is necessary and sufficient to promote resiliencel17.118,

Finally, the monoamine neurotransmitter systems have been implicated in
individual variability of stress responses. For example, polymorphisms in the SLC644 gene
encoding the serotonin transporter can confer resilience or susceptibility in young
adults119120, and dysfunctional serotonin signaling is heavily implicated in depression and
anxiety!21, As discussed previously, norepinephrine levels are associated with heightened
autonomic nervous system activation in PTSD patients111.122) and stress can produce
enduring changes to locus coeruleus firing patterns?3. The signaling hormones and
neurotransmitters discussed here only scratch the surface of our growing understanding of
the individual hormones and neurotransmitters that contribute to individual differences in
stress responses. How each of these relates to one or more of the others is poorly
understood and will be necessary to generate a complete understanding of the numerous
changes affected by and affecting stress reactivity.

Neural circuitry



Ultimately, these individual signaling molecules act upon neural circuitry to alter
behavior. Each is deeply intertwined with the structure and function of stress-regulating
regions of the brain, and structure and function have both been extensively studied as
markers of stress resilience. The amygdala, for example, shows hypertrophy in PTSD
patients, as well as rodents exposed to chronic stress6266124 Coupled with hypertrophy,
functional MRI has identified hyperactivity of the amygdala in a number of anxiety-related
disorders12>126, The PFC is also critical to individual variability. With its top-down control
over the hippocampus, amygdala, and other stress-related areas, the PFC is poised to
contribute to individual differences in appraisal and reactivity. Specifically, the prelimbic
and infralimbic cortex have been implicated in fear extinction!l, and mPFC is highly
involved in the appraisal of controllable and uncontrollable stressors!??. Furthermore,
chemogenetic activation of excitatory synaptic input onto stress-sensitive mPFC neurons
can induce learned helplessness28. In humans, dysfunctional connectivity between the PFC
and the amygdala contributes to aberrant control of amygdala reactivity2°. Finally, the
hippocampus has been implicated in a number of mood and anxiety disorders. For
example, the hippocampus is a site of dense GR expression, and it exerts inhibitory control
over the HPA”. The epigenetic regulation of GR within this region due to early life adversity
significantly contributes to future behavior and HPA reactivity. Furthermore,
glucocorticoid-mediated glutamate tone and hippocampal volume are associated with
susceptibility to chronic stress in mice130.131,

Thus far, every mechanism detailed has focused on neuronal structure and function.
Yet, recent advances have demonstrated the power of glia to react to activity,
neurotransmitters, and hormones and subsequently influence neuronal activity. The role of
glia in stress susceptibility and resilience, however, is very poorly understood. In the
following section, I will detail the potential role of one type of glial cell - the
oligodendrocyte - in reacting to stress and contributing to stress circuitry.

Overall, I have reviewed a number of individual mechanisms that have been
hypothesized to contribute to individual variability in stress responses. In reality, however,
each (and perhaps all) are inextricably linked by the general concept of gene x environment
interactions. Differences in appraisal, for example, are a result of cognitive processes
founded on genetic influences to neural circuitry and neurotransmitter systems and
plasticity- and epigenetic-based alterations of those circuits from experiences throughout
development. Changes to glucocorticoid concentrations can alter structural and functional
aspects of many regions of the brain that then change cognition and behavior to alter
responses to future stressors. Thus, a full and complete understanding of individual
variability will require an immense, integrative, multi-level appreciation of the various
influences of life history, social psychology, endocrinology, genetics, and neuroscience.

Oligodendrocytes and their role in neuronal circuits and behavior

Currently, one severely understudied source of individual variability is the
oligodendrocyte. The past several years have seen a burgeoning number of studies
investigating the oligodendrocyte and the myelin it produces. These studies have shown
that in the story of neural circuits, these cells are not merely static characters that
myelinate axons of a designated caliber, but are instead dynamic actors that can respond to
neural activity and influence neural function.
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The Oligodendrocyte

Oligodendrocytes are glial cells of the CNS. First described by Rio Hortega,
oligodendroglia were named for the few processes that appeared using silver carbonate
impregnation32, In reality, these cells extend out many processes that contact surrounding
axons and act to ensheath them with myelin. Morphologically, these cells are smaller in size
than their astroglial counterparts and are distinguished by dense cytoplasm, a lack of
cytoplasmic intermediate filaments, and a large number of microtubules in the
processes!33,

During development, CNS oligodendrocytes arise from multiple waves of
oligodendrocyte precursor cells (OPCs) originating from the neuroepithelium of the ventral
telencephalon and postnatal cortex in the late prenatal and early postnatal time period?34.
These OPCs migrate and populate the developing cerebral cortex and white matter, and
inhibitory cues from contact with neighboring OPCs drive a relatively uniform distribution
throughout the brain13>. Continued surveillance of the local environment via filopodia and
inhibition from surrounding OPCs drive a stable stellate pattern?35136,

OPCs progress through a number of maturational stages, each of which is
characterized by a relatively distinct transcriptional profile!37, and each of which can be
classified by the presence of immunohistochemical markers. The transcription factors
Sox10, Oligl, and Olig2 each play critical roles in the differentiation and function of
oligodendrocytes138-141 and each is a general marker of the oligodendrocyte lineage. The
OPC itself is characterized by a number of markers, including neural/glial antigen 2 (NG2)
and platelet-derived growth factor receptor alpha (PDGFRa). OPCs are capable of
symmetric and asymmetric division, as well as terminal differentiation without
division136142, Researchers continue to uncover cues that induce OPC proliferation, and
these cues include a reduction in surrounding OPCs (due to differentiation, etc.) and neural
activity136.143,

Upon differentiating, newly formed oligodendrocytes express the marker ENPP6144,
These cells integrate into the existing oligodendrocyte landscape and extend ramified
processes to ensheath axons in myelin. Studies have indicated that new myelin internodes,
particularly in the mature brain, are exclusively supplied by these new oligodendrocytes4>
and that newly formed oligodendrocytes have a limited time frame in which to successfully
integrate and produce myelin before cell death occurs145146,

Upon successfully integrating, mature myelinating oligodendrocytes express various
proteins used for immunohistochemical markers, including myelin basic protein (MBP),
myelin-associated glycoprotein (MAG), myelin/oligodendrocyte glycoprotein (MOG),
proteolipid protein 1 (PLP), and 2',3'-cyclic-nucleotide 3’-phosphodiesterase (CNP). These
cells ensheath axons by forming concentric rings of membrane that then compact and expel
cytoplasm47, Myelin itself is rich in lipids and low in water content, which aids in
insulation of the axon. Myelin proteins compose only about 30% of the dry weight of
myelin, and the predominant proteins are MBP and PLP133. MBP is critical to myelin
compaction!48-150 while PLP provides structural stability after compaction?>1,

Individual segments of myelin, known as internodes, assemble and leave small gaps
of exposed axon, known as nodes of Ranvier. While unmyelinated axons have a uniform,
low-density dispersion of sodium channels along the length of the axon, myelin formation
induces the clustering of voltage-gated ion channels at the nodes of Ranvier!>2, Here then

11



emerges the canonical role of oligodendrocytes and myelin, which is to speed the action
potential via saltatory conduction.

Myelin formation can occur via activity-dependent and activity-independent
mechanisms. Oligodendrocytes have been shown in culture to spontaneously wrap
nanofibers with a diameter of at least 0.4 um?53, indicating that even in the absence of
axonal cues, the biophysical properties of axons and myelinating sheaths allow for the
myelination of large diameter axons. Activity-dependent myelination, however, relies upon
cues derived from the oligodendrocyte’s environment. This relatively new line of research
has opened the exciting field of experience-dependent myelin plasticity, which has in turn
led to discoveries of new roles for oligodendrocytes and myelin in circuit function.

Oligodendrocytes and myelin composition change with environmental conditions, experience,
and psychiatric disorders.

Mounting evidence has now shown that oligodendrocytes are capable of responding
to and interacting with their local environment!35154-157 [n 1993, Martin Raff and Ben
Barres (a pioneer in the field of glial biology) were the first to demonstrate that blocking
electrical activity of axons could decrease OPC proliferation in the developing rat optic
nervel43, This led to a number of studies searching for mitogenic controls of
oligodendrocyte development and the properties of axonal activity that lead to
myelination, and OPCs have since been shown to be exquisitely sensitive to neuronal
activity within their immediate surroundings. OPCs express receptors for PDGF, which
stimulates OPCs to proliferate, and astrocytes acting as an intermediary between neuronal
activity and OPC proliferation have been suggested to be a source of PDGF143.158, [n
addition, OPCs can receive direct axonal input from glutamatergic and GABAergic
neurons!>9-161, More recently, optogenetic stimulation of premotor cortex in awake,
behaving mice was shown to increase proliferation of Olig2- and PDGFRa-positive cells of
the oligodendrocyte lineage, demonstrating that neuronal activity could induce OPC
proliferation62, A similar result was found with pharmacogenetic stimulation of layer 2/3
pyramidal neurons in somatosensory cortex163,

Once differentiated, these newly formed oligodendrocytes must successfully
myelinate to become integrated into the local landscape. While oligodendrocytes can
passively wrap axons of large caliber, neuronal activity has also been shown to affect
myelination patterns of newly formed cells. For example, blocking neuronal activity with
tetrodotoxin or stimulating activity with a-scorpion toxin can block or stimulate
myelination in culture, respectivelyl¢4. In addition, electrical stimulation of neurons in
culture may influence astrocytes, which then release stimulating factors that promote
myelination from oligodendrocytes6>.

Other work has more specifically demonstrated that axonal signaling to
oligodendrocytes influences myelination patterns. For example, ErbB receptors on
oligodendrocytes interact with axonal-expressed neuregulin to promote an activity-
dependent mode of myelination by increasing NMDA-receptor-dependent glutamatergic
signaling in oligodendrocytes!®6, Furthermore, axonal signaling to oligodendrocytes may
differ by neuronal subtype, as subtype-expression of tetrodotoxin diminishes myelination
on the axons of some neuronal subtypes, but not others!¢’. Finally, pharmacogenetic
stimulation of sensory cortical neurons increases myelination of long-range projections
specifically of those stimulated neurons, suggesting that activity does not yield a
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nonspecific increase in myelin, but instead signals which axons are to be myelinated!3.
Upon successfully integrating into the myelin landscape, the capacity of mature
oligodendrocytes to produce new internodes is uncertain. Rather, it appears that while
these mature cells can retract or thicken their existing myelin, they have a limited capacity
to create new stretches of myelin145146168 Together, these studies demonstrate the vital
role of neuronal activity in controlling oligodendrocyte and myelin formation.

The capacity of oligodendrocytes to respond to their environment, however, is not
limited to axonal activity and peptides expressed by axons. Instead, like most cell types,
oligodendrocytes express receptors for and respond to numerous pharmacological cues,
including stress peptides and hormones. Glial cells express type Il glucocorticoid receptors,
which suggests that glia themselves experience cell-level changes due to stress169.170;
however, direct evidence for glucocorticoid action on OPCs and oligodendrocytes at the
cellular level is limited. Several studies have suggested that glucocorticoids and chronic
stress reduce OPC proliferation and myelinogenesis in the developing brain171-173; although
we have shown that chronic administration of glucocorticoids can increase
oligodendrogenesis and transcription of oligodendrocyte and myelin genes in the
hippocampus of rats in vivo and in culturel’4,

Activity-dependent and stress-induced influences on oligodendrocytes pave the way
for dramatic changes to oligodendrocyte content and white matter in response to
numerous developmental and adult insults. This is evident in both humans and animals.
One of the most prominent case studies in the human literature of early life adversity is
that of a cohort of individuals who were raised in Romanian orphanages during the
communist regime. Under a natalist directive, these orphanages became overcrowded with
deserted children, leading to severely deprived conditions for infants and young children.
After the fall of the communist regime in 1989, many children were adopted or placed into
substantially better conditions, yielding a unique cohort of humans who experienced
adversity only in early life. Several studies now have analyzed the neural and cognitive
aspects of these children. Notably, multiple studies have shown that developmental
trajectories of several white matter tracts are altered, with institutionalized children
displaying decreased white matter integrity>7.17>. Institutionalization also alters white
matter microstructure in the PFC, and these alterations are correlated with PFC-related
cognitive deficits17e.

Several rodent models of early life stress have also demonstrated significant
alterations to oligodendrocytes and myelin. We have shown that low licking and grooming
from rat dams yields increased myelination of the hippocampal dentate gyrus in adult
offspring (Taravosh-Lahn, unpublished data), and fragmented maternal care in mice
developmentally accelerates hippocampal MBP expressionl’’. Furthermore, early weaning
of pups can accelerate myelin formation in the amygdalal’8. In contrast, prolonged
separation of pups from the mother can decrease myelination of the prefrontal cortex!7?,
and early weaning may influence whole-brain white matter developmental trajectories!®o,
Social isolation in the juvenile time period also decreases PFC myelin>3172, suggesting that
prolonged stress may have region-specific effects on myelin development. Whether these
effects are triggered by environmental deprivation (and hence decreased neural activity),
prolonged exposure to glucocorticoids, or a combination of the two, remains unknown.

In addition to developmental experiences, oligodendrocytes remain sensitive to
stress and their environment in adulthood. Most studies of stress and myelin in the adult
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rodent have focused on models of chronic stress. Here, chronic stress and prolonged
glucocorticoid exposure inhibit myelination in the prefrontal cortex and other gray and
white matter regions!7218L182  [n contrast, we have shown that chronic immobilization
stress in the rat increases oligodendrogenesis in the dentate gyrusl’4. Changes to
myelination in each of these regions may have functional consequences to the brain and
behavior.

This extends beyond stress as well, as white matter imaging in humans and
examination of circuit-specific axons reveal learning- and experience-dependent myelin
plasticity. For example, both learning a new language and extensive piano practice yield
changes to diffusion tensor measures of white matter in areas related to the specific task
(i.e. language or motor cortex)183184 This phenomenon has been successfully modeled in
the rat, as diffusion tensor imaging revealed changes to fractional anisotropy in motor
cortex in response to a novel reaching task8>, At the cellular level, sensory enrichment in
mice induces oligodendrogenesis, although here it was not found to influence myelin
remodeling!4>, and environmental enrichment has long been known to alter gliogenesis in
the brain186.187,

With the mounting evidence that oligodendrocytes and myelin are influenced by
stress and experience throughout life, it is perhaps no surprise that oligodendrocyte and
myelin abnormalities have been identified in numerous psychiatric disorders!88-190, For
example, microarray analysis of post mortem tissue from the dorsolateral PFC of
schizophrenic patients revealed that gene expression for synaptic plasticity,
neurotransmission, and myelination is disrupted in patients compared to healthy
controls??1, A single nucleotide polymorphism for one such myelination gene (CNP) has
been implicated in schizophrenia susceptibility, and a CNP heterozygous knockout mouse
model bears striking similarity in behavioral effects to patients with the affected CNP
genel92193 Variants of another risk-conferring gene, Nogo-66 receptor 1 (NGR), were
replicated and shown in vitro to be non-functionall®4. This axonally-expressed protein
interacts with myelin-associated inhibitors to prevent axonal sprouting, suggesting that
circuit stabilization and crystallization may be altered in schizophrenic patients with these
variants, and NGR7/- mice have working memory deficits reminiscent of schizophrenia.
Furthermore, oligodendrocyte cell density (but not neuronal cell density) is decreased in
the dentate gyrus of schizophrenic patients, and this decrease may be associated with
cognitive deficits1>. These, along with numerous other studies, suggest that
oligodendrocytes and myelin are dysfunctional in schizophrenic patients and that these
cells can themselves contribute to pathological etiology.

Myelin abnormalities have also been implicated in mood and anxiety disorders.
Depression is associated with white matter changes in the human frontal-limbic system196-
199 and these changes may correlate with behavioral symptoms such as rumination99.
Abnormal diffusion tensor imaging measures have also been implicated in social anxiety
disorder and TBI-induced PTSD200201 [n addition, although patient sampling and
methodology vary drastically among imaging studies and sometimes yield conflicting
results, consistent trends for alterations to white matter emerge in the cingulum and
superior longitudinal fasciculus of PTSD patients>6202, Oligodendrocytes, then, may be an
underappreciated component to the complex etiology of these psychiatric disorders.
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Oligodendrocytes and myelin are positioned to affect neuronal activity, circuit dynamics, and
cognitive function.

All together, the ability of oligodendrocytes to respond to neuronal activity and
stress and their many associations with psychiatric disorders, suggest that these cells are
critical components of neural circuits and neural function. Yet, it remains unclear whether
experience-dependent myelination is an epiphenomenon of underlying neuronal changes
or, conversely, whether oligodendrocytes and myelin can themselves contribute to circuit
function and, ultimately, to behavior. In fact, increasing evidence suggests that, indeed,
oligodendrocytes are integral units for proper circuit dynamics and can influence neuronal
function?03,

Early studies focused on the canonical role of myelin in supporting axons and
uncovered novel roles for oligodendrocytes in providing trophic support to the axons they
ensheath by observing that axons can degrade after the loss of myelin204-206, Specifically,
lactate transporters are highly expressed in oligodendrocytes, and disruption of this
transporter can trigger axonal degradation in vivo and in culture2?’. In order to tailor
metabolic support to the firing patterns of neurons, oligodendrocytes express NMDA
receptors that regulate glucose import in response to axonally-released glutamate208,
Disruptions of oligodendrocytic support can alter neuronal function and is hypothesized to
contribute to the white matter reductions seen in schizophrenial94205.206,

New roles for oligodendrocytes have also been discovered in the regulation of the
nodes of Ranvier. Before myelination, distribution of voltage-gated sodium channels is
relatively uniform and low-density. Myelination then triggers the clustering of these
channels into the nodes of Ranvier, thus potentiating saltatory conduction. The loss of
oligodendrocytes and myelin from the adult brain can induce the dispersion of these
clusters. Interestingly, however, in a mouse model of spontaneous demyelination without
the loss of oligodendrocyte cell bodies, sodium channel clusters remain intact for several
weeks20%, Furthermore, contact between peripheral Schwann cells and the axon does not
appear to be necessary for sodium channel clustering?10. Together, these suggest that the
boundary created by paranodal proteins is not the sole means of axonal sodium channel
clustering. Indeed, a secreted factor from oligodendrocytes may induce the initial
clustering of sodium channels without the need for axo-glial contact!52211,
Oligodendrocytes, therefore, may play more active roles in sodium channel clustering and
maintenance.

The canonical role of myelin is to insulate axons and promote saltatory conduction
and hence increase action potential velocity. This is generally viewed as a passive result of
myelin formation and sodium channel clustering, but here too oligodendrocytes may play a
much more active role than previously thought?12, Firstly, while mature oligodendrocytes
do not appear able to create new internodes!46, these cells can respond to increased
neuronal firing rates by remodeling existing internodes. Genetic knockdown of ERK1/2
activity decreases myelin thickness independent of oligodendrocyte differentiation?13, and
upregulation of ERK1/2 activity not only increases myelin thickness but also leads to faster
conduction speeds!¢8. In addition, remodeling in internode length and node of Ranvier
length can both influence conduction speed?12.214, Specifically, nodal length varies among
axons in the rat optic nerve and cortex, and such differences are estimated to yield 20%
differences in conduction velocity?14. Remarkably, recent work has demonstrated that
oligodendrocytes may act on a much shorter time scale than this and potentially alter
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neuronal conduction without large changes to myelin structure?!s, Firstly, it was shown
that oligodendrocytes in the alveus of the hippocampus are depolarized by electrical
stimulation of upstream neurons and that direct depolarization of the oligodendrocytes
altered action potentials specifically in those axons that were myelinated by the
depolarized cell?16, Later work demonstrated that optogenetic depolarization of
oligodendrocytes in this region yielded short- and long-term plastic changes to action
potentials on the order of minutes, suggesting that these glial cells can influence
conduction velocity upon stimulation from neurons217.218,

Clearly, then, oligodendrocytes contribute in many underappreciated ways to the
proper function of neurons, and research continues to find new roles for these cells. Indeed,
recent studies have demonstrated that mature oligodendrocytes exhibit heterogeneity,
with different transcriptional profiles in different regions of the CNS21°, This suggests that
OLs may be differentially affected by local environments and, therefore, may serve different
functional roles in various regions of the brain.

Our understanding of the functional role of oligodendrocytes and myelin in
plasticity and circuit function is weak but growing as we continue to appreciate how these
glial cells contribute to neuronal structure, circuit crystallization, and signaling
synchrony?20, First, myelin has long been implicated in the structural and chemical
inhibition of axonal growth and synaptogenesis. Neurite growth is inhibited after injury
due to contact between the axonal growth cone and myelin-associated inhibitors, which
include MAG, oligodendrocyte myelin glycoprotein (Omg), and Nogo-A221-223, Beyond
injury, myelin inhibitory cues were then shown to prevent plasticity in the visual cortex; in
mutant mice with the Nogo receptor knocked out, animals maintained plasticity of ocular
dominance columns in response to monocular deprivation, despite the fact that these
animals had passed the critical period for experience-dependent plasticity in visual
cortex?24, Given that myelin formation coincides with the progressive maturation and
decreased plasticity of different brain regions (from brainstem to sensory to association to
higher order cognitive regions), myelin may play a crucial role in closing critical periods
and preventing plasticity.

A second functional role for oligodendrocytes lies in their effects on precision timing
and cortical rhythms. As discussed previously, oligodendrocytes can act within minutes to
induce functional changes to conduction velocity. This, coupled with the canonical role of
myelin, would argue for a role of oligodendrocytes in contributing to spike timing and
spike-timing-dependent plasticity. One excellent example of this comes from the auditory
pathway. While axons in white matter regions typically show a standard ratio of internode
length to myelin diameter, axons encoding low frequency tones in the auditory brainstem
of the gerbil depart from this ratio with larger diameter axons and shorter internodes?22>.
This is coupled with faster conduction velocities, and the alterations to the ratio in this
region are believed to ensure precise spike time arrival needed for sound localization?25,
Such changes to spike timing might also play a role in bringing about or disrupting large-
scale synchrony and cortical rhythms. Recent work showed that, surprisingly, a large
portion of myelinated fibers in rodent cortex and hippocampus are not long-range
projection axons but short-range range axons of parvalbumin-positive fast-spiking
interneurons?226. These cells are believed to contribute to gamma oscillations227. In addition,
modeling work demonstrates that in the case of coupled oscillators, minute changes to
conduction velocity (mediated by myelin) can yield large changes to resulting
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oscillations?28, Given the important role of myelin in these functions, the degree to which
myelination can be altered with experience is both fitting and surprising. Recent work
demonstrated that individual axons vary in the length and number of unmyelinated
stretches, and importantly, even a myelinated fiber can have long stretches of naked
axon?29, This is surprising given the previous discussion of activity-dependent cues from
the axon to surrounding oligodendrocytes and that such myelinated fibers might be
expected to be tuned within its circuit. However, this also opens the possibility for rather
extensive myelin remodeling?s¢, in which the addition of internodes might be expected to
speed conduction velocity of that particular fiber and hence alter its role in its particular
circuit.

How the oligodendrocyte’s role in neuronal function, plasticity, and circuit dynamics may
translate to behavior.

The link between oligodendrocyte changes to cellular and circuit function and
changes to cognitive function remain largely unclear, as this requires an understanding of
the underlying circuits of behavior, which are still under intense investigation. Nonetheless,
with new knowledge for the role of oligodendrocytes in neural plasticity and psychiatric
disorders, there is now growing appreciation for the role of these glial cells in behavior.

The most obvious evidence of myelin effects on behavior comes from studies of
demyelination models. The shiverer mouse, which lacks expression of MBP, exhibits
tremors early in life149.230 and impaired performance on a complex running wheel231. Motor
deficits are commonly explored and easily interpreted in such models, yet demyelination
models also yield surprising evidence of impaired social interaction, impaired attentional
set-shifting, impaired spatial memory, and decreased anxiety-like behavior232:233,
Consistent with this, genetic deletion of CNP causes disorganization of nodes of Ranvier
and paranodes, and this deletion is accompanied by increased locomotion, decreased
anxiety-like behavior, and resilience to chronic stressors234,

[t is perhaps unsurprising that numerous motor and cognitive tasks would become
dysfunctional after global demyelination models such as these, but how oligodendrocytes
may support circuit function and behavior in a non-demyelinated state remains an open
question that is ripe for exploration. Even more exciting are studies that have conducted
targeted manipulation of oligodendrocytes and myelin that then show subsequent changes
to behavior and affect. Firstly, motor function is again altered when oligodendrocytes are
selectively manipulated. For example, radiation-induced demyelination leads to deficits in
locomotion and rotarod performance, but remyelination in the cerebellum and corpus
callosum from grafted human stem cell-derived OPCs is sufficient to recover motor
function?3>, In addition, optogenetic stimulation of premotor cortex increases
oligodendrogenesis and myelin in this region and is associated with increased swing speed
in the contralateral paw162,

Again though, the contributions of oligodendrocytes to behavior extend beyond
motor function. For instance, while radiation-induced demyelination impairs novel object
recognition, OPC grafts and remyelination recover cognitive performance?3>. Myelin also
appears critical for learning. Blocking the ability of newly-formed oligodendrocytes to
create new myelin inhibits learning on the complex running wheel, suggesting that adult
myelin plasticity is necessary for proper synaptogenesis, circuit function, and
learning44236, This effect on learning extends to affective learning as well. For example,
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constitutive ERK1/2 overactivation increases myelin sheath thickness and enhances
associative learning in a conditioned fear test168.

Interestingly, oligodendrocyte disruption has also been implicated in emotionality.
Loss of tight junction function in oligodendrocytes decreases anxiety-like behavior, despite
apparently normal myelin structure23’, and this is consistent with observations from mice
lacking CNP234, Furthermore, conditional ablation of NG2 precursors in the PFC of mice
produces increases in anxiety-like behavior and social interaction®1, which recalls us to the
previous discussion of decreased myelination in the PFC of socially isolated mice>3172, In
fact, administration of clemastine into the PFC of socially isolated mice restores not only
myelination but also social interaction behavior!72,

The work conducted so far on oligodendrocytes and emotionality has focused
primarily on the PFC. However, several other regions are important to stress and affect,
including the hippocampus. As a region that is exquisitely sensitive to stress and exhibits
stress-induced changes to glial74, the hippocampus represents an underappreciated region
where oligodendrocytes may act to affect behavior. In this dissertation, I will explore the
effects of acute stress on hippocampal oligodendrocytes and its relationship to stress-
induced anxiety. Through detailed analyses of behavior, hormones, glial content,
transcriptomics, and viral manipulation, [ relate hippocampal oligodendrocytes to
avoidance, startle, and fear behaviors, I explore the mechanisms behind this relationship,
and I perform a proof-of-concept manipulation to probe for a causal relationship between
hippocampal glia and anxiety. This work is a critical addition to these studies that reveal
that oligodendrocytes can alter motor function, fear, anxiety, learning, and social
interaction238239, It opens new avenues of research into glial contributions to behavior and
new therapeutic targets for mood and affective disorders.
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Chapter 2

Hippocampal oligodendrocytes correspond to individual
outcomes of stress-induced anxiety.
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Introduction

Stress is a pervasive aspect of every mammal’s existence that induces dramatic
changes to the brain and behavior. Yet, an individual’s response to stress can vary from
indifferent to dramatic. Although many will be exposed to chronic or traumatic stressors
throughout their lifespans, only a subset of individuals will develop persistent, debilitating
changes to fear and anxiety behavior, such as those associated with post-traumatic stress
disorder (PTSD)70.240, Neuroscience has therefore sought the biological factors of individual
variability contributing to responses to threat as well as the processes of memory
consolidation, extinction, and fear generalization.

Numerous physiological processes drive the changes induced by stress, and each
can be both a source of and an influence on individual differences in stress responses.
These processes have been intensely studied in both humans and animal models. The
hormonal response of the hypothalamic-pituitary-adrenal (HPA) axis is one of the most
studied moderators of aberrant stress reactions, as glucocorticoids play a large role in
orchestrating the cellular and physiological actions of stress. Glucocorticoid receptors (GR)
are expressed in nearly all tissues of the body, and glucocorticoid responsive elements
(GREs) modulate the expression of genes related to cellular structure, metabolism,
epigenetic regulation, neurotransmitter expression, and many other processes!30.241,242 [n
addition, glucocorticoid levels in the immediate aftermath of trauma have been found to be
lower in those who subsequently develop PTSD240, and PTSD patients exhibit blunted
responses of the hypothalamic-pituitary-adrenal (HPA) axis after traumal®., Adrenaline,
norepinephrine, and several other neurotransmitters (serotonin) and neuropeptides (CRF,
BDNF, NPY, CART, etc.) have also been implicated in the stress-induced regulation of
neuronal structure, function, and circuit dynamics that lead to maladaptive behavior?9243,

These mechanisms lead to structural changes in areas that both control and are
sensitive to stress, including the amygdala, hippocampus, and prefrontal cortex (PFC).
Imaging studies have revealed volume reductions in these areas in those with either PTSD
or trauma exposure244245 and these changes may be the result of dendritic atrophy?®3.92246,
Functional imaging has also shown perturbations to activity in these areas, with the PFC
and hippocampus generally demonstrating decreased activity in PTSD patients and the
amygdala demonstrating hyperactivity in trauma-exposed individuals125126,129,247,248 These
findings have been modeled and probed in rodent models and have demonstrated that
amygdalaz062, hippocampal?.249250, and mPFC1213128 function all can contribute to either
resilience or susceptibility to stress-induced perturbations to behavior.

While these studies have provided valuable insight into the neural mechanisms of
anxiety, glia have emerged as critical regulators of the brain’s structure and function, but
their role in maladaptive stress responses is much less understood. Astrocytes, microglia,
and oligodendrocytes are all capable of responding to glucocorticoids'¢?251 and show
alterations with stress exposure?52. Astrocytes and microglia have both been implicated in
the outcomes of stress2°3254 but exciting new work has revealed the importance of
oligodendrocytes and the myelin they produce to neural circuits and, even, behavior and
psychopathology?38254,

Myelin and the oligodendrocyte lineage have been shown to be sensitive to stress
and can be decreased not only in long-range white matter tracts but also in gray matter
regions such as the PFC and amygdala with social isolation or three-day stress
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exposure>3169.172.255 More broadly, oligodendrocytes and myelin have been shown to
change with experience, which has opened the burgeoning field of myelin plasticity?203256,
Optogenetic stimulation, sensory enrichment, and pharmacogenetic stimulation of
neuronal activity have all been shown to induce oligodendrogenesis and the preferential
myelination of electrically active axons14>162163  potentially occurring via electrical
stimulation and depolarization of oligodendrocytes precursors or direct axo-glial
communication to pre-myelinating oligodendrocytes2>7-259,

The effects of this adaptive myelination go beyond the simple acceleration of neural
conduction and have been proposed to have meaningful functional consequences for circuit
activity256. Myelin provides both a structural and biochemical barrier to synapse formation,
thus crystallizing circuits and strengthening active connections?24, and through myelination
of both long-range projections and short-range interneurons, myelin can influence
oscillations and synchrony of neuronal ensembles, thus affecting the probability of synaptic
long-term potentiation226:228, [n addition, depolarization of myelinating oligodendrocytes
can lead to functional changes in axonal conduction velocity in the hippocampus?216.218, This
suggests that oligodendrocytes and myelin are not merely passive means of altering neural
conduction, but may be active and necessary components of functional plasticity and may
ultimately influence behavior56220, In support of this, activity-dependent
oligodendrogenesis is necessary for behavioral changes in motor learning and motor
improvement following radiation!44162.235236,

The importance of myelin, however, extends beyond motor function and into higher
cognition, such as memory, fear, and anxiety-like behavior. For instance, genetic disruption
of tight junctions in CNS myelin disrupts the electrochemical integrity of myelin and was
shown to decrease anxiety-like behaviors in mice?37. Loss of NG2-positive OPCs in the PFC
triggers increases in avoidance behavior and decreases in social interaction, characteristic
of depression-like behavior>l. However, rescuing myelination in the PFC also rescues social
interaction following chronic social isolation stress172.

Given this ability of oligodendrocytes to alter circuit function and behavior coupled
with the sensitivity of oligodendrocytes to stress, these cells are positioned both to be
affected by and to contribute to psychiatric disorderss+157.182190_ [n fact, a common finding
in imaging studies of psychopathologies, such as schizophrenia, depression, and PTSD, is
alteration to white matter composition188194195260261  Specifically, anxiety disorders,
including PTSD and generalized anxiety disorder, are associated most often with decreased
fractional anisotropy of the cingulum or uncinate fasciculus>>56200.202262  [n addition to
these white matter changes, we have shown via T1w/T2w quantification that myelin in the
hippocampus of adult combat-exposed veterans with PTSD is elevated compared to
combat-exposed control patients263. These increases are positively correlated with scores
on the clinician-administered PTSD scale (CAPS), suggesting that vulnerability and
hippocampal myelin are tightly related.

The hippocampus is indeed particularly sensitive to stress due to a high
concentration of glucocorticoid receptors and the subsequent changes to structure and
function that occur with stress?49264, Chronic and severe stressors can decrease
neurogenesis in the dentate gyrus and induce dendritic atrophy in pyramidal
neurons26>266, Stress may also affect myelin within this region. We have shown that 7-day
chronic restraint stress biases dentate gyrus neural stem cells towards an oligodendrocytic
fate via glucocorticoid-mediated upregulation of oligodendrocyte transcription factors
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Oligl and Olig2174, In addition, OPCs within the hippocampus receive both glutamatergic
and GABAergic input, thus placing the hippocampus in a position in which both
glucocorticoid release and stress-induced hippocampal activity can upregulate
oligodendrogenesis159.161,

However, the consequences of stress-induced oligodendrogenesis in this region are
not understood. Oligodendrocytes in the hippocampus can affect conduction velocity and
LTP in surrounding synapses216267 and the crystallization of circuitry by myelin may
contribute to the aberrant cementing of a traumatic episode?®8. Thus, given that
hippocampal myelin is positively correlated with PTSD symptom severity in human
patients263, we may posit that myelin contributes to a stress-vulnerable hippocampus.

In this study, we tested the hypothesis that stress-induced oligodendrogenesis is a
marker for a reactive hippocampus and that this contributes to the behavioral expression
of anxiety. To test this, we developed a rodent model of acute trauma coupled with a novel
method of quantifying anxiety-like behavior based upon cutoff behavioral criteria269.270,
While the majority of studies that investigate individual variability in stress responses have
utilized chronic stress models, it is well known that prolonged glucocorticoid exposure has
widespread, dramatic effects on neuronal and glial structure and function®3°2, Most
individuals would be expected to succumb to these effects, and thus, these studies provide
candidates for the factors that confer resistance to chronic stress and glucocorticoids.

Equally critical are studies that provide insight into vulnerability, i.e. how a single,
traumatic event can trigger long-lasting changes to behavior. Predator exposure, foot
shock, and underwater trauma models have been developed to probe for
vulnerability269.271.272 and here, we utilized a combination of immobilization and fox urine
to model an inescapable predator encounter. This yielded a continuum of anxiety-like
behavior in our animals that models the spectrum of human symptom severity in anxiety
disorders240.270, We then analyzed a number of different markers for oligodendrocytes in
the DG of the hippocampus and related these measures to behavior. Following our results
we sought to determine the mechanisms explaining the observed effect and to create a
gain-of-function manipulation to determine whether oligodendrocytes within this region
contribute to behavioral outcomes.

Materials and Methods

Animals

128 adult (P65), male Sprague Dawley rats (Charles River) were pair-housed on a
12:12 light-dark cycle (lights on at 0700 hours) in our facility at the University of California
Berkeley. Rats had ad libitum access to food and water and were given one week to
acclimate to the facility before testing began. Rats underwent gentle handling (being picked
up and held) for 5 days prior to stress (Fig. 1a). All animals were weighed on the third day
of handling. All animal care and procedures were approved by the UC Berkeley Animal Care
and Use Committee. For the first study (Fig. 1a), 40 male animals were used. For the fear
conditioning study (Fig. 3d), 12 males were used. For the transcriptomic work (Fig. 6a), we
used 40 male rats. Finally, for the viral work (Fig. 7a), we used 36 male rats.

Stress
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Rats were randomly assigned to undergo stress or remain in the home cage. Rats
were run in 4 cohorts of 10 animals each, with either 6 control and 4 stress or 4 control and
6 stress animals per cohort. In the stress group (n=20), rats underwent acute
immobilization stress. Cage mates were placed side-by-side in a cage inside a fume hood
from 0900-1200 hours while being restrained in Decapicone bags (Braintree Scientific,
Braintree, MA). A cotton ball infused with 1ml of fox urine was placed in the cage. Blood
sampling occurred throughout stress (detailed below). After cessation of stress, animals
were injected with BrdU (detailed below), and cage mates were released and returned to a
clean cage to allow self-grooming. After 1 hour, rats were returned to a clean home cage.
Rats in the control group (n=20) received BrdU injections and a cage change.

BrdU injections

Rats were injected intraperitoneally (100mg/kg) with 5-Bromo-2’-deoxyuridine
(BrdU, Sigma-Aldrich, St. Louis, MI) dissolved in 0.9% saline immediately after release from
Decapicone bags. They were then injected once each day for the following two days within
one hour of the time of the first injection. Control animals were injected at similar times of
the day, taking care to avoid transfer of fox and stress odors.

Behavioral battery

Prior to all tests, animals were brought to the testing space and allowed at least 30
min to acclimate. One day prior to stress, all animals went through a 5 min baseline open
field test (OFT) under dim lighting (15 lux). Seven days after acute immobilization stress,
all rats were individually profiled for anxiety-like behaviors using 6 different behavioral
tests: OFT in a brightly lit environment (OFT Light), OFT in a dim light environment (OFT
Dim), light/dark box (LD), elevated plus maze (EPM) in a light environment, EPM in a dim
light environment, and acoustic startle response (ASR). The battery spanned two days with
the following sequence: Day 1 -- OFT Light, EPM Light, ASR; Day 2 - OFT Dim, LD, EPM Dim.
After placing an animal into an arena, the experimenter exited the room and closed the
door. Animals were given 10 minutes of rest in the home cage in between each test. All
behaviors were conducted between 0800-1400 hours.

Open field test (OFT)

Each rat was placed in an unenclosed plastic box (30cm x 30cm) and was given 10
minutes to freely explore the space. All animals were placed along a wall at the beginning of
the test. Behavior was recorded with cameras positioned above the arena and connected to
Geovision software. Behavior was scored as latency to, frequency, and total amount of time
spent in the center of the box (designated by a 15cm x 15cm square), as well as total
distance traveled in the arena and in the center using EthoVision software (Noldus,
Leesburg, VA). The OFT Light was conducted under full lighting (280 lux). The OFT Dim
was conducted in a different but identically structured box in the same room under 15 lux.
The arena was cleaned with 1% acetic acid followed by Formula 409 All Purpose Cleaner
after each animal.

Elevated plus maze (EPM)
Rats were allowed to explore an EPM for 10 min. The arms of the EPM were 10cm
wide. Behavior was recorded by a JVC Everio camera (JVCKENWOOD, Tokyo, Japan)
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mounted above the apparatus. Measures for distance traveled were quantified via
EthoVision software. Open arm exploration was considered as at least half of the body (at
least two paws) placed into the open arm. Latency to, frequency, and total time spent in the
exposed open arms were quantified by observers blind to condition. The EPM Light was
conducted at 240 lux, while the EPM Dim was conducted at 125 lux. The apparatus was
cleaned with 1% Process NPD Disinfectant (STERIS Life Sciences) after each animal.

Light-dark box (LD)

Each rat was placed in a structure consisting of an enclosed dark box separated by a
divider with a small door leading to an unenclosed light box. All animals were placed into
the dark half of the box and given 10 min to explore at will. Behavior was recorded by a JVC
Everio camera (JVCKENWOOD, Tokyo, Japan) mounted above the apparatus. Exploration of
the exposed side was considered only when all four paws exited the dark half. Measures for
distance traveled as well as latency to, frequency, and total time spent in the exposed side
were quantified via EthoVision software. The arena was cleaned with 70% ethanol after
each animal.

Acoustic startle response (ASR)

Each rat was and was exposed to 5 min of background noise (~55 dB). This was
followed by pulses of 70-110 dB tones lasting 10 ms with an inter-stimulus interval of 15-
30 s. All tones were calibrated with a handheld decibel meter each day prior to testing.
Behavior was recorded over two different trials: habituation (110 dB tone presented 15
times to assess initial responses and subsequent habituation) and threshold determination
(70-110 dB tones presented in pseudo-random order, with each tone played 5 times in
total). Behavior was recorded using a Coulbourn Instruments camera (Whitehall, PA)
connected to a computer with FreezeFrame software (Coulbourn Instruments, Whitehall,
PA). The boxes were cleaned with 70% ethanol after each animal.Fear and startle behavior
were assessed by Ethovision software analysis of activity change (measured as percent
pixel change). The amplitude of startle was quantified as the maximum activity minus
baseline activity in the 50 ms surrounding the startle pulse. Mean startle response was
calculated as the mean of all startle amplitude scores across all 15 stimuli from the
habituation phase. Sensitization was calculated as 100*[(mean startle amplitude to stimuli
13-15)-(mean startle amplitude to stimuli 1-3)]/(mean startle amplitude to stimuli 1-3).

Fear conditioning

For the fear conditioning experiment, 12 animals were exposed to stress. One week
later, all animals underwent a 3-day fear conditioning protocol. On day 1, animals were
placed in a Coulbourn sound-attenuating fear conditioning chamber (12 wx 101x 12 h in
inches) with an electrified grid floor. Animals were allowed 5 min to acclimate to the box.
Following acclimation, 10 unsignaled, 1 mA, 1 s duration shocks were delivered with an
inter-stimulus interval of 15-120 s. Rats were left in the chamber for 3 min after the last
shock and then returned to the home cage. On the second day, animals were placed back
into the fear context without shock and underwent 5 extinction trials lasting 10 min each.
Inter-trial intervals were ~20 min. On the third day, animals were again placed in the fear
context without shock for a single 10 min extinction-retention test. The fear chamber was
cleaned with 70% ethanol in between each animal. The time spent freezing in each trial

24



was quantified by 3 separate, blind observers and averaged. Extinction was quantified as
area under the curve (A.U.C.) from the 5 extinctions trials.

Composite anxiety scoring

To standardize and quantify behavior across multiple approach-avoidance conflict
tests, we developed the Rat Anxiety Score (RAS) (Fig. 2). This method was based upon
Cutoff Behavioral Criteria developed by Cohen and Zoharb26°. For each measure from the
avoidance tests (OFTs, EPMs, LD) a behavioral cutoff criterion was defined by the 20t
percentile of the control distribution. For measures in which greater scores indicate greater
anxiety (latency to the anxiogenic zone, time spent in an anxiolytic zone), the 80t
percentile of the control group was used. Animals falling outside this criterion were
marked as “affected” and received a score of 1 for that measure. Scores were then summed
across all tests. With 3 measures per test and 5 tests included, the maximum score was 15.

Perfusion

Rats were deeply anesthetized with Euthasol euthanasia solution and transcardially
perfused with ice-cold 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS). Brains were subsequently post-fixed for 24 hours at 4°C in 4% PFA
and equilibrated in 30% sucrose in 0.1 M PBS. They were then stored at -80°C. The brains
were sliced into free-floating 40 um sections on a cryostat in a 1 in 12 series and were
subsequently stored at -20°C in antifreeze solution.

Serum corticosterone sampling

At 0 minutes, 30 minutes, and 3 hours into acute immobilization stress, tail vein
blood was collected from each rat for corticosterone sampling. Blood samples were
centrifuged at 9,391 g for 20 minutes at 4°C, and serum was extracted and stored at -80°C.
Samples were assayed using a Corticosterone EIA kit (Arbor Assays, Ann Arbor, MI). Any
sample running below the detection limit of the assay was assigned a value of 15.625
ng/mkL.

Immunohistochemistry and fluorescent microscopy

Immunohistochemical staining was conducted over a 2-day period. On the first day,
slices were blocked with 3% normal donkey serum (NDS) in tris-buffered saline (TBS) with
0.3% Triton-X100 for one hour at room temperature. The slices were then incubated
overnight at 4°C in blocking solution with primary antibodies. Primary antibodies were rat
anti-MBP (1:500; Abcam, Cambridge, UK), rabbit anti-GSTm (1:1000; MBL International,
Woburn, MA), sheep anti-CAIl (1:10000; AbD Serotec, Hercules, CA), mouse anti-NG2
(1:600; MilliporeSigma, Burlington, MA), rabbit anti-Oligl (1:1000; MilliporeSigma,
Burlington, MA), and chicken anti-GFP (1:750; Abcam, Cambridge, UK). On the second day
of staining, the slices were rinsed and incubated in fluorophore-conjugated secondary
antibodies for 2 hours at room temperature in blocking solution. Secondary antibodies
were Alexa Fluor 647 donkey anti-sheep (Jackson ImmunoResearch, West Grove, PA),
Alexa Fluor 647 donkey anti-mouse (Jackson ImmunoResearch, West Grove, PA), Cy3
donkey anti-rat (Jackson ImmunoResearch, West Grove, PA), Alexa Fluor 488 donkey anti-
rabbit (Jackson ImmunoResearch, West Grove, PA), and Alexa Fluor 488 donkey anti-
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mouse (Abcam, Cambridge, UK). The nuclear stain DAPI was then added and the stained
slices were mounted onto glass slides coverslipped with DABCO antifading medium.

For BrdU staining, slices were blocked with 3% normal donkey serum (NDS) in TBS
with 0.3% Triton-X100 for one hour at room temperature. The slices were then incubated
overnight at 4°C in blocking solution with primary antibodies. Primary antibodies were
rabbit anti-Olig2 (1:1000; MilliporeSigma, Burlington, MA) and mouse anti-GFP
(1:750; Abcam, Cambridge, UK). On the second day of staining, the slices were rinsed and
incubated in secondary antibodies for 2 hours at room temperature in blocking solution.
Secondary antibodies were Alexa Fluor 647 donkey anti-rabbit (Jackson ImmunoResearch,
West Grove, PA) and Alexa Fluor 488 donkey anti-mouse (Abcam, Cambridge, UK). Sections
were then incubated in 4% PFA for 10 min, rinsed, and incubated in 2N HCI at 37°C. After
another 1 hr incubation in blocking solution, sections were incubated overnight at 4°C in
blocking solution with primary rat anti-BrdU (1:500, Abcam, Cambridge, UK). On the third
day, sections were rinsed and incubated in blocking solution with secondary Cy3 donkey
anti-rat (Jackson ImmunoResearch, West Grove, PA). The nuclear stain DAPI was then
added and the stained slices were mounted onto glass slides coverslipped with DABCO
antifading medium.

Imaging of the slides was conducted under a 40x objective using a Zeiss 510
Axiolmager microscope (Zeiss, Oberkochen, Germany). Using Metamorph software
(Molecular Devices, San Jose, CA), standardized (2171 x 1173 um) regions of the dentate
gyrus (DG) (Bregma -2.9 to -5.28) were scanned and automatically stitched. For cell density
measurements, 4 to 8 hemispheres were quantified for each animal from the dorsal DG
(Bregma -2.92 to -4.0) (Fig. 3a). The granule cell layer (GCL) and hilus (defined as the
region within the GCL blades and medial to the stratum pyramidale of CA3) were traced,
and the areas of these ROIs were measured via Metamorph. Overall DG measures were
collected by summing measures from the hilus and GCL. Oligodendrocyte cell density was
measured by quantification of individual GSTm-, CAII-, Olig1-, or NG2-expressing cells using
Fiji2’3. Myelin content was measured by the integrated fluorescence intensity of MBP
expression in each hemisphere using Metamorph software. All measures were normalized
to area in mm? or um?2.

For whole-brain analyses, sections were imaged under a 10x air objective on a Zeiss
AxioScan Slide Scanner (AxioScan.Z1, Zeiss, Oberkochen, Germany). Using ZEN imaging
software (Zeiss), square regions of interest of varying size (75 x 75 um to 400 x 400 um)
were collected from several regions of the brain (Fig. S2a). MBP fluorescence intensity was
collected from Fiji2’3 and normalized to area in pum2. Oligodendrocyte cell bodies were
counted via automated thresholding and particle analysis, and output was visually
confirmed by observers blind to condition. Cell counts were then normalized to area in
mm?2. Measures were averaged across 4-12 ROIs taken from both hemispheres across
multiple sections.

Fresh tissue collection and RNA Sequencing

For RNA and protein measures, animals were anesthetized with isofluorane and
rapidly decapitated. Brains were extracted, flash frozen, and stored at -80°C. Sections of
200 um thickness were collected under sterile conditions on a Leica cryostat, and punches
of 0.75 mm diameter were taken from the dorsal DG using a Rapid-Core Sampling Tool
(Election Microscopy Sciences, Hatfield, PA). Punches were separated by hemisphere, and
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7-9 punches were collected per hemisphere. Samples were stored at -80°C until processing.
RNA from the left hemisphere was Trizol-extracted and treated with DNase (DNase I,
RNase-free, New England Biolabs, Ipswich, MA). For RNA sequencing, all postprocessing
(including cDNA library preparation) and sequencing was performed by the Vincent ]J.
Coates Genomics Sequencing Laboratory at UC Berkeley. RNA was poly-A selected, and
library preparation was conducted on a Biomek FXp with Kapa Biosystems reagents.
Sequencing was performed on the Illumina HiSeq4000 (Illumina, San Diego, CA).

To identify differentially expressed genes among groups we first mapped all reads
to the Rn5 genome assembly using the STAR read aligner (STAR/2.6.0a). Gene annotations
were provided to the STAR aligner from ensemble build 75. Transcript and gene level
quantification was then performed using rsem (version 1.3.1) and ebseq was used to
identify differentially expressed genes between conditions. The clusterProfiler package in R
was used to identify enriched pathways among differentially expressed genes.

Western blots

From the phenol-ethanol phase of the Trizol-homogenized samples used for RNA
sequencing, we followed the protocol for optimized protein isolation by Kopec and
colleagues?’4, Briefly, an excess of isopropanol is added to phenol-ethanol phase, and after
a 10 min incubation, proteins are pelleted via centrifugation at 12,000 g. Pellets are then
washed in 95% ethanol 3 times, and protein is resuspended in optimized lysis buffer (OLB:
20 mM EDTA, 140 mM NaCl, 5% SDS, 100 mM Tris pH 8.0) including a protease
(Calbiochem #539134) and phosphatase inhibitor cocktail (Roche PhoStop Ref:
4906845001) and incubated at 50°C for 2 hr. Samples were then stored at -20°C. Protein
samples were run under reducing conditions. 20 ug of protein lysate was mixed with
Laemmli buffer (Bio-Rad #161-0737), containing 5% 2-mercaptoethanol (Sigma M6250),
and fractionated by SDS-PAGE using the Mini-PROTEAN Tetra System and pre-cast TGX™
Gels (Bio-Rad #456-1096); Following separation, samples were transferred to a
nitrocellulose membrane (0.45 pum, Bio-Rad #1620115). Membranes were blocked for 1 hr
at room temperature with 5% non-fat dry milk (Apex #20-241) in TBST (10 mM Tris, 150
mM NaCl, 0.5% Tween 20, pH 8.0), and incubated overnight at 4 °C with primary antibody.
Membranes were then washed 3x10 min with TBST and incubated with secondary
antibodies for 1 hr at room temperature. Membranes were washed with TBST 3x10min
and visualized using chemiluminescence SuperSignal West Dura Extended Substrate
(ThermoFisher Scientific #34075), and Bio-Rad Chemidoc system with Bio-Rad Image Lab
software (version 4.0.1). Densitometry analysis was done using Image ] (NIH). The
following primary and secondary antibodies were used: rabbit anti-GAPDH (1:5000, Cell
Signaling #2118), rat anti-MBP (1:1000; Abcam, Cambridge, UK), rabbit anti-GSTm (1:1000;
MBL International, Woburn, MA), mouse anti-NG2 (1:2000; MilliporeSigma, Burlington,
MA), mouse anti-myelin-associated glycoprotein (MAG) (1:2000, Abcam, Cambridge, UK),
anti-goat HRP (1:1000, R&D systems HAF109), anti-mouse HRP (1:2000, Cell Signaling
#7076), anti-rabbit HRP (1:2000, Cell Signaling #4970), and anti-rat HRP (1:2000,
ThermoFisher Scientific A16054).

Olig1 lentivirus and stereotaxic injections
Two 3rd generation lentiviral expression vectors were designed with VectorBuilder
(Santa Clara, CA). The control vector was designed to express enhanced green fluorescent
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protein (EGFP) under the human cytomegalovirus (CMV) promoter (Fig. 7a). The
experimental vector was a bicistronic design with the CMV promoter driving expression of
mouse Oligl (NM_016968.4) followed by a second CMV promoter driving EGFP. Plasmids
were packaged by the UC Berkeley High Throughput Screening Facility in HEK293T cells.
Cells were transfected via jetPRIME (VWR, Radnor, PA) with the viral plasmid and 3 helper
plasmids (pCMV-VSVG, pMDL, and pRSV-Rev). The resulting virus-containing media was
collected 48 h and 72 h after transfection. Virus was precipitated with 5% PEG and 0.15M
NaCl and centrifugation at 3000 g for 15 min at 4°C. The precipitated viral pellet was
resuspended in ice cold phosphate-buffered saline (PBS), aliquoted, and stored at -80°C.
Viral titer was determined with an ABM qPCR Lentivirus Titration Kit (ABM, Vancouver,
B.C., Canada). Titers were 106-107 infectious particles/mL.

For viral injections into the DG, animals were injected with 0.05 mg/kg
buprenorphine and anesthetized with isoflurane (2-3%). Using a stereotaxic frame,
bilateral craniotomies were made at the following coordinates: -3.5 mm anterior/posterior,
+/-2.2 mm medial/lateral relative to bregma and -3.3 mm relative to dura. For viral
infusion, 1.3 pL of virus was infused at a rate of 0.1 pL/min into each hemisphere.

Statistics

All data are presented as mean * standard error of the mean (SEM). Unpaired,
independent samples student’s t tests were used to compare control and stress values
when appropriate. To compare the relationships between avoidance behavior measures,
we conducted Pearson correlations as well as a principal component analysis. Pearson
correlations were used to compare the relationship between oligodendrocyte markers,
serum corticosterone, and behavioral measures. A one-way ANOVA was utilized for the
change in corticosterone over time. For viral work, two-way ANOVAs with virus and stress
exposure as independent variables were used to probe for differences in oligodendrocyte
markers and RAS scores. In addition, differences in proportions of affected to unaffected
animals were analyzed with a binomial test with the results of the GFP-control group
serving as the expected ratio. In all tests except RNA sequencing and viral proportion
comparisons, the alpha value was set at 0.05. For comparison of proportions of affected
animals after viral injection, the alpha value was corrected for multiple comparisons with
the Bonferroni method and set at 0.017 (0.05/3 comparisons). Analyses were performed
using IBM SPSS 19 (SPSS, Inc., Chicago, IL) and R.

Results

A multimodal approach to characterizing behavior reveals that acute, severe stress induces a
spectrum of anxiety-like behavior.

We first sought to determine whether oligodendrocytes and myelin from several
regions of the brain relate to specific behaviors after acute, severe stress. To do this, we
subjected animals to 3 hours of immobilization stress with simultaneous exposure to fox
urine. We then allowed animals to rest for one week with minimal disturbance. With this,
we expect that while most animals will recover to control levels of fear and anxiety
behavior, a subset will show persistent changes as a result of stress. To characterize the full
extent of behavioral changes, we conducted a battery of behavioral tests, spanning multiple
measures from multiple tests of avoidance, startle, and fear domains. With this, we found
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few significant differences in individual parameters of avoidance behaviors (e.g. time spent
in OFT center zone) between control and stress-exposed animals (Table S1); however,
trends were consistent across tests and pointed to a shift towards a more anxious
phenotype. This is not unexpected, as we anticipate that after one week of recovery, only a
subset of animals will continue to show anxiety-like behavior. An analysis of the
relationship between behavioral tests revealed that in the control population, the high and
low anxiogenic versions of the OFT generally autocorrelated (Fig. 1b). The LD box and EPM
tests also showed several significant correlations among their measures; however, there
were no significant correlations between OFT and LD or EPM measures. This created two
separate clusters and suggested that low anxiogenic (OFT tests) and high anxiogenic (LD
and EPMs) tests had little relation to each other in the baseline condition. This was
confirmed with our PCA analysis of control male behavior, showing separate clusters for
OFT and EPM/LD measures (Fig. 1c). In stress-exposed animals, however, there were
significant correlations among behavioral variables across all tests, and the PCA indicated
that there was much less separation between the avoidance tests. This may suggest that
with stress exposure, the OFT aligns with classic tests for anxiety-like behavior as an
anxiogenic environment. Interestingly, the ASR tended to cluster with EPM and LD
measures, but only in control males. There were no significant correlations between ASR
measures and OFT or EPM/LD measures in stress-exposed males (p>0.05 for all
comparisons).

As a result of the consistency across tests of avoidance, we sought to create a
composite scoring system to take all avoidance measures into account. We followed closely
the methodology of Cutoff Behavioral Criteria developed by Cohen and colleagues?79, in
which the behavioral cutoff to be considered “highly affected” by stress is defined by the
20t percentile of an unexposed, control population (Fig. 2a,b). The number of “highly
affected” scores is then summed across all behavioral measures (Fig. 2c). This binary
method of quantifying behavior across many variables eliminates the difficulty of extreme
values that may skew means when working with Z scoring methods. Our method of
generating composite anxiety scores across several tests revealed that mean anxiety scores
were increased after stress compared to controls (4.8 + 0.5 and 2.9 + 0.8, respectively,
t(38) = -2.1, p = 0.046), suggesting that our acute, severe stressor succeeded in producing
anxiety-like behavior in our animals (Fig. 2d). More importantly, however, stress-exposed
animals showed a continuum of anxiety-like behavior, in which animals ranged from
unaffected (RAS = 0) to highly affected (RAS = 14), therefore enabling the investigation of
factors that relate to the continuum of stress-induced anxiety.

Dentate gyrus oligodendrocytes and myelin are positively correlated to avoidance behaviors
and startle sensitization after stress.

Given our previous finding that stress can increase oligodendrogenesis in the
dentate gyrus!’4, we first sought to test whether acute, severe stress increases
oligodendrocyte density and myelin content and, further, whether these correspond to
behavioral outcomes. We sampled 12 control and 11 stress animals from across the anxiety
spectrum for mature oligodendrocyte markers in the dorsal DG (Fig. 3a) and found no
significant differences between control and stress animals in GSTm (Control = 61.7 + 5.8
and Stress = 72.0 + 6.8 cells/mm?, t(21) = -1.2, p = 0.26) and CAII (Control = 52.4 + 6.3 and
Stress = 66.0 = 8.4 cells/mm?, t(21) = -1.3, p = 0.20) cell densities and no significant
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difference in MBP fluorescence intensity (Control = 1,887.4 + 82.3 and Stress = 1,819.2 +
92.6 integrated fluorescence intensity/um?, t(21) = 0.6, p = 0.59) (Fig. S1). This suggests
that acute, severe stress does not globally increase or decrease oligodendrocyte and myelin
content in the DG.

We next sought to determine whether oligodendrocytes and myelin correspond to
behavioral outcomes after stress. We found that stress-exposed animals showed striking
correlations between RAS scores and mature oligodendrocytes: GSTnt (r = 0.772, p =
0.005), CAII (r = 0.633, p = 0.037), and MBP (r = 0.625, p = 0.040) (Fig. 3b). This indicates
that animals with the greatest oligodendrocyte and myelin measures in the DG displayed
the greatest avoidance behavior after stress and argues that oligodendrocytes and myelin
in this region may be indicators of an animal susceptible to stress.

In addition to RAS scores, we compared oligodendrocyte and myelin measures in
the DG to other stress-related behaviors, including startle and fear. No correlation was
found between DG cellular measures and mean startle responses; however, sensitization to
repeated startle stimuli positively correlated to both GSTm (r = -0.628, p = 0.038) and CAII
(r=-0.718, p =0.013) (Fig. 3¢).

In a separate cohort, 12 animals were subjected to acute, severe stress followed one
week later by a three-day fear conditioning protocol. We found no significant relationships
between oligodendrocyte and myelin markers in the DG and fear-related behaviors (Fig.
3d). These startle and fear results suggest that oligodendrocytes and myelin in the DG are
specifically related to avoidance and sensitization, but perhaps not to other stress-induced
changes in fear behavior.

We were next interested in whether this effect was specific to the DG or was true for
other regions of the brain. Using the same tissue from which the DG was quantified, we
sampled from several regions, including sub-regions of the hippocampus, amygdala,
somatosensory cortex, corpus callosum, and fornix (Fig. S2a). In stress-exposed animals,
only the DG showed significant correlations to RAS scores, indicating that only
oligodendrocytes and myelin in this neurogenic niche corresponded to avoidance behavior
(Fig. S2b). Interestingly, RAS scores in the control group were significantly correlated with
several myelin measures from other sub-regions of the hippocampus, as well as
oligodendrocyte measures from somatosensory cortex. In addition, hippocampal myelin in
control animals showed positive correlations to startle sensitization, and oligodendrocyte
and myelin measures in the BLA were negatively correlated with mean startle responses
(Fig. S3). Finally, we have begun to compare oligodendrocytes and myelin in the amygdala
to fear conditioning behaviors and have thus far found positive relationships between LA
and BLA myelin and freezing behavior during extinction trials (data not shown). These
findings suggest new and novel roles for hippocampal and amygdala myelin in avoidance,
startle, and fear behavior both at baseline and after acute stress.

Oligodendrocyte precursors do not correspond to behavioral profiles.

We might hypothesize that the relationship between mature oligodendrocytes and
avoidance scores is due to highly affected animals having a larger pool of OPCs. To test this,
we sampled 11 control and 10 stress animals from across the anxiety spectrums and
conducted IHC for markers of progenitor and immature oligodendrocytes (NG2 and Olig1)
in the DG (Fig. 4a). Similar to mature oligodendrocytes, we found no significant differences
between control and stress-exposed animals in mean cell density measures for NG2
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(Control = 14.2 + 1.5 and Stress = 13.3 + 1.0 cells/mm?, t(19) = 0.5, p = 0.66), Olig1 (Control
= 33.5 + 4.3 and Stress = 45.4 + 6.4 cells/mm?, ¢(19) = -1.6, p = 0.14), or NG2/0ligl co-
labeled OPCs (Control = 32.7 + 3.0 and Stress = 35.0 + 3.7 cells/mm?, t(19) = -0.5, p = 0.65)
(Fig. S4). There was a positive, but not statistically significant, correlation between NG2
and the RAS score (r = 0.58, p = 0.078), and we found no other relationships between
measures of OPCs and behavior (Fig. 4b,c). This suggests that mature, and not immature,
cells drive the relationship seen between oligodendrocytes and behavior. It remains
unclear whether severe stress transiently increases the pool of oligodendrocytes that then
mature by 2 weeks after stress, or whether heightened anxiety after stress is associated
with maturation of existing oligodendrocyte precursors.

Serum corticosterone during the stressor does not correspond to behavioral outcomes, but is
negatively correlated with mature DG oligodendrocytes.

Prior work suggests that abnormal HPA responses may predict PTSD susceptibility
and stress sensitivity!12275, Furthermore, we have previously shown that corticosterone
can mimic the effects of stress and drive dentate gyrus oligodendrogenesis'’4. We therefore
sought to determine whether corticosterone corresponds to oligodendrocyte content and
behavioral outcomes in our model.

Blood samples were collected from animals immediately before, 30 minutes into,
and directly after stress exposure. Corticosterone was significantly increased over baseline
values (0 min = 17.4 + 4.2 ng/mL) in stress-exposed animals during the initial response to
(30 min = 284.8 + 69.1 ng/mL) and at the end of stress (3 hours = 250.1 + 83.2 ng/mL)
(one-way ANOVA significant effect of time: F(2,36) = 125.9, p < 0.001) (Fig. 5a). However, no
measures of corticosterone significantly correlated with avoidance, startle, or fear
behaviors (Fig. 5b,c). Corticosterone measures did not relate to OPC cell content in the DG;
however, CAIl cell density was significantly negatively correlated with corticosterone
amplitude (r = -0.628, p = 0.039; Fig. 5d). There was a similar, but not statistically
significant, trend in GSTm, although one point appears to skew this relationship. This
suggests that higher oligodendrocyte content is associated with lower glucocorticoid
release upon stress induction.

Oligodendrocyte transcriptional profiles one week after stress do not correspond to behavior.

To investigate the mechanisms driving the observed effects and to uncover other
potential mechanism of anxiety-associated oligodendrogenesis, we sought to determine
whether transcriptional changes in oligodendrocyte and myelin genes are evident by one
week after stress. To do this, we replicated our stress protocol and collected fresh tissue
samples for RNA sequencing and protein quantification one day after the conclusion of
behavioral profiling (Fig. 6a). Three animals from each of the opposite ends of the RAS
spectrum were selected from control and stress-exposed animals, yielding 4 groups -
Control Low, Control High, Stress Low, and Stress High (Fig. 6b).

RNA was isolated from bulk tissue punches collected from the left dentate gyrus
(Fig. 6¢). A principal component analysis revealed that one animal displayed a drastically
different transcriptional profile than all others (Fig. 6d). This sample had been re-extracted
separately from others due to a poor RIN score from the original sample. The resulting RIN
score matched those of the other samples, and all subsequent reactions took place in
parallel, suggesting that contamination may have been introduced during the re-extraction.
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This animal was removed from further analysis. With this, we found that animals did not
clearly cluster in PC space (Fig. 6d). There is perhaps a slight transcriptional difference
between all control and all stress animals; however, this suggests that there is little
difference in the DG transcriptome of high and low anxiety animals.

In comparing the number of differentially expressed genes between Stress Low and
Stress High animals, we found that only 40 genes passed the strictest statistical thresholds,
again suggesting that stress-exposed animals are not transcriptionally far different from
low-anxiety animals (Fig. 6e). These genes are listed in Table 1. Included in these genes
were Cartpt (cocaine and amphetamine regulated transcript [CART] prepropeptide), Slc2al
(GLUT1), and Thx19 (T-box 19, which has been implicated in the CRH signaling pathway).
Between Control Low and Stress High animals, only 32 genes reached significance,
suggesting that stress-exposed animals with high anxiety are not globally different from
controls. Genes are listed in Table 2 and include Gabral (GABA receptor alphal subunit),
RT1-A3 (MHC class I protein), and Cartpt. Interestingly, the greatest transcriptional
differences were found between Control Low and Stress Low animals. Here, 185 genes
were significantly differentially expressed. This may suggest that resilience is not a passive
lack of response, but an active means of protection from the effects of stress. Among the
genes regulated are Synjl (synaptojanin 1), Slc30a3 (zinc transporter 3), Rbfox1, and
Camkld. These results are preliminary, and we are continuing to explore the
transcriptional differences between groups.

Notably, however, oligodendrocyte and myelin genes were not represented in the
most differentially expressed genes between Stress Low and Stress High animals. This is
perhaps not surprising, given the relative proportion of oligodendrocytes to neurons in this
region. However, in comparing differences in several oligodendrocyte and myelin genes of
interest, we found no robust changes in expression (Fig. 6f). While limited by the
representation of oligodendrocytes and the low number of samples per group, this may
suggest that changes to oligodendrocyte and myelin transcription are not apparent by one
week after stress.

Oligodendrocyte and myelin proteins one week after stress do not correspond to behavior.

From our samples, we also isolated proteins and conducted western blots for
several oligodendrocyte and myelin proteins, including NG2, MAG, GSTn, and MBP. We
found no significant differences in protein expression between control and stress or low
and high anxiety animals and no significant correlations to anxiety scores (Fig. S5). Notably,
the animal displaying the highest anxiety score also had the highest expression of MAG and
MBP; however, the lack of a consistent effect in high-anxiety animals may suggest that
myelin at this time point is not related to stress-induced anxiety or that the effects on
myelin development occur after a longer time span. In these blots, however, protein
loading (as indicated by GAPDH) did not appear uniform across samples, which may
influence densitometry measures.

Viral manipulation of hippocampal oligodendrogenesis partly mimics the anxiety
distributions of stress-exposed animals.

To determine whether oligodendrocyte and myelin content of high anxiety animals
is an epiphenomenon or provides a causal effect on anxiety outcomes, we employed a viral
approach to alter hippocampal oligodendrogenesis. We have previously shown that a virus
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causing ectopic overexpression of Oligl can increase oligodendrogenesis from
hippocampal neural stem cellsl’4. Here, we developed a lentiviral construct for this
purpose and conducted bilateral injections of this or a control virus (expressing GFP only)
into the DG of the hippocampus (Fig. 7a). After five weeks of recovery and viral expression,
we subjected half of control-vector animals and half of Oligl-vector animals to acute,
severe stress followed by behavioral profiling and perfusion, as described previously (Fig.
7b). Injection targeting was confirmed by the needle track and expression of GFP in all
animals (Fig. 7c). RAS scores were calculated using the behavioral measures from GFP-
Control animals.

Preliminary work from examining the brains of 4 animals from each group revealed
a trend for an interaction between viral injection and stress, in which GFP animals exposed
to stress and all Oligl animals showed increased DG GSTm cell densities (ANOVA: F(1,12) =
4.51, p = 0.055) (Fig. 7d). DG MBP, however, was unaffected by viral manipulation (p = 0.31,
no significant main effects), as was the number of Olig2 cells colabeling with BrdU (p =
0.57, no significant main effects). The addition of the remaining brains will help to
determine whether our virus was effective at inducing changes to hippocampal
oligodendrocytes and myelin.

Using an ANOVA, we found no statistically significant differences between
composite anxiety scores in our groups (GFP Control = 3.2 + 0.6, GFP Stress = 5.6 + 1.3,
Oligl Control = 5.8 * 1.6, Oligl Stress = 5.3 + 1.1; ANOVA F(332) = 1.45, p = 0.24). However,
our GFP-Stress group violated the assumption of normality with an apparently bimodal
distribution, which may alter statistical testing. In addition, at group sizes of 8 or 10, our
groups may lack sufficient power to uncover the increase in RAS scores found previously,
given the expected variability in stress-exposed animals. To compare proportions of high
anxiety animals across groups, we defined the 80t percentile of RAS scores of the GFP
Control group (RAS = 5) as qualifying for high anxiety. With this, we found that the percent
of animals qualifying as high anxiety increased from 20% to 50% in all other groups. Using
a binomial test with a Wilson/Brown method of calculating confidence intervals to
compare these ratios to the expected ratio from the GFP-Control group (20%), we found
that the GFP-Stress and Olig1-Control groups trended towards a significant deviation from
the expected ratio (p = 0.056, 95% CI of observed percentage of affected animals = 21.5 to
78.5%). The observed ratio for the Oligl-Stress group was significantly different from the
GFP-Control group (p = 0.033, 95% CI of observed percentage of affected animals = 23.7 to
76.3%). However, with 3 separate comparisons, a Bonferroni correction would indicate
that the alpha level is 0.017. Hence, the significant difference between GFP-Control and
Olig1-Stress animals does not survive a correction for multiple comparisons. Our sample
sizes may not have yielded sufficient statistical power to uncover an effect, but these
results lend great promise to future studies.

Discussion
In this study, we used a novel method of quantifying behavior to demonstrate that
acute, severe stress yields a spectrum of persistent changes to anxiety-like behaviors in

male rats. Interestingly, persistent changes to avoidance behavior and lack of startle
habituation were correlated with DG oligodendrocyte and myelin measures, suggesting
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that myelin in this region corresponds with susceptibility to stress. This suggests a new
role for hippocampal myelin and opens the door to many new questions.

The RAS scoring system: An alternative approach to quantifying behavior.

While many studies approach stress susceptibility and resilience from the lens of
chronic stress, far fewer utilize an acute stressor. The understanding of resilience to
chronic stress provides critical knowledge of mechanisms for resistance; however, many
traumatic stressors, such as car accidents, combat trauma, and shootings, may be acute
events that trigger long-lasting effects to the brain and behavior. Modeling acute, severe
stress, then, is critical to understanding the mechanisms of susceptibility. This, however,
can be difficult given the subtlety and expected variation of behavioral effects.

To counter this, we expanded upon Cutoff Behavioral Criteria26%270 to develop the
RAS, a comprehensive, composite scoring system for tests of avoidance behavior. This
method revealed an increase in anxiety-like behavior scores after acute, severe stress.
Importantly, this method yielded a spectrum of RAS scores, from highly unaffected (RAS =0
of 15) to highly affected (RAS = 14 of 15). Despite the discrete nature of diagnoses, the
effects of trauma are not binary®’. This method, therefore, models the continuous nature of
stress effects and provides a means with which to investigate the factors that change across
the continuum of anxiety-like behavior. It also allows for the enhanced detection of
consistent behavioral patterns in animals. Animal behavior is inherently variable as it may
be influenced by extraneous factors such as odors and sounds from the testing apparatus
or the room in which tests are conducted. Similar to the way in which multiple measures
and symptom categories are used to define a phenotype in humans, we used multiple
standardized tests for anxiety-like behavior to characterize behavioral profiles of stress-
exposed rats.

Other methods, such as z scoring, have been employed to standardize measures
across tests?76 and, interestingly, can provide a measure of boldness behavior if animals
behave less anxiously than the average control animal. However, this method can be
sensitive to extreme values, as it relies on the mean and standard deviation of the reference
distribution. Our method does not rely upon absolute values of behavior, but instead
applies binary scoring after application of a threshold. This allows for identification of
animals that consistently behave below threshold across multiple measures of multiple
tests. Alternatively, factor analyses (FA) and PCAs can be used to reduce the dimensions of
multiple behavioral measures and capture factors or components that reflect variation in
behavior2’7. Our method aims for a similar goal but can take into account variables that are
poorly represented due to highly skewed distributions, such as the latency to enter an
anxiogenic zone. Again, applying a threshold and a binary score can capture the anxiety
component without being subject to extreme or outlying points. Notably, our method only
accounts for avoidance behaviors in this study, yet this technique can be expanded to
represent or include other behavioral categories, such as fear, startle, or depression-like
behavior. With this, the scoring is best calculated with a larger number of factors and,
therefore, tests that account for similar behaviors (e.g. EPM and LD). Scoring is less
effective with fewer measures, as this limits the range of potential scores. In addition, care
must be taken to ensure that the control population remains unexposed to acute or chronic
stressors. Because the control group serves as the reference upon which the RAS is
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calculated, higher anxiety-like behavior in unexposed animals may mask the effects of
stress.

Mature oligodendrocytes and myelin in the dentate gyrus are associated with long-term
increases in anxiety-like behavior.

A growing number of studies have implicated myelin and oligodendrocytes in
behavioral outcomes associated with stress!57.261, Here, we showed that two weeks after an
acute, severe, stressor, markers for mature oligodendrocytes and myelin in the DG
positively correlated with RAS scores. This relationship was not true for OPCs, suggesting
that this effect is restricted to mature oligodendrocytes and myelin. This is remarkably
similar to a recently described result showing a positive correlation between hippocampal
myelin and PTSD symptom severity in adult, trauma-exposed veterans263. Qur study
models this finding and provides an unprecedented means of exploring how and why this
relationship exists and whether myelin in this region contributes to the function of the
hippocampus.

Notably, our results showed correlations only between oligodendrocytes and myelin
and avoidance behavior and sensitization to repeated startle stimuli, but not to overall
startle or fear. This may suggest that oligodendrocytes in this region are specifically
associated with the hippocampal functions of exploratory drive, behavioral inhibition, and
startle learning250278, Future work should seek to incorporate other hippocampal-specific
behavioral tasks that also show deficits in PTSD-related behavior, such as contextual fear
conditioning and spatial navigation tasks279.280,

Further, our method can be used to explore the relationship between behavior and
oligodendrocytes in other areas, such as the PFC or amygdala. Here, we focused on
oligodendrocytes in the DG of the hippocampus, as our previous work suggested that the
DG is a site of stress-induced oligodendrogenesis’4. Other work, however, has suggested
that decreases in OPCs or myelin in the PFC are associated with stress-induced changes in
depression-like behavior>153, Expanding our analyses to regions beyond the DG would help
to elucidate whether our effect is restricted to the DG or whether oligodendrocytes and
myelin more broadly relate to region-specific, stress-induced behaviors in our acute
trauma model. We have begun to conduct such analyses, and we have seen interesting
patterns in other sensory and stress-related regions, including the amygdala.

As of now, it remains unclear how the relationship between DG oligodendrocytes
and behavior emerges. Acute, severe stress did not statistically increase oligodendrocyte
density or myelin content. This suggests that acute stress does not induce global changes,
but it does not eliminate the possibility that only the highly affected animals experienced
stress-induced increases in glial density. Our forthcoming results of BrdU and Olig2 co-
labeling may address this question. In addition, greater group sizes, which would yield
greater numbers of highly affected animals, would provide statistical power to test this
hypothesis. Alternatively, increased glial density may serve as a mechanism or a marker of
stress sensitivity. In this sense, oligodendrocytes and myelin would alter or mark altered
hippocampal function such that subsequent exposure to stress triggers high anxiety-like
behavior. Longitudinal imaging, either via small mammal MRI or miniaturized microscopy,
could investigate this question. Finally, this effect may rely not upon the emergence of new
oligodendrocytes, but on the maturation of existing precursor cells. This could be triggered
by stress-induced and/or anxiety-induced hippocampal activity and subsequent activity-
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dependent maturation of oligodendrocytes. Longitudinal imaging and/or inhibition of
oligodendrocyte maturation could inform this hypothesis.

Corticosterone during the stressor may indicate DG glial content, but does not predict
behavioral outcomes.

We next sought to determine the mechanism of the observed oligodendrocyte to
behavior relationship. Previous work has suggested that abnormal corticosterone
responses may predict PTSD outcomes in humans and anxiety-like behavior in
rodents!12275, Here, however, we found that corticosterone during and immediately after
stress did not predict behavioral profiles in our animals. This is in contrast to studies that
have found that low HPA responses predict PTSD outcomes, and our addition to this body
of literature may suggest that the predictive validity of glucocorticoid levels is less-than-
ideal. Interestingly, multiple studies have shown that a longer-than-average return to
baseline glucocorticoid levels reflects poor HPA negative feedback action. Here, we did not
collect an additional recovery time point in order to avoid additional stress to the animals,
but future work should seek to determine whether aberrant glucocorticoid recovery
predicts behavior in this model.

Finally, we have shown previously that glucocorticoids can mimic the effects of
stress and drive oligodendrogenesis in the DG174 Here, however, we found a negative
relationship between glucocorticoid amplitude and DG mature oligodendrocytes, but not
myelin. Thus, rather than a large amplitude of glucocorticoids driving oligodendrogenesis,
this model suggests that either high glucocorticoid release inhibits or damages
oligodendrocytes or that high oligodendrocyte content is associated with a hippocampus
that reacts with a low amplitude of corticosterone. Our model differs from previous work in
that our stressor was an acute, severe event, rather than chronic, repeated events, and how
oligodendrocytes affect, or are affected by, corticosterone release under such
circumstances remains unresolved.

DG transcriptional profiles reveal that resilience is an active process.

Our transcriptomic analysis of the DG from one week after stress yielded surprising
insight into the mechanisms of anxiety and resilience in this region. Namely, the
transcriptome of animals with persistently high anxiety-like behavior following stress was
not distinct from either control animals or resilient animals. Less than 50 differentially
expressed genes distinguished susceptible animals from either group.

These, however, included interesting candidate genes. Among them, CART was
significantly upregulated in high-anxiety males. This protein may act as a neurotransmitter
and is most known for roles in maintenance of body weight, addiction, and endocrine
signaling?81., CART, however, is also implicated in the stress response and anxiety, as icv
injection of CART proteins can induce anxiety-like behavior in the EPM281.282 CART
expression in the DG is also upregulated by chronic stress?83, Thus, CART may serve as a
marker for a reactive hippocampus. The glucose transporter GLUT1 was also upregulated
in highly anxious animals. This transporter is associated with neurons, astrocytes, and
endothelial cells and is a major glucose transporter of the blood-brain-barrier (BBB),
potentially implicating disruptions to BBB function as a predictor or result of increased
anxiety. With further analysis of these data, we will continue to uncover candidate genes
for stress susceptibility.
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Noticeably absent, though, were genes for oligodendrocytes and myelin. Further,
when we specifically tested for oligodendrocyte and myelin genes of interest, there were no
apparent differences in highly anxious animals. As noted, the relative ratio of
oligodendrocytes to neurons and other glial cells is low in this region; hence,
representation of such genes may be diluted and difficult to detect without greater animal
numbers or sequencing reads. Nonetheless, oligodendrocyte lineage genes may not be
altered by one week after stress.

Counter to highly anxious animals, males that showed resilience to acute, severe
stress showed the greatest number of differentially expressed genes when compared to
controls. This echoes recent findings that resistance to chronic social defeat stress in mice
is associated with a greater number of differentially expressed genes in comparison to
susceptible animals?84, and together these argue that resistance to stress in an active
process of protective mechanisms. Further analysis will seek to determine the specific
genes and pathways that contribute to a stress-resilient phenotype.

Lentiviral Olig1 overexpression may increase DG oligodendrocyte density and alter behavior.

Our results thus far have shown that mature oligodendrocytes and myelin in the DG
are correlated with long-term expression of anxiety after stress. We, therefore, sought to
manipulate hippocampal oligodendrogenesis in order to test whether oligodendrocytes in
this region can contribute to hippocampal function and animal behavior.

Our analysis revealed a trend towards increased GSTm density in the DG but no
effect on myelin content. This may indicate that our virus succeeded in inducing the
production of oligodendrocytes from either hippocampal neural stem cells or OPCs, but
these oligodendrocytes failed to increase myelin. As only 4 brains per group have been
analyzed thus far, the remaining brains will shed light on the effects of our virus upon the
DG.

The behavioral effects of our virus yielded promising, but not statistically
significant, results. Animals injected with the control vector and subjected to stress showed
the expected increase in RAS scores; however, the distribution of scores was bimodal,
making statistical comparisons difficult. Both Oligl-injected groups showed ranges in RAS
scores that were similar to stress-exposed control-vector animals, and stress-exposed
control-vector animals and all Oligl-injected animals showed proportions of 50% of highly
affected animals. An ANOVA revealed no statistically significant differences, and while a
binomial test suggested that proportions of highly affected animals were different between
GFP-Control and Oligl-Stress animals, this did not survive a correction for multiple
comparisons. Nonetheless, these results are very promising, and future work should seek
to increase group sizes or conduct more targeted manipulations of oligodendrocytes and
myelin in this region. Notably, Oligl-injected animals that were subjected to stress did not
show exaggerated RAS scores, suggesting that Oligl overexpression does not have an
additive effect with stress. Finally, although viral spread was consistent across Oligl-
injected animals, a more thorough evaluation of viral efficacy (such as determining GFP
colocalization with oligodendrocyte markers) may aid in determining whether animals
with the greatest viral-induced oligodendrogenesis also have the greatest anxiety scores.
Overall, our viral approach attempted to discern whether a gain-of-function manipulation
could mimic or exacerbate the effects of stress, and, while the results were promising, more
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work is needed to discern whether oligodendrocytes alone can enact functional changes to
the hippocampus.

Hypotheses and implications: The role of myelin in the dentate gyrus

Our study adds to a growing body of literature in which oligodendrocytes outside of
white matter tracts are found to be associated with the behavioral outcomes of experience
and stress. Several studies now have demonstrated that targeted disruption of
oligodendrogenesis can yield behavioral effects on learning and depression-like
behavior51236, suggesting that these glial cells are active contributors to circuit function.
Here, we show that oligodendrocytes and myelin in the DG are directly correlated with
behavioral outcomes after stress, and we explored the mechanistic and causal nature of
this effect.

Yet, it remains to be determined what the functional role of oligodendrocytes and
myelin is in this region. The granule cells of the dentate gyrus receive synaptic inputs from
the entorhinal cortex and project their axons (or “mossy fibers”) through the hilus to the
CA3 region. Mossy fibers are unmyelinated, yet there is a significant amount of myelin in
the hilus. Recent work suggests that a large proportion of cortical myelin surrounds the
axons of local inhibitory neurons226; however, inhibitory axons do not appear to be
extensively myelinated in the hilus.

Instead, studies from human brains suggest that the myelinated fibers of the hilus
arise from long-range projections of the medial septum, locus coeruleus (LC), and the raphe
nuclei28>286, Projections from the medial septum to the hilus are cholinergic and
GABAergic; however, most of the cholinergic axons are of small caliber and
unmyelinated?8’. The myelinated GABAergic axons terminate on inhibitory interneurons.
Given that the medial septum is believed to contribute to hippocampal theta activity,
increased myelination of these fibers could alter hippocampal rhythmes.

The LC provides noradrenergic input to the DG, primarily along the mossy fiber
path?28>, Emotional arousal stimulates LC activity, and noradrenaline has been implicated in
emotional memory111123, Increased myelination of these axons could enhance
noradrenergic signaling and hippocampal synaptic plasticity. The median raphe nucleus
provides serotonergic input to the DG. These fibers primarily target the subgranular
zone28> as well as GABAergic interneurons. Hippocampal serotonin has been extensively
studied for its role in stress and depression; therefore, enhanced myelination of these
inputs could affect hippocampal serotonergic tone. Future work should seek to determine
which of these pathways primarily contributes to the relationship between DG
oligodendrocytes and myelin.

The DG, as a neurogenic niche, is a unique region where both stress-induced and
activity-dependent oligodendrogenesis can arise from neural stem cells and resident OPCs.
Thus, we hypothesize that the correlation seen here between DG oligodendrocytes and
myelin serves as a marker for an underlying alteration to one of these circuits, which in
turn contributes to individual variability in anxiety. This opens a wealth of future directions
and also points to a potential therapeutic approach. Xiao and colleagues demonstrated that
targeted disruption of oligodendrogenesis could prevent a form of motor learning,
suggesting that oligodendrocytes and myelin play a critical role in adaptive changes to
neural circuits!44, Here, preventing oligodendrogenesis in the DG could serve as a means of
disrupting the circuit that contributes to stress-induced anxiety. Overall, our work opens
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new opportunities to explore how this glial cell contributes to hippocampal function and
behavior and may present new therapeutic targets for stress-induced anxiety.

Figures
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Figure 1: OFT and EPM/LD behaviors cluster separately in control males,
but together in stress-exposed males.
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Figure 1: OFT and EPM/LD behaviors cluster separately in control males, but
together in stress-exposed males. (a) Experimental design. (b) Correlation matrices
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between measures of different behavioral tests. Tests include the following: Open field
tests (OFT) under bright and dim lighting, light/dark box (LD), elevated plus mazes (EPM)
under bright and dim lighting, rearing and grooming from the OFT Light, and acoustic
startle response (ASR). Measures from the approach-avoidance tests include the time spent
in anxiogenic zones (center zone of the OFT, open arm of the EPM, light side of the LD),
frequency of visits to the anxiogenic zone, latency to the anxiogenic zone, and time spent in
the anxiolytic zone. For clarity, all measures were coded such that greater anxiety-like
behavior is represented by lower behavioral scores (e.g. -[OFT Latency]). Each square
represents a Pearson correlation value between the two measures, and the r value is coded
as a color. Statistically significant correlations are marked on the squares with asterisks
(*p<0.05, **p<0.005, n=20 per group). (c) Principal component analyses of avoidance
behavior measures. Reflecting correlation matrices, the OFT and EPM/LD tests cluster
together in stress-exposed, but not control, male rats.

Figure 2: The Rat Anxiety Scale - Creating composite scores of avoidance behavior
reveals a spectrum of anxiety-like behavior after acute, severe stress.
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Figure 2: The Rat Anxiety Scale - Creating composite scores of avoidance behavior
reveals a spectrum of anxiety-like behavior after acute, severe stress. (a) For each
measure from the avoidance tests (OFTs, EPMs, LD) a behavioral cutoff criterion was
defined by the 20t percentile of the control distribution. (b) Animals falling below this
criterion were marked as “affected” and received a score of 1 for that measure. (c) Scores
were then summed across all tests. With 3 measures per test and 5 tests included, the
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maximum score was 15. (d) With this method, mean scores for avoidance behavior were
significantly increased in stress-exposed animals (t(38) = -2.1, p = 0.046). Interestingly,
animals exhibited a spectrum of scores, with both highly affected and unaffected
individuals.
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Figure 3: Mature oligodendrocytes and myelin in the DG correlate with anxiety-like
behavior and startle sensitization.
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Figure 3: Mature oligodendrocytes and myelin in the DG correlate with anxiety-like
behavior and startle sensitization. (a) Three markers of mature to myelinating mature
cells were used: Glutathione S-transferase m (GSTm), carbonic anhydrase II (CAII), and
myelin basic protein (MBP). Oligodendrocyte cell bodies and MBP fluorescence intensity
normalized to area were quantified from the dorsal hippocampus. (b) Correlation matrix of
comparisons between RAS scores and oligodendrocyte or myelin measures from the DG.
Control n = 12 and stress n = 11 per correlation. Significant correlations with p < 0.05 are
indicated with an asterisk. Correlation plots and representative images for stress-exposed
animals are shown and indicate that stress-exposed animals have greater oligodendrocyte
and myelin content in the DG. (c) Correlation matrix of comparisons between startle scores
and DG oligodendrocyte and myelin markers. Correlation plots are shown for stress-
exposed animals. Oligodendrocyte cell bodies, but not myelin, were correlated with
sensitization to repeated 100 dB startle stimuli. (d) 12 separate animals underwent acute,
severe stress and were subjected to a 3-day fear conditioning protocol one week after
stress. The correlation matrix indicated that DG oligodendrocytes and myelin did not
correspond with fear behaviors.

Figure 4: Oligodendrocyte precursors are not correlated to behavioral
outcomes after stress.
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Figure 4: Oligodendrocyte precursors are not correlated to behavioral outcomes
after stress. (a) Two markers of oligodendrocyte precursor cells (OPCs) and immature
oligodendrocytes were used: Neural/glial antigen 2 (NG2) and Oligl. A third marker
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(Olig2) was utilized in a separate stain with the thymidine analog BrdU (data not shown).
Oligodendrocyte cell bodies and MBP fluorescence intensity normalized to area were
quantified from the dorsal hippocampus. (b) Representative images of NG2, Oligl, and
NG2/0lig1 cells. (c) Correlation matrix of comparisons between RAS scores and OPCs. (d)
There were no significant correlations, although NG2 showed an interesting trend in stress-
exposed animals.

Figure 5: Serum corticosterone at the time of stress does not predict startle or
avoidance behavior in stress-exposed animals but is negatively correlated with
DG oligodendrocytes.
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Figure 5: Serum corticosterone at the time of stress does not predict startle or
avoidance behavior in stress-exposed animals but is negatively correlated with DG
oligodendrocytes. (a) Serum corticosterone was collected at 0, 30, and 180 minutes into
stress. Male rats showed a robust corticosterone response to stress with significantly
higher corticosterone at 30 and 180 minutes over baseline values. (b) Comparisons of RAS
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and startle scores to corticosterone amplitude (30 min - 0 min), corticosterone at 180 min,
and total corticosterone exposure measured as area under the curve (A.U.C.). n = 20 for all
comparisons. (c) Comparisons between fear conditioning measures and corticosterone
measures. n = 20 for all. (d) Comparisons between corticosterone measures and DG
oligodendrocyte precursors. N = 11 for all comparisons. (e) Comparisons between
corticosterone measures and DG mature oligodendrocytes. N = 11 for all. (d) There was a
significant negative correlation between corticosterone amplitude and CAII and a similar,
but not significant, trend between corticosterone amplitude and GSTm.
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Figure 6: Oligodendrocyte and myelin gene expression is not altered by one week
after stress. Stress-reslient animals exhibit a greater transciptional change after stress.
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Figure 6: Transcriptional profiles of high-anxiety animals do not greatly differ from
control or low-anxiety animals, while stress-exposed low-anxiety animals show the
greatest transcriptional changes. (a) Experimental design. Animals were dissected and
brains flash-frozen. (b) From our behavioral results, 12 animals were selected for
transcriptome analysis. (c) Punches were collected from the DG, and RNA was extracted
from bulk tissue samples. (d) Principal component (PC) analysis of transcriptome data. One
animal (which was extracted separately due to a poor RIN score from the original
extraction) displayed a dramatically different transcriptional profile and was subsequently
removed from further analysis. Notably, there was little difference in PC space between
control and stress-exposed animals with high anxiety-like behavior. (¢) Number of
differentially expressed genes (DEG) per comparison. Stress-High animals showed little
transcriptional difference from Control-Low and Stress-Low animals. However, Stress-Low
animals showed a much larger transcriptomic difference from Control-Low animals,
suggesting transcriptional changes that actively promote resilience. (f) Individual
expression plots of genes of interest from the oligodendrocyte and myelin lineage. No

significant changes to oligodendrocyte genes are apparent by one week after stress.

Table 1: Differentially Expressed Genes: Stress-Low vs. Stress-High

Gene Name STRESS_LOW STRESS_HI PostFC PPEE

Cartpt 18.86565094 91.4736178 4.765492646 0
RGD1563072 35.82167528 0 0.011501875 0

ATN1 0 42.77555362 103.6258949 0

CTTN 31.77835129 0 0.012946372 1.11E-16
Rtn3 26100.27604 24307.79878 0.931324533 1.22E-15
Ywhaq 7153.419926 6274.193482 0.877097217 1.89E-15
UBALD1 0 29.22051194 71.10502337 5.22E-11
Sept5 9739.829199 10621.82954 1.090552163 1.08E-09
Mfge8 1444.410756 1849.650571 1.280476248 1.19E-08
TSEN34 136.2506456 70.6405754 0.519929089 3.35E-07
Rnf112 6652.824428 7231.68106 1.087003704 4.47E-06
Mical2 4819.232516 4254.089232 0.882741825 4.58E-06
Mfsd6 2576.694527 2177.588725 0.845134436 2.79E-05
Rnf14 10328.70446 9361.878854 0.906398077 0.000101621
PEX12 0 22.48572287 54.94710847 0.000112943
Tnk2 3252.991359 3593.232296 1.10457985 0.000144313
Hspa4l 2403.408246 2035.395206 0.846905232 0.000259962
Nrid1 1091.300472 1282.030706 1.174706617 0.00029211
Rpl19 3987.497726 4347.309849 1.090225636 0.000685767
Rxfp1 81.32304838 42.50438538 0.525095057 0.000694884
Snap25 24527.44976 22167.66321 090379161 0.001658365
Mtpn 7305.024641 6805.472152 0.931619124 0.002927408
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Abcd2 811.7066391 682.8382996 0.841319273 0.00513706

Rfk 853.3541207 1030.319857 1.20727543  0.005150174
Galnt18 1170.487769 1006.876811 0.860269607 0.008012295
Tbx19 3445327622 82.93392019 2.390321863 0.00825235

Atp2cl 3197.546425 2912.666311 0.910918265 0.010842729
Ywhab 13512.32157 12452.43169 0.92156365 0.011152499
Rab6a 10891.92706 9994.103619 0.917572981 0.012262608
KPTN 378.6632439 503.9003459 1.33037112 0.014981262
Wdr47 3620.147492 3315.079622 0.915740242 0.015108804
Rtn4 10195.59421 9222.970939 0.904607471 0.018087353
Oxr1l 4565.461604 4060.401846 0.889383879 0.018551139
Dpysl5 952.8190789 805.6914167 0.845654508 0.022595469
Uba3 1039.265722 900.2207025 0.866262042 0.024783049
HAUS1 3.386705196 19.62788919 5.270045181 0.033305591
Mast2 2245.889495 2466.041749 1.098006338 0.035894735
Pfdné 591.776253 725.6300514 1.226030676 0.039449737
Slc2a1l 840.7031537 1042.571474 1.23999944  0.040377594
Zmat3 1603.65607 1415.50229 0.882702474 0.041113828

Table 2: Differentially Expressed Genes: Control-Low vs. Stress-High

Gene Name CTRL_LOW  STRESS_HI PostFC PPEE
Gabral 4292.627451 5399.576823 0.795047849 0

Olr1462 266.763845  124.5144351 2.139551448 0

RT1-A3 86.57132744 4.405863625 18.0751305 O

Fam50a 0 135.8569725 0.004094631 O

Pdyn 4432.469625 1671.088318 2.645978856 2.02E-14
RRAGB 0 53.51903671 0.009802804 2.84E-14
Al593442 5654.752796 6620.782186 0.854098577 1.37E-11
Rtn3 23942.3572  25839.71946 0.92657101 1.19E-09
Vom2r44 83.25527603 19.05672104 4.280663505 2.01E-06
Kansl3 2195.248726 1837.096869 1.194961203 3.03E-06
Sept7 2592.940255 3038.191628 0.853496698 4.38E-06
CD99L2 22.75980658 0 47.53794902 9.90E-05
Ccngl 4292.40731 4883.233303 0.879018356 0.000118579
RGD1306926 610.6880203 840.2405935 0.726924703 0.000544877
SCCPDH 0 32.4438202 0.017669949 0.000658521
Ccdc77 50.24690056 164.0649875 0.307301887 0.000878636
Cartpt 30.5519498 97.23582425 0.319274479 0.005215321
Nedd9 761.3925853 615.8756857 1.236322681 0.006959905
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Slc35d3 1598415726 46.29422854 0.354873696 0.009429065
Dgkb 2674.726095 3036.707541 0.880834693 0.009478828
RET 115.181216  68.89824969 1.670432695 0.012774574
ECHS1 24.61210456 0.002901563 48.56005072 0.015881531
Hist3h2ba 684.8288459 555.5762743 1.232802176 0.018646426
Foxo6 535.3594123 399.1660973 1.340805021 0.019153278
Dhx16 863.5025384 725.8401659 1.189813721 0.020585658
Prdm8 1220.762146 1447.108699 0.843679697 0.021811633
Usp2 994.6724824 1164.778006 0.854148415 0.029118695
FN1 494.4854434 385.6566472 1.282326913 0.030282349
Ppfibp1 437.0200639 337.6648377 1.294302522 0.039132481
ZFP280B 15.11277319 2.29244172  5.773841699 0.045942564
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Figure 7: Viral overexpression of Olig1 resembles the behavioral effects of
acute, severe stress.
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Figure 7: Viral overexpression of Oligl in the DG may increase hippocampal
oligodendrocytes and partly mimic the effects of stress. (a) Viral design. Oligl is
expressed under the ubiquitous promoter CMV. (b) Experimental design. Animals were
allowed 5 weeks between surgery and procedures. (c) Viral expression was confirmed in
the DG by needle track and expression of GFP. All injections were successfully placed into
the DG. (d) Quantification of GSTm cell density, MBP fluorescence intensity, and Olig2/BrdU
cell density in the DG of virally injected animals. There was a trend for a main effect of
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Olig1 virus in GSTm (ANOVA: F(1,12) = 4.51, p = 0.055). (e) RAS scores were calculated using
the GFP-Control group as the reference population. GFP-Stress animals exhibited a bimodal
distribution of RAS scores. Both Oligl groups had mean RAS scores similar to that of GFP-
Stress animals, but an ANOVA revealed no significant differences (F332) = 1.45, p = 0.24).
We defined the 80th percentile RAS score of the GFP-Control group as the cutoff for “high
anxiety”. With this, GFP-Stress, Oligl-Control, and Oligl-Stress exhibited ratios of 50%
affected to unaffected animals. Using a binomial test to compare these ratios to the
expected ratio of 20%, we found the Olig1-Stress ratio appeared significantly different from
the GFP-Control ratio; however, this does not survive a Bonferroni correction for multiple
comparisons (o = 0.017).

Table S1: Male measures from avoidance tests (t test results

Test Measure  Control Mean Stress Mean (Stress - Control) P
+ SEM + SEM + SE Difference
OFT (L) Time 9.7 9.2 -0.5 0.84
+19s +19s +2.7
OFT (L) Freq. 8.1 7.2 -0.9 0.61
+1.3 +1.2 +1.8
OFT (L) Lat. 105.1 142.3 37.2 0.50
+36.5s +40.7 s + 54.7
OFT (D) Time 22.4 16.1 -6.3 0.24
+3.6s +4.0 +5.3
OFT (D) Freq. 13.8 9.5 -4.4 0.12
+1.7 +2.1 +2.7
OFT (D) Lat. 86.9 93.1 6.3 0.89
+32.1s +295s +43.6
LD Time 204.0 125.7 -78.3 0.03*
+24.7 s +24.1s +34.5
LD Freq. 29.5 19.0 -10.5 0.03*
+ 3.7 +3.1 +4.8
LD Lat. 141.3 207.5 66.1 0.32
+40.1s +51.2s + 65.0
EPM (L) Time 411.2 455.5 44.3 0.08
in Closed +183s +158s +24.2
EPM (L) Lat. 41.5 96.2 54.8 0.21
to Open Arm +129s +40.5s +42.5
EPM (L) Time 60.5 444 -16.2 0.30
in Open Arm +11.7s +10.0s +15.4
EPM (D) Time 390.7 431.1 40.4 0.30
in Closed +29.6s +24.2s + 38.2
EPM (D) Lat. 166.1 190.3 24.2 0.72
to Open Arm +48.5s +453s +66.3
EPM (D) Time 75.8 37.3 -38.5 0.054
in Open Arm +174s +78s +19.1
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Table S1: Males exposed to acute, severe stress exhibit consistent anxiety-like
trends, but few significant differences, in avoidance tests. P values from separate,
independent samples t-tests are shown. N = 20 for control and stress groups in all
comparisons. *p<0.05

Figure S1: Acute, severe stress does not increase DG oligodendrocyte cell density and
myelin content.
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Figure S1: Acute, severe stress does not increase DG oligodendrocyte cell density and
myelin content. Control and stress-exposed animals did not differ in DG oligodendrocyte
and myelin content.

53



Figure S2: Multi-region sampling of oligodendrocyte and myelin content
d
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Figure S2: Multi-region sampling reveals that oligodendrocyte and myelin
relationships to avoidance behavior are specific to the hippocampal DG. (a) GSTm,
CAIl, and MBP were quantified from several different regions of the brain from the same
sections from which DG measures were quantified. (b) Correlation matrices between RAS
scores and regional measures of GSTm, CAIl, and MBP. Only the neurogenic DG showed a
relationship between RAS scores and oligodendrocytes and myelin in stress-exposed
animals. Interestingly, significant correlations were revealed between RAS scores and MBP
in several hippocampal sub-regions, as well as oligodendrocytes in somatosensory cortex.
*p<0.05; **p<0.005. Regions analyzed are as follows: Hippocampal -- Granule cell layer of
DG (GCL), hilus, molecular layer of DG (MoDG), CA3, stratum lucidum (SLu), CA2, CA1,
stratum radiatum (Rad), lacunosum molecular (LMol), stratum oriens (Or); White matter
tracts - corpus callosum (cc), fornix (f); Amygdala - lateral amygdala (LAmy), basolateral
amygdala (BLA), central amygdala (CeAmy); Somatosensory cortex - barrel cortex (S1BF),
trunk cortex (S1Tr).

54



Figure S3: Multi-region sampling reveals interesting trends between oligodendrocyte
and myelin and startle behavior.
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Figure S3: Multi-region sampling reveals interesting trends between
oligodendrocyte and myelin and startle behavior. (a) Correlation matrices between
startle behavior and regional measures of GSTm, CAIl, and MBP. Interestingly, in control,
but not stress-exposed animals, significant correlations were revealed between startle and
MBP in several hippocampal and somatosensory sub-regions. In addition, negative
relationships between BLA oligodendrocytes and myelin were found in stress-exposed
animals. *p<0.05; **p<0.005. (b) Two correlation plots from control animals between
sensitization to repeated startle and MBP from above are shown. (c) Correlation plots from
stress animals between mean startle responses and oligodendrocytes and myelin in the
BLA are shown.

Figure S4: Acute, severe stress does not increase DG OPC cell density.
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Figure S4: Acute, severe stress does not increase DG OPC cell density. Control and
stress-exposed animals did not differ in DG OPC content.
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Figure S5: Myelin and oligodendrocyte proteins do not correspond to behavioral
outcomes one week after stress.

d

NG2

MAG

Control
Low RAS

High RAS

Stress
Low RAS High RAS

et

-

GAPDH o s s s s s s

= 265 kDa

—

— . — G 37 kDa

105 kDa

GSTpl M—— pp— p— e = 24 kDa
25 kDa
i = 17-20kDa
MBpP e == 14kDa
b NG2 C MAG d GSTpi
0.6m 0.8= 0.80m
= = T e Low RA
T u = 3 0.75 ° S
g " a 064 °° = " g o High RAS
S 04s i {_ s % i {_ O 0.70 . = Hig
— [ ] [ ] N ‘06 }
o o n
° 'I % o 0.4 . * + % 0.65m % 1 %
T ood © u s £ 0.60
~ 0.2+ 3 .
) Q & 0.554 "
z = o
0.0 T T 0.0 T T 0.50 T T
Control Stress Control Stress Control Stress
e MBP 25 kDa MBP 20 kDa MBP 17 kDa MBP 14 kDa
0.3= 1.0m 1.0m 0.8
o & 08 ° g 0% ° o 0.6 =
< 0.2+ } < [ ) < < [ ]
© O 0.64 -I- O 064 , ™ o
o ; PY o ® o } o 044 o n }
2 [] k) ] 2 ]
§ od o E 0.4+ % -oé 0.4= { 0 0 'é i
a & o2 © & 0.2+ o 0.2 '}
= = = ° s )
0.0 T T 0.0 T T 0.0 T T 0.0 T T
Control Stress Control Stress Control Stress Control Stress
f Control Stress
RAS RAS
1.0
|
MAG 05
GSTpi
MBP 25 kDa 0
MBP 20 kDa
MBP 17 kDa 05
MBP 14 kDa
-1.0

57



Figure S5: Myelin and oligodendrocyte proteins do not correspond to behavioral
outcomes one week after stress. (a) Western blots for several oligodendrocyte and
myelin proteins from bulk tissue DG samples collected one week after stress. All western
blot bands were normalized to GAPDH. (b-e) Quantification of mean band pixel density
normalized to GAPDH. (f) Correlation matrix of comparisons between proteins and RAS
scores.
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Chapter 3

Females display different oligodendrocyte and anxiety profiles
after acute, severe stress than males.
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Introduction

It is often cited that women are nearly twice as likely than men to suffer from mood
and anxiety disorders across the lifespan288-290, [ndeed, a number of epidemiological
studies have shown that the lifetime prevalence of anxiety disorders is 60% higher in
women’0.288291.292 Many non-biological factors are hypothesized to contribute to this
difference, including earlier exposure to trauma, increased prevalence of sexual trauma,
and reporting bias®’; however, several studies have shown that the trend holds even when
such factors are taken into account or in situations of natural disaster223.2%4, This suggests
that biological mechanisms at least partly underlie this observed sex difference28829529%,
yet these mechanisms remain poorly understood.

Sex differences are believed to be brought about by different evolutionary
constraints placed on the sexes, and potential contributing factors include genetic,
epigenetic, hormonal, and neural components of development and physiology?295:29,
However, despite these trends, several studies have muddied the water by reporting
resilience of females in both human and animal studies?7-299, Indeed, close examination of
epidemiological data reveal that while certain types of trauma (molestation, physical
assault) result in higher rates of PTSD in women than in men, other traumatic events (rape,
accidents, natural disasters) yield lower rates of PTSD in women or show no difference
between the sexes’?. Overall, this may suggest that women do not have increased
susceptibility, but rather that the physical nature and actual threat of the experience may
contribute more to psychological outcomes®’. Such results paint a more complex picture of
susceptibility and resilience of the sexes to stress and call for controlled studies to isolate
the various factors that influence male and female responses.

To this end, researchers have employed various techniques to model the effects of
stress in rodents and to explore sex differences in this domain. Chronic stress is an often-
used model for the dramatic changes it brings about to the brain and behavior, which
include dendritic atrophy in the PFC and hippocampus, altered hippocampal function,
depression, anxiety, and impaired memory?20:454666,300, Many of these can be mimicked with
prolonged administration of glucocorticoids, indicating the potency of stress hormones and
their importance to the effects of stress®6.174,

Acute stress models have also been employed to probe the lasting effects of an
isolated event’4272301 Because a single, traumatic event can trigger the emergence of
disorders such as PTSD, understanding the acute aspects of stress, as opposed to the
prolonged exposure to stress and glucocorticoids, can aid in the understanding of
mechanisms regulating aberrant fear memory and emotionality. The effects of acute
trauma in females, however, are much less understood.

In this study, we used an acute, severe stressor to thoroughly assess changes in
female startle responses and avoidance behavior from several approach-avoidance conflict
tests, as well as additional behavioral measures. We then sought to understand how
oligodendrocytes and myelin from many regions of the brain contribute to the female
expression of stress. As discussed previously, oligodendrocytes and myelin are emerging as
important regulators of circuit-level dynamics, plasticity, and behavior. These
underappreciated cells may also present a little studied mechanism of stress-induced
changes in females. Sex differences in white matter microstructure have been found in the
corpus callosum, cerebellum, and superior longitudinal fasciculus302-304, Female rodents
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display greater numbers of oligodendrocytes and greater expression of myelin-related
genes3%5, although such a sex difference is less clear in humans3%6. At the cellular level,
oligodendrocytes express receptors for estrogen. Female steroidal hormones, including
estrogen and progesterone, affect several aspects of oligodendrocyte cellular development
and myelin formation307-310, Finally, in our previous work conducted on both PTSD patients
and male rats, we showed that hippocampal myelin and oligodendrocytes are correlated
with symptom severity and avoidance scores.

We, therefore, hypothesized that hippocampal measures of oligodendrocytes and
myelin in our female rodent model would reflect a susceptible phenotype, similar to males,
and that these markers might be a stronger predictor of behavioral outcomes. To do this,
we replicated our work performed in males. Interestingly, we showed that after one week
of recovery from stress, females as a group exhibited little behavioral response, despite a
robust physiological response during and after the stressor. This echoes other findings of
cognitive and emotional resilience in females. However, when many tests are taken into
account, a cluster of females with high, consistent avoidance behavior emerges. In
comparing these avoidance scores with hippocampal measures of oligodendrocytes and
myelin, we found a positive trend but no significant relationship between these glial cells
and avoidance. Together, this study adds to the understanding of differences between the
sexes to acute threat and may speak to differences in the underlying hippocampal
responses to stress in males and females.

Materials and Methods

Animals and Procedures

Forty female Sprague-Dawley females were used for this experiment (20 control, 20
stress-exposed), and procedures followed those of housing, handling, acute stress, BrdU
injections, behavioral testing, and perfusion described in Chapter 2 (Fig. 1A).

Statistics

All analyses were performed using IBM SPSS 19 (SPSS, Inc., Chicago, IL). For
comparisons between males and females, two-way ANOVAs were used with sex and stress
as independent variables. For corticosterone, we used a two-way repeated-measures
ANOVA with time as the within-subjects factor and sex as the between-subjects factor. For
weight change and startle, we used a three-way repeated-measures ANOVA with time as
the within-subject factor and sex and stress as between-subjects factors. To compare the
relationships between behavioral measures, we conducted Pearson correlations as well as
a separate principal component analyses for each group. Pearson correlations were used to
compare the relationship between oligodendrocyte markers, serum corticosterone, and
behavioral measures. To compare correlation values between males and females, we used a
Fisher’s r to Z transformation and calculated the z statistic between the two transformed
values. For all comparisons, the alpha level was set at 0.05.

Results

Both females and males show a robust physiological response to acute, severe stress.
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We first examined the physiological responses of male and female rats to acute,
severe stress to determine whether our paradigm is a potent stressor to females.
Throughout stress exposure, both males and females exhibited robust increases in serum
corticosterone over baseline; however, females exhibited greater overall corticosterone
levels (Fig. 1b; significant time x sex interaction, F(1.5566)= 25.908, p < 0.001). Females had
significantly higher corticosterone than males at each time point, including baseline. Mass
of the animals was taken before stress began and the day following. One day after exposure
to immobilization and fox odor, both male and female stress-exposed animals exhibited
similar decreases in mass (Fig. 1c; significant time x stress interaction, F(1,76) = 101.5, p <
0.001), with males losing 9.4 + 1.0 g and females 7.6 + 0.7 g after stress. Collectively, this
suggests that both males and females showed strong physiological responses to acute,
severe stress.

Uncycled females show no changes in standard measures of anxiety one week after acute,
severe stress and display less anxiety-like behavior than males.

We next assessed the behavior of animals on various tests for anxiety-like behavior
one week after stress exposure. We have shown previously that male rats exposed to acute,
severe stress and allowed one week to recover show consistent behavioral effects yielding
a spectrum of anxiety-like behavior.

We first analyzed baseline behavior from a 5-minute OFT under dim lighting
conducted the day before stress. In comparing the results of males and females, we found
that females consistently displayed greater anxiety-like behavior (Table 1). They showed a
greater latency to enter the center zone, less time spent in the center zone, and fewer visits
to the center (significant main effects of sex in each, p < 0.05).

This in marked contrast to the tests conducted one week after acute, severe stress
exposure. Here, we found that 7 of 15 measures from 5 different tests yielded a significant
main effect of sex, in which females displayed less anxiety-like behavior (Table 2). In each
of these significant results, females displayed greater time in and visits to anxiogenic zones,
decreased latency to anxiogenic zones, and decreased time spent in closed zones. This may
suggest that females are less anxious in general after repeated handling; however, this
could also suggest that females overall have greater baseline activity and/or exploratory
drive, making it difficult to directly compare between males and females in these tests.

Consistent with this hypothesis of greater exploratory drive, females exhibited
greater distance traveled in all tests, including the 5-minute OFT under dim lighting that
was conducted the day before stress (Table 3). To account for potential differences in
exploration in both the baseline and post-stress OFTs, we normalized the distance traveled
in the center of the OFT to the total distance traveled in the arena for each animal. With
this, the effect at baseline persisted, indicating males displayed less anxiety-like behavior
than females (Table 4). The sex effects were abolished in the post-stress tests, indicating
that when normalized to exploratory behavior, females did not display significantly less
anxiety.

To understand how behavior changed from baseline to after stress, we conducted a
repeated-measures ANOVA with the baseline OFT and the first 5 minutes of the
corresponding post-stress OFT Dim. We found that all animals decreased in OFT
exploration across time, but males displayed a greater magnitude of decreased exploration
than females (significant time x sex interaction, F(1,76) = 5.70, p = 0.019). This was true as
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well for time spent in the center of the OFT (significant time x sex interaction, F(1,76) = 7.81,
p = 0.007). Intriguingly, then, although females displayed greater distance traveled both at
baseline and after stress, they displayed greater anxiety-like behavior before, but less
anxiety-like behavior after, acute stress. This effect was driven by males decreasing their
exploration over time.

In considering the effects of stress in our animals, it became apparent that only
males exhibited the expected trends towards greater anxiety-like behavior, although only
the LD box yielded a significant difference due to stress. We visualized this by comparing
the performance of stress-exposed animals as a function of controls via Z scoring (Fig. 2a).
We found that males showed consistent patterns towards a more anxious phenotype
across anxiety tests; however, despite robust changes in physiology during and after stress,
females showed inconsistent patterns of behavior. Trends ranged from performing better
than controls (OFT Light) to little change (EPM Dim) to behaving marginally more anxious
than controls (OFT Dim), and no individual tests yielded significant differences between
control and stress groups (p > 0.05).

Given the lack of differences, we next sought alternative means of quantifying
anxiety-like behavior. We first measured the amount of habituation between our high and
low anxiogenic versions of the OFT and EPM. We found no difference between males and
females and no effect of stress in habituation to the OFT, as measured by the difference in
time spent in the center of the field (no significant sex x stress interaction and no
significant main effects, p > 0.05) (Fig. 2b). In the EPM, females showed a greater overall
habituation to the low anxiogenic test; however, there was no effect of stress (significant
main effect of sex, F1,76)= 24.1, p < 0.001) (Fig. 2c). This suggests that while females exhibit
more exploration of the open arms with repeated exposure to the EPM, stress does not
affect rates of habituation in either males or females and may not be a useful means of
assessing the effects of stress.

We next measured rearing and grooming behavior from the OFT Light. Females
displayed greater rearing behavior overall, but stress did not cause significant changes to
the frequency of rears (significant main effect of sex, F(1,76)= 16.2, p < 0.001) (Fig. 2d). For
grooming behavior, there was a trend towards males exhibiting greater time spent
grooming and, again, no effect of stress (trend for significant effect of sex, F(1,76)= 3.7, p =
0.059) (Fig. 2e). This suggests that acute, severe stress did not cause significant changes to
rearing and grooming behavior in the OFT one week after stress.

We also measured startle behavior from our animals. We used distance traveled as a
proxy for freezing and immobility and found that females overall were more active
throughout the habituation period of the startle test (significant main effect of sex, F(3,76)=
5.1, p = 0.027) (Fig. 2f). This may suggest that females overall displayed a more active
coping style to this inescapable, stressful environment. In addition, we measured startle
scores from the first block of stimuli and compared them to the final block of stimuli as a
measure of habituation to repeated startle stimuli. Males and females showed similar
startle levels to stimuli as well as equivalent amounts of habituation (no significant sex x
stress interaction; significant main effect of time, F(1,76)= 97.7, p < 0.001) (Fig. 2g).

Correlations across behavioral tests one week after stress differ between males and females.
We have shown previously that males exposed to stress show a strong pattern of
correlations across behavioral tests, suggesting that behavior across low and high
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anxiogenic tests is highly consistent. We, therefore, sought to determine how control and
stress-exposed females compare in their behavioral patterns. We conducted correlation
analyses across the various measures from our several tests, and here, we have included
the male data shown previously but expanded to include rearing and grooming behavior, as
well as acoustic startle data. We then compared correlations between males and females
with a Fisher’s r to Z transformation (Fig. 3a).

Control males showed a strong pattern of correlation across the highly anxiogenic
tests (LD and both EPM tests). Females showed a similar pattern, as only one set of
correlations was significantly different between control males and control females within
this set (EPM Light to EPM Dim time in the open arm). This is consistent with our previous
finding that females showed a high degree of habituation to the repeated EPM test. There
were no significant correlations between low anxiogenic tests (OFTs) and high anxiogenic
tests (LD and EPMs) in control males. Females, however, showed 7 correlations between
the OFT under full lighting and measures from the EPM tests. Nonetheless, only 4 out of 54
correlations assessed between OFT tests and LD/EPMs were significantly different
between males and females, suggesting that control males and females did not
substantially differ in patterns among low to high anxiogenic tests. Control males also
displayed several significant positive correlations between the acoustic startle response
test and the high anxiogenic tests (15 of 36 correlations); whereas control females showed
few correlations amongst these tests (2 significant positive correlations; 2 significant
negative correlations). Ten of these relationships were significantly different between male
and female animals. Together, this suggests that startle responses are correlated to anxiety-
like behavior in control male, but not female, rats.

Stress-exposed males, as noted previously, showed a high number of significant
positive correlations between high and low anxiogenic tests (20 of 36 comparisons).
Stress-exposed females, however, showed 4 significant positive correlations among 36
comparisons. Seven of the males’ 20 positive correlations were significantly different from
females. This suggests that there was much less behavioral consistency across anxiety tests
in stress-exposed females. For startle responses, both male and female stress-exposed
animals showed virtually no relationships between startle and tests for anxiety-like
behavior (1 significant negative correlation in females), suggesting that startle and anxiety
did not align in our acute, severe stress model.

Finally, stress-exposed females showed a greater degree of correlation between
rearing and grooming behavior and the anxiety behavior tests. Thirteen of 30 comparisons
were statistically positive correlations in females, as opposed to 2 of 30 comparisons in
males. However, only 3 of these correlations were significantly different between males
and females. This suggests that rearing and grooming may align moderately well with other
measures of anxiety-like behavior in stress-exposed females.

In Chapter 2, we developed a novel means of characterizing avoidance behavior that
is based upon cutoff behavioral criteria26®. Although we saw no overall effects of stress in
female groups, this does not exclude the possibility that certain females exhibit consistent
avoidance behavior; therefore, we employed RAS scoring to our behavioral data. We first
combined male and female data to generate RAS scores for the entire population (Fig. 3c).
Thus, the reference population consisted of both male and female control animals. Male
scores were similar to those previously shown that were based upon the male population
alone. Female scores yielded an interesting distribution for both the control and stress
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groups. In the control group, while the mean of scores was 2.2 + 0.5, two females scored
particularly high on the RAS scale (scores of 9 and 6). The mean score of the stress-exposed
group was 2.5 % 0.6, indicating very little difference from controls. However, the
distribution of the stress group was markedly different with a distinctive hourglass shape,
indicating a bimodal distribution. This may suggest that, while males exhibit a continuum
of anxiety scores with a general shift upwards after stress, females are more likely to
cluster into affected and unaffected groups. Overall, females exhibited lower scores, and
there was a trend for an overall effect of stress (significant main effect of sex, F3,76)= 13.6, p
< 0.001; trend for main effect of stress, F3,76)= 3.6, p = 0.061). The mean score for males
overall was 4.7 + 0.5, and the mean female score was 2.3 + 0.5 overall, a mean difference of
2.4 %0.6 (95% CI: 1.1 to 3.7).

We might expect that this effect is driven by the females’ lesser “anxiety-like”
behavior in raw measures from the anxiety tests. Thus, some females may fall into the
unaffected category simply because males skew the distribution and, thus, the cutoff
criterion. We, therefore, generated RAS scores for females using only control females as the
reference population (Fig. 3d). This generally yielded similar results to that of male/female
pooled scores. Two females in the control group had very high scores (RAS = 12), and
scores from the stress group generally clustered into high and low scores. There was a
trend towards an overall increase in RAS scores as a result of stress (trend for main effect
of stress: F376)= 3.9, p = 0.053); thus, stress yielded similar effects for both methods of
calculating RAS scores. However, there was no longer an effect of sex (p > 0.05), and male
and female control animals had equivalent scores (control males, 2.9 + 0.5; control females,
2.9 = 0.7). Therefore, when the differences in baseline exploratory drive were accounted
for by creating separate RAS scores for males and females, the sexes had similar scores for
anxiety-like behavior. Again, however, the sexes appear to differ in how stress affects
behavior, as males exhibit a normal distribution of scores after stress, while females exhibit
clusters of high and low scores.

Serum glucocorticoids during the stress response do not predict female behavior one week
later.

Focusing on the females, we next sought to determine whether serum
corticosterone before and throughout the acute, severe stress exposure could predict
behavioral outcomes one week later. From our stress-exposed females, we found that only
baseline corticosterone showed consistent trends towards a positive correlation to
behavioral measures. However, only five behavioral measures significantly correlated with
baseline corticosterone (Fig. 4a), and baseline corticosterone did not significantly correlate
with the composite RAS score (r =-0.37, p = 0.11) (Fig. 4b). Serum corticosterone also did
not predict any measures from the acoustic startle response test (Fig. 4c). Together, this
suggests that glucocorticoids at baseline and throughout the duration of the stressor do not
strongly relate to behavioral outcomes in females in this model.

Oligodendrocytes and myelin across several regions of the brain do not correlate with female
behavior.

We were interested in understanding whether oligodendrocytes and myelin,
particularly within the dentate gyrus of the hippocampus, associate with behavioral
profiles in females. We showed previously that males exposed to stress show striking
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correlations between mature oligodendrocytes and myelin and the RAS. We therefore
undertook the staining and imaging protocols adopted previously to analyze cell densities
for GSTm and CAII and fluorescence intensity of MBP (Fig. 5a). Interestingly, we found no
significant correlations between any marker and RAS scores in either control or stress-
exposed animals (all comparisons, p > 0.05, n = 10) (Fig. 5b). This was true for both the GCL
and the hilus of the DG, an area that showed a positive correlation between
oligodendrocytes in males (Fig. 5c¢,d). This indicates that, unlike that seen in males, these
glial cells do not correspond to behavioral profiles after stress in females, and this may
argue against a significant role for these cells in behavioral outcomes in females.

However, considering that female behavior did not show the consistency across
behavioral tests that was seen in males, we created a RAS score for females to take into
account only the LD and EPM tests, which showed consistent clustering patterns in control
and stress females. In comparing this measure to oligodendrocytes, this yielded a trend for
a positive correlation to GSTm cell density (r = 0.60, p = 0.068) (Fig. 5e,f). Still, CAII cell
density and MBP did not show such trends, suggesting again that mature oligodendrocytes
in this region do not correspond to avoidance behaviors in females.

Finally, we compared oligodendrocyte and myelin measures from our several brain
regions to acoustic startle responses, including the initial (stimuli 1-3) and final (stimuli
13-15) responses, the degree of habituation, and the mean startle amplitude (Fig. 6). We
found very few significant correlations among the many comparisons made, and no region
showed consistent, significant correlations across the 3 markers. Of the significant
correlations, oligodendrocyte cell bodies in the CA1l region of the female control
hippocampus negatively related to sensitization to repeated startle stimuli (GSTm, r = -0.68,
n = 10, p = 0.032; CAIl, r = -0.68, n = 10, p = 0.029). However, MBP showed no such
correlation (r = -0.081, p = 0.82). The CA1 region of the hippocampus has been implicated
in pre-pulse inhibition responses311; however, whether oligodendrocytes (but not myelin)
contribute to startle responses is not known.

A significant positive correlation was also found between MBP in the hilus and mean
startle responses (r = 0.65, n = 10, p = 0.040). A similar, but not significant, trend was found
for GSTmt (r = 0.52, n = 10, p = 0.12), but not CAIIl (r = 0.18, n = 10, p = 0.63). These
inconsistent trends may argue against a role for DG myelin in overall startle responses.
Interestingly, MBP in the lateral and basolateral divisions of the amygdala strongly
correlated with sensitization (LAmy, r = 0.82, n = 10, p = 0.004; BLA, r = 0.79,n = 10, p =
0.007). We have seen that myelin, but not oligodendrocytes, in these regions correlated
with fear conditioning behavior in males. This might suggest, then, that myelin within these
regions of the amygdala contributes to the behavioral expression of general fear responses
and startle sensitization in the female brain at baseline. However, none of the relationships
described for controls emerged in stress-exposed females. Myelin in somatosensory cortex
negatively correlated with startle responses to the first set of stimuli (S1BF MBP to Startle
to Stimuli 1-3,r=-0.71,n = 10, p = 0.02; S1Tr MBP to Startle Stimuli 1-3,r=-0.72,n =10, p
= 0.02); however, this was not the case for somatosensory cortex oligodendrocytes (p >
0.05). In addition, myelin measures did not significantly correlate with mean startle
responses. This may suggest that myelin within this region does not play a significant role
in startle responses.

Discussion
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Women and female rodents are consistently cited to be twice as likely to suffer
negative outcomes as a result of stress, and the biological origins of this effect remain
poorly understood’%288, Modeling this effect in rodents, however, has yielded conflicting
results and suggested that susceptibility in females depends on a number of factors,
including estrus status, the type of stressor, and the measures utilized. This suggests that
the nature of susceptibility in females is more complex than previously appreciated, and
more work is needed to understand whether biological factors contribute at all to
outcomes in females and, if so, exactly what those factors are. While most focus on chronic
stressors to accomplish this goal, the understanding of how females respond to acute,
severe stressors is far less complete. In this study, we utilized immobilization stress
coupled with fox urine to model an inescapable predator exposure. We then undertook an
extremely thorough method of probing anxiety-like behavior using approach-avoidance
conflict tests in addition to the acoustic startle response test. We related the outcomes of
these tests to various biological measures, including glucocorticoids and oligodendrocytes
and myelin from many regions of the brain, as the role of oligodendrocytes in female
responses to stress is extremely understudied. Contrary to expectation, we found that
females exhibited a very different profile from males in responses to the acute stressor.
Whereas males overall displayed increased tendencies towards anxiety, females as a group
showed little response to the acute stressor. We then created composite measures to
quantify individuals’ behavioral tendencies. With this, whereas males exhibited a
continuous spectrum of composite behavioral scores of anxiety, females exhibited a
bimodal distribution, suggesting clusters of highly affected and minimally affected
individuals. No physiological or oligodendrocyte markers, however, correlated with
behavioral outcomes. This study marks an important addition to the understanding of
glucocorticoid and glial contributions to the behavioral effects of stress in females.

Females show greater activity in several measures of approach-avoidance conflict tests.

If one were simply to compare raw behavioral output from the approach-avoidance
tests, females would appear to behave less anxiously than males after acute, severe stress.
In reality, however, females exhibited greater distance traveled, and hence greater
exploratory behavior, across every test (OFT, LD, EPM). In fact, it has been known for many
years that female rats ambulate in the OFT more than males?88312, This behavior emerges
around 60 days of age and appears to be only partly affected by gonadal hormones, with
estrogen stimulating locomotion313314, Female rats also exhibit less aversion to the open
arms of the EPM than males, which is again likely due to a higher amount of overall
movement and exploration in this test315. Unlike the OFT, this effect is responsive to
gonadal hormones316, Thus, female sex hormones tend to increase locomotion and
exploration in the approach-avoidance conflict tests. In this vein, when the distance
traveled in the anxiogenic center zone of the OFT is normalized to distance traveled in the
entire arena, males and females were no longer different. Females, then, overall tend to
exhibit greater activity in novel arena settings, and factor analyses have confirmed this
phenomenon??7. However, this does not necessarily translate to a difference in anxiety-like
behavior in females.
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With acute immobilization and fox odor exposure, females did not show behavioral effects of
stress one week later.

After trauma, the number of individuals displaying PTSD symptoms decreases, and
only about 20% of individuals will develop persistent changes to fear and anxiety’?. We
modeled this with an acute, severe stressor in the form of inescapable immobilization and
predator odor exposure. In males, this yielded consistent trends across tests for avoidance
behavior. Not all tests yielded a significant effect of stress, but this is expected, as only a
fraction of animals should display persistent anxiety-like behavior. Despite this, when
observing trends of the male stress group compared to controls, the group as a whole
tended towards increased expression of anxiety. Females, however, showed no such trends.
Epidemiological studies of PTSD have suggested that women are more susceptible to PTSD
after trauma and that the symptoms of PTSD are more severe in women317.318, [n stark
contrast, our female rats displayed inconsistent trends with no overall effect of stress. In
measures of avoidance, the means of the female stress group trended towards lesser
anxiety in the OFT under bright lights, increased anxiety in the OFT under dim lights, and
virtually no change in any other test. Measures normalized to exploration also showed no
behavioral effects of stress. Thus, even within this single cohort, behavior was variable and
suggested that the group as a whole did not exhibit increases in anxiety-like behavior in
response to this stressor.

When we turned to methods that might serve as alternative measures of anxiety-
like behavior in rodents, we again found no effects of stress. Measures of habituation,
rearing, and grooming served no advantage. This is most likely not due to a failing of the
stressor, as males and females showed equivalent losses in weight after stress. In addition,
females showed greater corticosterone responses to the stressor. Even despite having a
higher baseline and higher overall corticosterone levels, the rise in corticosterone was
greater in female rats in response to immobilization and predator odor.

Interestingly, the lack of effects in females and behavioral anxiety in males were in
contrast to the baseline OFT conducted the day before stress. In this test, females, despite
again ambulating more in the arena, displayed less time in, fewer visits to, and greater
latency to the center. This was true as well for distance traveled in the center normalized to
total arena ambulation. Prior to this OFT, animals experienced 5 days of handling. After the
test, animals went through stress (or no disturbance) and behavioral tests over a weeklong
period. Our analyses revealed that males decreased ambulation and time spent in center of
the OFT and that this decrease was greater in males than females. In addition, this did not
depend on stress, as both control and stress-exposed males exhibited these decreases. Why
females seemed to exhibit greater anxiety-like behavior before, but not after, stress is
unclear. Given that the effect of differences in ambulation appears later in life in the rat313,
one possibility is that the decreased ambulation seen in all males reflects a continued
divergence between the sexes in exploration and anxiety with age. Hence, as time
progresses, males may decrease exploration and increase the expression of anxiety in these
tests, while the female decline in exploration is much more gradual. A second possibility is
that males may be more reactive to repeated handling, and thus the mean level of anxiety
in all males increases over the time span. Nonetheless, this does not detract from the
observation that females did not show group-level changes in anxiety-like behavior.

The possible reasons for this finding are various and suggest many future directions.
Firstly, females may be more resilient to this type of stressor. Several studies now have
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suggested that males and females may show sensitivity to different types of stressors. For
example, females may be evolutionarily primed to be sensitive to maternal stress and
chronic social stressors such as social instability stress, and while stressors such as
predator exposure yield strong behavioral effects in females, it may not induce persistent
changes equivalent to males in avoidance tests or regional measures of neuronal structure
and function319320, Female rodents, then, may be less sensitive or equally susceptible to
predator exposures32l, Whether this arises from a difference in appraisal of the threat or an
underlying mechanism that contributes to female resilience is not clear. If biological,
elucidating the mechanism of protection could inform interventional targets in males. On
the other hand, some studies have suggested that certain stressors induce different
domains of behavioral changes in females. For example, while males may exhibit decreased
exploration and increased anxiety in approach-avoidance tests, females may exhibit
decreased social interaction, increased depression-like behavior, or heightened
startle322323, Although we tested both approach-avoidance and startle behavior, the use of
additional tests such as sucrose preference, social interaction, fear conditioning, etc. may
have yielded stress effects in these females.

A second, and related, possibility is that females displayed changes to anxiety, but
our females exhibited an accelerated timeline of recovery. Human women have been
reported to display PTSD symptoms for a longer duration than men324, and we modeled our
paradigm from previous work showing that proportions of affected and unaffected animals
one week after traumatic stress reflect those proportions seen in humans26°. However, if
our females physiologically and behaviorally recover faster than males, then testing
behavior one week after stress exposure would not capture stress-induced behavioral
changes. Future work should, therefore, probe behavior at different time points after
stress. If females do indeed behaviorally recover at a faster pace, this would call into
question the predictive validity and translatability of this rodent model but could also
inform potential mechanisms to accelerate recovery.

A further possibility is that the estrus cycles of these females contributed to
behavioral variability. There is some evidence that females are less sensitive to the effects
of stress during the diestrus phase of the estrus cycle325-327, However, a meta-analysis of
rodent behavior in relation to estrus phase suggests that the estrus cycle does not
contribute a significant amount of variation328, In this study, we did not monitor estrus
cycles in females in order to replicate procedures performed in males and to avoid an
additional stressor. This may have contributed to variability in the effectiveness of the
stressor or in behavioral measures. Of note, however, our animals were tested for anxiety-
like behavior over two days, one week after the stressor. Behavioral testing, therefore, took
place over two phases of the estrus cycle. Here, we show that behavior across related tests
(OFT Light vs. OFT Dim and EPM Light vs. EPM Dim), which were conducted on two
separate days, is highly consistent. Correlational matrices of behavior were also similar
between males and females. This might suggest that the estrus cycle did not drastically
alter behavior in our females. Testing females over multiple tests and multiple days, then,
may be a means of controlling for any variation brought about by the estrus cycle.

Composite behavioral scoring reveals a subset of females with affected outcomes.
We have now detailed several hypotheses why stress-exposed females, as a group,
did not display changes to anxiety-like behavior after acute, severe stress. However, we
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were also interested in how behaviors at the level of the individual were interrelated.
Correlation matrices between individual behavioral measures indicated that, similar to
control males, the OFT tests and LD/EPMs tended to cluster into two groups based on the
anxiogenic nature of the test -- the OFT, as a low anxiogenic test of overall exploration and
the LD and EPM as more highly anxiogenic environments testing approach-avoidance
conflicts. These clusters did not drastically differ between control and stress-exposed
females, again highlighting a behavioral difference from males, which showed greater
coherence across behavioral tests with stress exposure.

Using the relatedness of tests, we generated composite anxiety scores based on
cutoff behavioral criteria26. In males, this resulted in a spectrum of scores, where the mean
of a normally distributed set was significantly greater than that of controls. This indicated
that our stressor was effective at shifting male behavior towards an overall anxious
phenotype. Stress-exposed females, however, displayed a bimodal distribution with two
clusters of unaffected and highly affected animals. Our method, thus, revealed that while
there were no overall behavioral trends, a subset of females exhibits heightened avoidance
behavior one week after acute, severe stress. Using a composite scoring system may,
therefore, aid in detecting individuals with consistent behavioral patterns. Notably,
however, no females scored above 9 on the scale.

Corticosterone did not predict any behavioral outcomes in females.

Glucocorticoid levels in the immediate aftermath of a traumatic event predict PTSD
outcomes in humans!!?; yet, our understanding of the role of glucocorticoids, especially
during trauma, remains incomplete. Here, we show that only baseline serum corticosterone
showed any relationships to several behavioral measures of anxiety-like behavior. These
relationships trended towards a negative relationship between corticosterone and anxiety.
This is consistent with the hypothesis that lower glucocorticoid levels associate with
adverse outcomes. However, the relationship between baseline corticosterone and the RAS
score was not significant. In addition, we found few to no relationships between anxiety
behavior, startle behavior, and any other measure of corticosterone from during or
immediately after the stress exposure. This is consistent with our results in males and
argues that the immediate hormonal response to stress does not predict behavioral
outcomes. Interestingly, human samples are necessarily collected after the termination of
the trauma, and a prolonged return of glucocorticoids to baseline has been hypothesized to
be a result of decreased negative feedback and a predictor of negative outcomes329, While
our results here might indicate no relationship between behavior and glucocorticoids
during the stressor, sampling from our animals after some time has elapsed could inform
whether glucocorticoid recovery is an accurate predictor in this model.

Females show no relationship between hippocampal oligodendrocytes and anxiety-like
behavior after stress.

We showed previously that there is a strong, positive correlation between mature
oligodendrocytes and myelin in the dentate gyrus and our composite measure of anxiety-
like behavior. Here, however, females did not show this significant relationship. Although
the correlation between GSTm and the RAS score was moderately high at 0.6, it did not
reach statistical significance, and this trend did not hold for other markers of
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oligodendrocytes and myelin. Dentate gyrus oligodendrocytes, then, may play no functional
role in anxiety-like behavior after stress in females.

This finding may be confounded by the fact that our behavioral measures did not
show an effect of stress. However, we showed that a cluster of females exhibited
moderately high RAS scores. If increased oligodendrocyte content influenced anxiety
behavior, we might have expected a significant correlation. In addition, as discussed above,
there are a number of reasons why females may not have shown behavioral changes. Any
factor that affected behavior, such as estrus cycle or accuracy of behavioral measures, may
also influence whether a relationship was detected between behavior and
oligodendrocytes.

Of greater interest is the hypothesis that the underlying mechanism that drives the
association between oligodendrocytes and behavior in males does not exist in females. For
example, our hypothesized mechanism is that adaptive myelination occurs due to
increased GABAergic or serotonergic input to the hilus. If females exposed to stress do not
have alterations to the DG, adaptive myelination may not occur. The lack of relationship,
then, may point towards an underlying difference between male and female mechanisms of
stress-induced behavioral changes. In support of this, many changes that are found in the
male hippocampus in response to stress are not found in females298.330,331,

In contrast to these results from the hippocampus, our analysis of oligodendrocytes
and myelin from other regions of the brain hinted at a relationship between amygdala
myelin and startle responses. Our results from males also suggested that myelin, but not
oligodendrocytes, related to fear conditioning. This coincides with the observation that
human trauma victims and PTSD patients often exhibit hypertrophy of the amygdala!?4 and
indicates that the amygdala should serve as a promising future route of exploration for how
myelin relates to region-specific changes in behavior.

This study provides extensive evidence that females subjected to acute, severe
stress do not resemble males in classic tests of approach-avoidance behavior and that
neither glucocorticoids nor hippocampal oligodendrocytes mediate their behavior in these
tests. As the NIH now mandates the inclusion of females in rodent studies, understanding
the baseline differences between the sexes in avoidance tests and how best to compare the
sexes is of immense importance. Our study contributes to this and opens new avenues of
research into the effects of stress on females and the neural and glial mechanisms that
shape them.

Figures
Table 1: Baseline anxiety-like behavior in males vs. females (Two-way ANOVA
results)
Measure p(Interaction)  p(Sex) p(Stress)
OFT (Pre-Stress) Timein 0.76 0.005** 0.38
Center (M>F)
OFT (Pre-Stress) Visitsto  0.55 0.041* 0.55
Center (M>F)
OFT (Pre-Stress) Latency 0.91 0.008** 0.54
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| to Center

(M<F)

stress (Two-way ANOVA results)

Table 2: Anxiety-like behavior in males vs. females one week after acute, severe

Measure p(Interaction) p(Sex) p(Stress)

OFT (Light) Time in 0.59 0.26 0.78

Center

OFT (Light) Visits to 0.12 0.014* 0.33

Center (M<F)

OFT (Light) Latency to 0.22 0.12 0.95

Center

OFT (Dim) Time in 0.62 0.70 0.18

Center

OFT (Dim) Visits to 0.42 0.68 0.088

Center

OFT (Dim) Latency to 0.77 0.38 0.60

Center

LD Time in Light 0.21 0.10 0.018*

LD Visits to Light 0.039* 0.88 0.15

LD Latency to Light 0.33 0.029* 0.50
(M>F)

EPM (Light) Time in 0.29 0.013* 0.11

Closed Arm (M>F)

EPM (Light) Latency to 0.42 0.28 0.23

Open Arm

EPM (Light) Time in 0.47 0.031* 0.44

Open Arm (M<F)

EPM (Dim) Time in 0.74 <0.001** 0.17

Closed Arm (M>F)

EPM (Dim) Latency to 0.74 0.0010** 0.73

Open Arm (M>F)

EPM (Dim) Time in Open 0.20 <0.001** 0.15

Arm (M<F)

Table 3: Baseline and post-stress exploration in males vs. females (Two-way ANOVA
results)

Measure
OFT (Pre-Stress)
Distance Traveled

p(Interaction)
0.037*

p(Sex) p(Stress)
0.001** 0.56
(M<F)
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OFT (Light) Distance 0.25 <0.001** 0.60
Traveled (M<F)
OFT (Dim) Distance 0.72 <0.001** 0.98
Traveled (M<F)
EPM (Light) Distance 0.72 <0.001** 0.39
Traveled (M<F)
EPM (Dim) Distance 0.67 <0.001** 0.78
Traveled (M<F)

Table 4: Male and female anxiety-like behavior normalized to exploration (Two-way

ANOVA results)
Measure p(Interaction)  p(Sex) p(Stress)

OFT (Pre-Stress) % Distance 0.62 0.01* 0.65
Traveled in Center (M>F)

OFT (Light) % Distance 0.33 0.12 0.94
Traveled in Center

OFT (Dim) % Distance 0.48 0.69 0.12
Traveled in Center
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Figure 1:
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Females show a robust physiological response to acute, severe stress.
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Figure 1: Females show a robust physiological response to acute, severe stress. (A)

Study design. (B) Females have greater serum corticosterone than males at baseline and
throughout the duration of the stressor. (C) Both males and females show a significant loss

of weight by 1 day after stress exposure.
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Figure 2: Females show little response to stress in approach-avoidance conflict tests.
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Figure 2: Females show little response to stress in approach-avoidance conflict tests.
(A) Z scores of group means between male stress measures vs. male control measures (left
column) and female stress measures vs. female control measures (right column). A
negative score (purple) indicates that the mean of the stress group is less than that of
controls (i.e. animals are more anxious), while a positive score (yellow) indicates stress-
exposed animals were less anxious than controls. For clarity, measures of anxious
behaviors (e.g. the latency to enter an anxiogenic zone) were negated such that
directionality of trends is consistent. While males consistently trended towards negative
effects with stress-exposure, females showed few and inconsistent trends. (B) Change in
time spent in the center zone between the OFT under bright lighting (highly anxiogenic
condition) and the OFT under dim lighting (low anxiogenic condition), calculated as [OFT
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Dim-OFT Light]. There was no effect of stress and no difference between males and females
in habituation across these two tests. (C) Change in time spent in the open arm between the
EPM under bright lighting (highly anxiogenic condition) and the OFT under dim lighting
(low anxiogenic condition), calculated as [EPM Dim-EPM Light]. Males showed little
habituation to the repeated EPM exposure, whereas females showed significantly more
habituation. (D) Rearing behavior from the OFT Light. Females showed consistently more
rearing behavior. (E) Time spent grooming in the OFT Light. There was no difference
between male and female grooming behavior. (F) Locomotion (distance traveled) during
the habituation phase of the ASR, in which 15 110 dB tones were played to the animal.
Females ambulated more in arena. (G) Average startle responses (calculated as body
movement) from the first three 110 dB startle stimuli to the final three stimuli. Males and
females both habituated across time, and there was no difference in magnitude of
habituation.
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Figure 3: Female behavioral correlation matrices change little after exposure to
severe stress. (A) Correlation matrices between measures of different behavioral tests.
Tests include the following: Open field tests (OFT) under bright and dim lighting, light/dark
box (LD), elevated plus mazes (EPM) under bright and dim lighting, rearing and grooming
from the OFT Light, and acoustic startle response (ASR). Measures from the approach-
avoidance tests include the time spent in anxiogenic zones (center zone of the OFT, open
arm of the EPM, light side of the LD), frequency of visits to the anxiogenic zone, latency to
the anxiogenic zone, and time spent in the anxiolytic zone. For clarity, all measures were
coded such that greater anxiety-like behavior is represented by lower behavioral scores
(e.g. -[OFT Latency]). Each square represents a Pearson correlation value between the two
measures, and the r value is coded as a color. Statistically significant correlations are
marked on the squares with asterisks (*p<0.05, **p<0.005, n=20 per group). (B) Principal
component analyses of male and female behavior. (C) Composite scoring of avoidance
behavior with the Rodent Anxiety Scale (RAS), using both male and female control animals
as the reference population. With these, males had overall greater RAS scores than females.
(D) RAS scoring with male control animals as the reference population for male animals
and female controls for female animals.
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Figure 4: Baseline corticosterone values in females predict some individual measures,
but not overall avoidance behavior, after acute stress exposure.
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Figure 4: Baseline corticosterone values in females predict some individual
measures, but not overall avoidance behavior, after acute stress exposure. (A)
Correlation matrix of comparisons between serum corticosterone and individual avoidance
measures. For clarity, all measures were coded such that greater anxiety-like behavior is
represented by lower behavioral scores (e.g. -[OFT Latency]). Each square represents a
Pearson correlation value between the two measures, and the r value is coded as a color.
Statistically significant correlations are marked on the squares with asterisks (*p<0.05,
**p<0.005, n=20 per group). Serum samples were collected from animals at minutes 0, 30,
and 180 of the 3 hr stressor, as well as before sacrifice 2 weeks later. Corticosterone
amplitude was calculated as (Cortzomin-Cortomin). Total corticosterone exposure was
calculated as the area under the curve (A.U.C.). (B) Correlation of baseline corticosterone
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values to Rat Anxiety Scale (RAS) scores. (C) Correlation matrix of comparisons between
serum corticosterone measures and startle behavior from the acoustic startle response
test.

Figure 5: Oligodendrocytes and myelin from several regions of the brain do not
correlate with avoidance behavior after stress exposure.
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Figure 5: Oligodendrocytes and myelin from several regions of the brain do not
correlate with avoidance behavior after stress exposure. (a) Three markers of mature
to myelinating mature cells were used: Glutathione S-transferase m (GSTm), carbonic
anhydrase II (CAII), and myelin basic protein (MBP). Oligodendrocyte cell counts and MBP
fluorescence intensity normalized to area were determined from a number of regions on
sections containing the dorsal hippocampus. Details of sampling can be found in the
methods section. (b) Correlation matrices of comparisons between RAS scores and
oligodendrocyte or myelin measures from several regions of the brain. N = 10 per
correlation. (c,d) Correlations between RAS scores and DG GSTm in control (c) and stress-

80



exposed (d) females. (e,f) Correlations between RAS scores using only the LD and EPM tests
and DG GSTm in control (e) and stress-exposed (f) females.
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Figure 6: Basolateral amygdala MBP correlates with startle responses in

control females.
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Figure 6: Basolateral amygdala MBP correlates with startle responses in control
females. (a,b) Correlation matrices of comparisons between oligodendrocyte/myelin
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markers and startle responses for control (a) and stress-exposed (b) animals. (c)
Correlation plots of control female startle sensitization to GSTm, CAIl, and MBP.
Sensitization is calculated as follows: (100 x [Startle to stimuli 13-15] - [Startle to stimuli
1-3])/[Startle to stimuli 1-3]. (d) Correlation plots of control female startle sensitization to
lateral amygdala (LAmy) and basolateral amygdala (BLA) MBP fluorescence intensity.
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Chapter 4

Discussion
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Oligodendrocytes in male and female stress and behavior

Oligodendrocytes are dynamic characters in the brain. Beyond the myelin they
produce to accelerate action potentials, these cells respond to their environment and to
peripheral cues, and they bring about long-lasting changes to neural circuits and, perhaps,
behavior. Targeted disruptions to oligodendrocytes not only alter myelin function but also
compromise axon integrity, reopen windows of plasticity, and bring about depression-like
behavior>51.207.224, Their ability to respond to stress hormones and numerous other peptides,
coupled with their obvious deficits following stress, places them in an underappreciated
position to alter the course of stress and contribute to psychopathology.

In this set of experiments, my colleagues and I present evidence that stress-induced
anxiety behavior in males is correlated with long-term changes to oligodendrocytes and
myelin within the dentate gyrus of the hippocampus. We conducted an incredibly thorough
analysis of animal behavior, hormonal responses, and brain oligodendrocyte content in
response to an acute, severe stressor. We developed a new technique to quantify consistent
behavioral changes in rodents that reveals the subtle but persistent effects of acute, severe
stress and highlights the continuous, rather than dichotomous, nature of stress-induced
changes to behavior. We demonstrated that markers for mature oligodendrocytes, but not
oligodendrocyte precursors, correspond to behavior, suggesting a role for oligodendrocyte
maturation. Furthermore, our results from a viral manipulation to increase hippocampal
oligodendrogenesis, while still preliminary, suggest that oligodendrocytes in this region
may functionally contribute to the expression of behavior.

In addition, we sought to determine the role of oligodendrocytes and myelin in
female responses to stress. Here, we encountered the frustrating, but incredibly interesting,
result that female rat behavior was starkly different from that of males. Females, with their
heightened locomotion, showed little behavioral changes one week after stress in various
tests of approach-avoidance conflict and startle. With this, we also saw no relationship
between oligodendrocytes and myelin, yet this result is hard to disentangle from the lack of
stress effects. Do females simply not show a relationship between DG oligodendrocytes and
anxiety-like behavior? Or do our tests for anxiety-like behavior not accurately reflect
behavioral states of female rats? We presented several hypotheses for each of these
possibilities, and this question begs further research into both the nature of the effects of
acute stress in females and the hippocampal mechanisms underlying anxiety in males vs.
females.

To our knowledge, no studies to date have examined the role of DG
oligodendrocytes in behavior, yet this region is increasingly appreciated for its role in
exploratory drive and anxiety?249.250, Several other studies now have examined the effects of
chronic stress on oligodendrocyte properties in the mPFC>1-53, but both the hippocampus
and amygdala remain underexplored. The DG, in particular, is incredibly sensitive to stress,
and as a neurogenic niche with the capacity to produce new oligodendrocytes from both
OPCs and NSCs, the DG may be a region in which oligodendrocyte proliferative capacity is
magnified174. Hence, any functional changes to neural circuitry as a result of
oligodendrocyte maturation may likewise be magnified.

The underlying mechanism for increased oligodendrocyte and myelin content in
animals with high anxiety behavior remains unclear, but we have presented several
hypotheses. Our primary hypothesis is that long-term changes to the inputs to the DG
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originating from either the medial septum, locus coeruleus, or raphe nuclei promote
activity-dependent oligodendrocyte maturation and myelination. This myelination then
potentiates the activity of those inputs and alters hippocampal function. Because such
changes to myelin have been shown to be critical to the final potentiation of a circuit162236,
the myelination we see in the DG may have functional consequences to the long-range
serotonergic, noradrenergic, or GABAergic to the DG.

Future directions of hippocampal oligodendrocyte research

We show here an interesting relationship between behavior and oligodendrocytes
in a region that is not traditionally known for myelin. This opens many exciting avenues of
research. One important future direction will be to determine the source of increased
myelination in the DG. As discussed previously, long-range inputs that display myelination
in the DG arise from three main sources -- the medial septum, locus coeruleus, and raphe
nuclei?8>, The increased myelin we see in the DG of high anxiety animals might arise as a
result of increased activity in one or more of these inputs. Using electron microscopy
coupled with retrograde tracers or staining for GABA, serotonin, or norepinephrine
signaling could determine which set of afferents show greater myelination. Determining
which is hypermyelinated will then speak to the underlying mechanism behind individual
differences in hippocampus and behavioral outcomes after stress.

Another unknown in this paradigm is when and how the increased myelination
arises. In humans and now animals, we have shown a positive relationship between
hippocampal myelin and behavior263, but we have little information on the timing of this
effect. In both cases, the effect is seen in brains that are far removed from the stressor, but
does the effect arise before or after trauma? The previously discussed hypothesis that
increased myelination imparts functional changes to long-range DG afferents could be a
mechanism that predisposes an individual to the long-term effects of stress. Alternatively,
we have shown previously that chronic stress can increase oligodendrogenesis in the
DG174; thus, we might hypothesize that a stress-induced transient increase in immature
oligodendrocytes acts as a pool from which new oligodendrocytes are recruited into the
circuit. In addition to this, new oligodendrocytes and myelin might be incorporated into the
circuit from pre-existing precursors that then differentiate and mature. These hypotheses
offer several directions for future work. First, we injected animals with the thymidine
analog BrdU immediately after stress and also on the following two days. This work will
allow us to birthdate oligodendrocytes to determine whether a larger proportion of
oligodendrocytes born during the time of stress corresponds to high anxiety outcomes. We
might also continue to explore the timeline of this effect with in vivo structural imaging.
Small mammal MRI offers a non-invasive approach to evaluating myelin content across
several time points and would allow us to image animals before and periodically after
exposure to acute stress.

In addition to the DG, we might also consider oligodendrocyte and myelin content in
other regions of the brain. We have shown in this work that avoidance behaviors appear to
relate only to DG oligodendrocyte content. Meanwhile, we have begun to analyze amygdala
myelin and found that this corresponds to fear conditioning behavior. We might now seek
to dive deeper into myelin changes in other regions, such as the mPFC, to determine
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whether myelin exhibits region-specific plasticity in this model and whether this plasticity
corresponds to region-specific behaviors.

Finally, more studies are needed to determine whether myelin in the DG imparts
causal, functional changes to hippocampal performance and behavior. Our viral work
yielded promising trends, but was ultimately underpowered. Therefore, conducting more
gain-of-function studies will help to determine whether myelin is sufficient to change
hippocampal function. For example, optogenetic activation of DG afferents will inform
whether activity-dependent myelination occurs in this region. Alternatively, targeted
manipulations of DG oligodendrocytes to promote myelination will determine whether
avoidance behavior can be changed solely by increased myelin. On the other hand, loss-of-
function studies will be critical to understanding the necessity of increased myelin. For
example, oligodendrocyte-specific deletion of myelin regulatory factor (MyRF) can inhibit
activity-dependent myelination and the behavioral expression of motor learning?3¢. Such a
manipulation in our model could serve to determine whether myelin disruption negates
the effects of stress on DG myelin and avoidance behavior.

Overall, these experiments add to the complex picture of individuality and expand
our thinking of susceptibility to psychopathology to include this underappreciated glial cell.
Our work adds to the growing body of literature emphasizing the importance of the
oligodendrocyte to functions far beyond conduction velocity. This and future work opens
the door to new therapeutics and new understanding.
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