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ABSTRACT OF THE DISSERTATION

Characterizing Gray Matter Atrophy and Preservation in Experimental Autoimmune
Encephalomyelitis

by

Cassandra Meyer
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2021

Professor Allan MacKenzie-Graham, Chair

Gray matter (GM) atrophy is considered one of the best predictors of disability
accumulation in multiple sclerosis (MS) yet the mechanisms underlying its progression
are poorly understood. Currently, there are no directly neuroprotective therapies in MS
that can halt the progression of GM atrophy. While GM atrophy has been established in
the most commonly used mouse model for MS, experimental autoimmune
encephalomyelitis (EAE), there is a lack of studies directly investigating associated
pathologies of GM atrophy and methods of sparing GM volume.

The projects in this dissertation were designed with the goal of characterizing
changes in GM volume and associated pathology. In the second chapter, | investigated
baseline sex differences in the C57BL/6 mouse brain. This was an important step in
establishing the use of magnetic resonance imaging (MRI) and voxel-based
morphometry (VBM) to identify differences in GM volume. Moreover, it highlighted the

importance of performing experimental analyses within sex as we determined that
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differences exist in the brain in healthy mice. In the third chapter, | sought to utilize VBM
to localize atrophy in vivo in a chronic mouse model of EAE and to identify the spatial
relationship between downstream axonal damage in the spinal cord and gray matter
loss. | found substantial GM volume loss throughout the brain particularly within the
cortex, caudoputamen, and thalamus during EAE. Further, | found axonal damage in
the spinal cord was negatively correlated to GM volume in motor and sensorimotor
regions of the cerebral cortex. In the fourth chapter, | describe a network of pathology
associated with GM atrophy that is disrupted by estriol treatment. | further identified
ligation of ERP as method of inducing remyelination in GM. Lastly, in chapter five, | used
VBM to identify sex differences in GM atrophy during EAE. Using voxel-wise regression
analysis | found a sex-specific relationship between disability and GM atrophy in the
somatosensory cortex in males. | further found evidence of increased neuronal loss and
increased axonal transection in males with EAE compared to their healthy controls than
females with EAE compared to their healthy controls.

Localizing atrophy and related pathology will allow for us to investigate the
molecular underpinnings of GM volume loss and potentially lead to the development of

better neuroprotective therapies for patients with MS.
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Chapter 1

Introduction and background



1.1 Multiple Sclerosis

Multiple sclerosis (MS) presents a global challenge as the most common neurological
disorder affecting young adults as symptoms first manifest between the ages of 20-40 (Browne
et al., 2014). In recent years, MS diagnosis has been on the rise, potentially due to
environmental factors. It is currently estimated that there are nearly 1 million people in the US
living with MS (Wallin et al., 2019). MS is a progressive and often disabling disease of the
central nervous system (CNS). It is an immune-mediated disorder where activated T
lymphocytes migrate into the central nervous system (CNS) and initiate widespread
inflammation, gliosis, demyelination, and neurodegeneration (Dendrou et al., 2015). Though the
etiology of the disease is unknown, it is thought that a combination of genetic and environmental
factors contribute to disease susceptibility (Winquist et al., 2007). Patients with MS experience a
wide variety of symptoms including loss of motor and sensory abilities, vision loss, fatigue and
cognitive dysfunction which can dramatically effect quality of life.

Based on the manifestation and progression of symptoms, MS can be classified into three
main types. Relapsing-remitting MS (RRMS) is the most common. Approximately 85% of MS
patients are initially diagnosed with this type (Fox and Cohen, 2001). RRMS involves periodic
relapses, where existing symptoms are exacerbated or new symptoms develop, and remissions,
where the patient demonstrates partial recovery. Most patients with RRMS will eventually
transition into the Secondary Progressive form of MS (SPMS). This form is characterized by
progressively worsening symptoms with no periods of remission. During SPMS, patients are
often less responsive to treatment and disability accumulates quickly (Galboiz et al., 2001; Li et
al., 2001; Molyneux et al., 2000; Paz Soldan et al., 2015). 10-15% of MS patients present the
Primary Progressive form (PPMS), where symptoms worsen from the onset of disease with no
initial relapsing-remitting period (Thompson et al., 1997).

MS involves both inflammation and neurodegeneration which are thought to contribute to

clinical disability. Neurodegeneration in MS is a complex process that includes dysfunction and



loss of axons, neurons, and synapses. While it is thought that neurodegeneration initially occurs
as a response to inflammation and demyelination, the specific mechanisms of
neurodegeneration remain unclear. In the early stages of MS, neurodegeneration is often
subclinical (Trapp et al., 2016). Later in the course of disease, during SPMS, neurodegeneration
becomes more aggressive and irreversible disability accumulates (Confavreux and Vukusic,
2014). There is evidence to suggest that neurodegeneration is not necessarily a direct effect of
the immune response (Confavreux and Vukusic, 2006; Trapp and Nave, 2008). This is
supported by the observation that treatments that suppress the immune response and reduce
relapses do not halt the progression of disability (Coles et al., 1999; Kappos et al., 2006;
Molyneux et al., 2000). While immunomodulatory treatments can slow disability accumulation,
there is a lack of directly neuroprotective treatments for MS patients. Understanding how and
why neurodegeneration occurs in MS can help identify therapeutic targets that can be treated

with neuroprotective agents.

1.2 Gray matter atrophy in Multiple Sclerosis

Magnetic resonance imaging (MRI) provides a non-invasive method of evaluating
neurodegenerative damage in the CNS of MS patients and a means to investigate the
underlying pathology of disability. MRI has been used in the past to identify white matter (WM)
lesions, indicating disease burden, and gadolinium-enhancing lesions, indicating active
inflammatory lesions, as a method of monitoring disease progression (Kirshner et al., 1985;
McFarland et al., 1992; Thompson et al., 1992). While these measures provide valuable
information about inflammatory activity, they have been found to be only modest indicators of
overall disease disability (Fisher et al., 2008; Fisniku et al., 2008; Fulton et al., 1999; Kappos et
al., 1999; Zivadinov and Leist, 2005). Gray matter (GM) atrophy, however, has been shown to
be strongly associated with disability (Benedict et al., 2002; Filippi et al., 2013; Jacobsen et al.,

2014; Sanfilipo et al., 2005).



GM atrophy is characterized by loss of neurons, axons, glial cells, extracellular matrix, and
myelin within the gray matter tissue of the brain (Dutta and Trapp, 2011). Even though it is often
subclinical, brain atrophy begins to accumulate even in early years of the disease (Chard et al.,
2004; Rudick et al., 1999; Simon et al., 1999) and becomes more aggressive during SPMS
(Calabrese et al., 2015; Fisher et al., 2008; Fisniku et al., 2008). GM atrophy has been found to
be better than white matter atrophy, white matter lesion load, or gadolinium-enhancing lesions
at predicting disability (Barkhof, 2002; Eijlers et al., 2018; Filippi et al., 2013; Fisniku et al.,
2008). The rate of GM atrophy that occurs early in disease is highly predictive of future clinical
status (Fisher et al., 2002; Summers et al., 2008). Regional GM atrophy, particularly in deep GM
structures, is closely tied with enhanced disability status score (EDSS) worsening (Eshaghi et
al., 2018b) and cognitive dysfunction (Schoonheim et al., 2012). Our group has shown that
localized GM atrophy is associated with clinically eloquent disability. For example, worse
performance on the 9-hole peg test, a test that measures arm and hand dexterity, was
associated with worse GM atrophy in a region of the brain involved in arm and hand motion
(MacKenzie-Graham et al., 2016).

Despite the growing body of literature highlighting the robust ability of GM atrophy to predict
disability progression in MS, it is still unclear what pathological measures lead to permanent GM
volume loss. Therapies for MS are primarily immunomodulatory and have been shown to have
no effect (Eshaghi et al., 2018a) or a only a modest effect on preventing GM atrophy (Cohen et
al., 2010; Filippi et al., 2004; Molyneux et al., 2000). Investigating mechanisms of GM atrophy is
a critical step in identifying novel therapeutic targets that can be acted upon by neuroprotective

agents.

1.3 Experimental autoimmune encephalomyelitis
The most commonly used mouse model of MS, experimental autoimmune encephalomyelitis

(EAE) provides a useful method to investigate the mechanisms that underlie GM atrophy and



potentially neuroprotective treatments. Much of the research that has been done investigating
treatments for MS have been done using EAE. EAE can be induced through either an active or
passive method (Gold et al., 2000). In the passive, adoptive transfer, method the induction
phase (activation of T cells) is separate from the effector phase (inflammation and
neurodegeneration). Passive induction is done by first injecting a myelin protein (myelin basic
protein (MBP), proteolipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG)) and the
immune stimulants, complete Freund’s adjuvant (CFA) and tuberculosis bacterium (TB), in one
mouse and then harvesting the lymph nodes or spleen from that mouse and transferring
activated, myelin specific T-cells into a naive animal. In the active C57BL/6 model, the model
used in the projects with this dissertation, both the induction and effector phase occur in the
same mouse. Mice are immunized with a myelin peptide, MOG35-55 , and immune stimulators,
CFA and TB. Pertussis toxin is also given to increase the permeability of the blood brain barrier
(BBB). The activated T-cells enter the CNS, recruit further immune activity, and lead to
demyelination. As in MS, this is followed by neurodegeneration, including synaptic loss, axonal
damage, and neuronal death.

The disease course of EAE differs depending that the strain of mouse that is used (Gold et
al., 2000). When EAE is induced in the SJL strain, the disease course is relapse-remitting, while
induction in C57BL/6 mice initiates a chronic disease course. In both strains, disability is
measured as ascending paralysis affecting the tail and hindlimbs. The clinical disability scale
used in the projects associated with this dissertation is as follows: 0 — healthy; 1 — tail limpness;
2 — limb weakness; 3 - partial paralysis of at least one limb; 4 — complete paralysis of at least
one limb; 5 — moribund (Pettinelli and McFarlin, 1981).

GM atrophy has been described in chronic EAE both ex vivo and in vivo (MacKenzie-
Graham et al., 2012a; MacKenzie-Graham et al., 2006; MacKenzie-Graham et al., 2009; Meyer
et al., 2019; Spence et al., 2014). MacKenzie-Graham et al. (2012) found that cortical and

cerebellar GM volume progressively decreased over the course of disease and was associated



with neuropathology in EAE. Evaluating mechanisms of GM atrophy in EAE can provide insight

into neurodegenerative processes in MS.

1.4 Sex differences in multiple sclerosis

Investigating the sexually dimorphic nature of MS can provide clues about the etiology of the
disease as well as identify novel therapeutic targets. It is well established that MS is a sexually
dimorphic disease. Women demonstrate increased susceptibility to MS and are 3 times more
likely to develop MS than men (Orton et al., 2006; Whitacre et al., 1999). Furthermore, several
clinical observations indicate that women tend to display increased inflammatory activity in
RRMS compared to males. Examples include a higher relapse rate (Kalincik et al., 2013) and
greater number of gadolinium-enhancing lesions (Pozzilli et al., 2003; Tomassini et al., 2005) in
females with MS. Evidence suggests that women have a more robust immune response than
men, contributing to autoimmune disease susceptibility (Bao et al., 2002; Choudhry et al., 2006;
Cruz-Orengo et al., 2014; Klein and Flanagan, 2016; Purtilo and Sullivan, 1979). Indeed,
females show increased susceptibility to many autoimmune disorders including systemic lupus
erythematosus, Hashimoto’s thyroiditis, and rheumatoid arthritis (Gleicher and Barad, 2007).
The biological effect of sex can be due to sex hormones, sex chromosomes, or an interaction of
the two.

The role of sex hormones and sex chromosomes in autoimmune susceptibility is complex.
Genetic factors likely play a key role in the origin of the observed female preponderance in MS
as both estrogens and androgens tend to suppress the inflammatory response and ameliorate
disease in EAE and MS (Bebo et al., 2001; Bebo et al., 1999; Bove et al., 2014b; Sicotte et al.,
2002; Voskuhl, 2011; Voskuhl, 2020). Some have postulated that differences in the expression
of genes on the X chromosome may contribute to autoimmune susceptibility (Golden et al.,
2019; Selmi et al., 2012). In the four core genotype mouse model, the testis-determining region

(Sry) is removed from the Y chromosome and added to an autosome. This allows for both XX



and XY™ gonadal males as well as XX and XY™ gonadal females to be created, therefore
decoupling the effect of sex hormones and sex chromosomes (Arnold and Chen, 2009; De Vries
et al., 2002). Using the four core genotype model, it was shown that XX mice, regardless of
gonadal sex, were more susceptible to EAE and lupus than XY~ mice (Smith-Bouvier et al.,
2008). In a recent study, it was found that the X escapee gene, Kdm6a, was expressed at
higher levels in XX mice compared to XY™ mice and the deletion of Kdm6a ameliorated EAE
(Itoh et al., 2019). Together, these studies and others (Elsheikh et al., 2001; Lu et al., 2007)
provide support for the hypothesis that the XX chromosome complement contributes to the
female preponderance in autoimmune disorders.

However, when males do develop MS, they tend to demonstrate worse disease progression
than females. Despite being less susceptible to disease onset, males are more likely to
progress from RRMS to SPMS than females and do so in a shorter time span (Alroughani et al.,
2015; Kalincik et al., 2013; Koch et al., 2010; Weinshenker et al., 1996). While there are no sex
differences in PPMS progression, males appear to be more prone to PPMS (Golden and
Voskuhl, 2017; Kantarci et al., 1998). Males demonstrate more gray matter atrophy than
females, particularly in deep GM structures (Antulov et al., 2009; Sanchis-Segura et al., 2016;
Schoonheim et al., 2012; Voskuhl et al., 2020). Furthermore, several studies have found that
male sex is a strong predictor of more severe disability (Beatty and Aupperle, 2002; Benedict
and Zivadinov, 2011; Ribbons et al., 2015; Savettieri et al., 2004; Schoonheim et al., 2012). A
study done by Schoonheim et al. (2012) examined cognition in RRMS patients throughout the
six years following diagnosis. Although there were no sex differences in disease duration, T1 or
T2 lesion volumes, males demonstrated significant cognitive decline in several cognitive
domains, while females did not. This was found in conjunction with significantly worse gray
matter atrophy in males than in females (Schoonheim et al., 2012). This suggests that more
pronounced cognitive disability and gray matter atrophy are visible in males even early in

disease. In another study, males were found to perform worse on the 9-hole peg test (a



measure of hand and arm dexterity) than females. There was a direct correlation between
worse 9-hole peg test performance and less thalamic volume in males, but not in females
(Voskuhl et al., 2020). Together, these studies indicate worse disease progression in males
than females.

The faster disease progression in males opposes the increased susceptibility and increased
inflammatory activity seen in females. This indicates that males may have an increased
neurodegenerative response to inflammation in MS than females. There are several possible
explanations for this observation. One possibility is that testosterone exacerbates disease
course. This, however, is unlikely as testosterone has been found to be protective in MS and
EAE (Bove et al., 2014a; Dalal et al., 1997; Kurth et al., 2014; Ziehn et al., 2012b). Another
possibility is that endogenous estrogens are protective against neurodegeneration. There is a
large body of evidence indicating that estrogens are neuroprotective (Behl, 2002; Christianson
et al., 2015; Garcia-Segura et al., 2001; Suzuki et al., 2006). 54% of postmenopausal women,
after an abrupt decrease in circulating estradiol levels, report worsening of MS symptoms,
suggesting that endogenous estradiol ameliorates disease. In this same study, 75% of women
reported an improvement of symptoms with estradiol treatment (Smith and Studd, 1992).
Studies have further shown that exogenous estradiol treatment ameliorates disease, shifts
cytokine production, and is neuroprotective in EAE (Bebo et al., 2001; Gold and Voskuhl, 2009;
Ito et al., 2001; MacKenzie-Graham et al., 2012b). Lastly, recent evidence suggest a likely role
for sex chromosomes in influencing disease progression. A study using bone marrow chimeras
and the four core genotype mouse model utilized both XX and XY~ mice with the same gonadal
background and the same peripheral immune cells. This ensured that the CNS was either XX or
XY~ and that the results were not confounded by either sex hormones or a difference in
peripheral immune response. This study eloquently demonstrated that mice with the XY
chromosome complement in the CNS have worse disease progression and increased

neurodegeneration (Du et al., 2014). It is still unknown whether wild-type males with chronic



EAE experience increased neurodegeneration. It will be important to determine the mechanisms
of increased neurodegeneration associated with sex-specific factors in males in order to identify

potential neuroprotective treatments in MS.

1.5 Estriol as a treatment in multiple sclerosis

Studies investigating sex-specific factors have identified estriol, an estrogen produced by
the placenta during pregnancy, as a promising neuroprotective agent. Pregnant women with MS
demonstrate a significant reduction in relapses, particularly during the third trimester when
estriol levels are highest (Confavreux et al., 1998). A similar effect was demonstrated using the
most commonly used mouse model of MS, experimental autoimmune encephalomyelitis (EAE).
Pregnant mice showed disease amelioration and a reduction in relapses (Kim et al., 1999).
Furthermore, it was found that exogenous treatment with estriol ameliorated disease and shifted
cytokine production in male and female mice with EAE (Kim et al., 1999; Palaszynski et al.,
2004). Several clinical trials have demonstrated that therapeutic treatment with estriol also
ameliorates disease in female patients with MS (MacKenzie-Graham et al., 2018; Sicotte et al.,
2002; Soldan et al., 2003; Voskuhl et al., 2016). In a recent study, MacKenzie-Graham et al.
(2018) demonstrated that estriol treatment was associated with protection against GM atrophy
which was accompanied with an improvement in cognitive testing. The cellular mechanisms
through which estriol is working to reduce atrophy are still unclear. To date, very few studies
have characterized the effect of estriol on GM tissue in EAE. One study demonstrated that
estriol treatment was neuroprotective by preserving synaptic function in the hippocampus of
mice with EAE (Ziehn et al., 2012a), but the specific mechanisms of estriol-mediated
neuroprotection in GM tissue remains unknown. Understanding the relationship between GM
preservation and associated changes in pathology will aid in the development of better

treatment options for patients with MS.



Some treatments, like Natalizumab, do appear to be moderately neuroprotective in MS, but
administering the drug is strenuous for patients (Mattioli et al., 2015). Estriol is attractive as a
treatment option for patients for several reasons: 1) It is a naturally occurring estrogen that can
be administered orally and crosses the blood brain barrier, 2) it is an inexpensive alternative to
current treatments, and 3) it is known to bind both to estrogen receptor (ER)a and Erf3, but binds
with a higher affinity to ERB (Kuiper et al., 1997). Estrogens that bind with a higher affinity for
ERa have been associated with adverse side effects such as breast and uterine cancer, while
estriol is considered safe when administered to humans (Lauritzen, 1987; Takahashi et al.,
2000). Investigating neuroprotective mechanisms of estriol is an important step in developing

better neuroprotective therapies that are effective, safe, and easily administered.

1.6 In vivo magnetic resonance imaging in mouse models

Structural Magnetic resonance imaging (MRI) in mouse models has been extensively used
to examine changes in brain volume. However, it is only relatively recently that technology has
advanced to allow the benefits of structural in vivo imaging to be recognized (Lerch et al., 2012;
Mackenzie-Graham, 2012). In vivo MRI in mice provides the opportunity to assess atrophy in
longitudinal studies of disease. In vivo imaging ensures that biologically relevant brain
conditions are being captured, such as full ventricles and no distortion of neuroanatomy upon
death (MacKenzie-Graham et al., 2012a). Furthermore, evaluating atrophy using similar
methods in both EAE and MS provides a direct comparison of outcome measures in patients
and mouse models.

Atlas-based morphometry (ABM) is one of the most common and reliable methods of
evaluating changes in structure volume in mice (Toga and Mazziotta, 2002). It involves using
atlas-based guidelines to delineate structures of interest on MR images and measure volume. It

is an invaluable hypothesis-based method to use when the region of interest is known.
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ABM is beneficial in that it allows for the quantification of volume change. However, it
requires manual delineation making this technique time intensive. Voxel-based morphometry
(VBM), on the other hand, can address some of the limitations of ABM. In VBM, volume
differences are compared on a voxel-by-voxel basis (Ashburner and Friston, 2000). A voxel, or
3D pixel, represents a small point in an MRI image. While commonly used in humans
(MacKenzie-Graham et al., 2018; MacKenzie-Graham et al., 2016; Matias-Guiu et al., 2018;
Rothstein, 2020; Singh et al., 2020), VBM has not been used extensively in mice (Cutuli et al.,
2016; Hikishima et al., 2017; Sawiak et al., 2009). VBM can provide a powerful method to
localize regions of volume difference. However, VBM cannot readily quantify those volume
differences, although it can indicate regions demonstrating atrophy between two groups more
precisely. Since VBM does not rely on manual delineation, it can be used to analyze volume
differences throughout the entire brain, ensuring that results emerge based on biology and not
investigator bias. Furthermore, VBM is sensitive to smaller volume differences and changes that
are not bounded by discrete anatomical structures than ABM. Identifying regions that are
particularly susceptible to atrophy with VBM can indicate regions to examine further using ex

vivo biological methods.

1.7 Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue
hYdrogel (CLARITY)

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel
(CLARITY) provides a particularly valuable method of investigating ex vivo pathology of the
brain. CLARITY (Chung et al., 2013; Spence et al., 2014) is a recently developed optical
clearing methodology that permits the intact imaging of the entire brain. This approach embeds
the brain in a porous matrix that provides structural integrity to proteins, nucleic acids, and small
molecules, while leaving lipids unbound. The lipids are then removed, culminating in an optically

cleared brain that can be easily visualized and probed using commonly available techniques.
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Using CLARITY we can conduct analyses not possible with traditional immunohistochemistry.
For example, we can quantify all of the layer V pyramidal neurons in the cerebral cortex and

assess damage across the entire length of an axon or dendrite.

1.8 Overview of experiments

There is an ever-growing need to investigate the pathological mechanisms underlying GM
atrophy in MS in order to identify potential therapeutic targets that can be acted upon by
neuroprotective agents. The overarching goal, with the projects detailed in this dissertation was
to utilize MR imaging in mice to evaluate changes in GM volume and then apply the use of
CLARITY and immunohistochemistry to identify associated changes in pathology in EAE. In the
first chapter, | establish the use of VBM to evaluate sex differences in neuroanatomy in C57BL/6
mice. In the second chapter, | apply the use of VBM to EAE and identify the cerebral cortex as a
region of interest that is associated with neuropathology. In the third chapter, | extensively
investigate pathology associated with GM atrophy in the cerebral cortex and identify an estriol-
mediated pathway of neuroprotection. Lastly, | utilize VBM to identify sex differences in GM
atrophy during EAE.

The results in these studies advance upon previous literature by more extensively
characterizing GM atrophy in EAE. They further elucidate mechanisms of GM atrophy and
neuroprotection that may be used more broadly to understand disease progression and provide

neuroprotective therapies for patients with MS.
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Chapter 2

In vivo magnetic resonance images reveal neuroanatomical sex differences through the

application of voxel-based morphometry in C57BL/6 mice
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1.1 Abstract

Behaviorally relevant sex differences are often associated with structural differences in the brain
and many diseases are sexually dimorphic in prevalence and progression. Characterizing sex
differences is imperative to gaining a complete understanding of behavior and disease which
will, in turn, allow for a balanced approach to scientific research and the development of
therapies. In this study, we generated novel tissue probability maps (TPMs) based on 30 male
and 30 female in vivo C57BL/6 mouse brain magnetic resonance images and used voxel-based
morphometry (VBM) to analyze sex differences. Females displayed larger anterior
hippocampus, basolateral amygdala, and lateral cerebellar cortex volumes, while males
exhibited larger cerebral cortex, medial amygdala, and medial cerebellar cortex volumes. Atlas-
based morphometry (ABM) revealed a statistically significant sex difference in cortical volume
and no difference in whole cerebellar volume. This validated our VBM findings that showed a
larger cerebral cortex in male mice and a pattern of dimorphism in the cerebellum where the
lateral portion was larger in females and the medial portion was larger in males. These results
are consonant with previous ex vivo studies examining sex differences, but also suggest further

regions of interest.

1.2 Introduction

The difference in brain size is one of the oldest and best known sexual dimorphisms in
neuroscience. In fact, studies have demonstrated that sex differences exist in the central
nervous system (CNS) at virtually every level of anatomical detail (Arnold, 2004) and it has
become increasingly evident that considering sex differences is vital to understanding the brain
(Beery and Zucker, 2011; Clayton and Collins, 2014; McCarthy and Arnold, 2011). Historically,
in biological research, sex differences were deemed insignificant and experiments performed in

only one sex. This frequently led to an overemphasis of results in one sex while neglecting
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possible differences that could illuminate our understanding of biological processes. Current
research suggests that sex differences are substantial and may bias conclusions if both sexes
are not represented (Arnold, 2010).

Neuroimaging studies in humans have shown sex differences in whole brain (Blatter et al.,
1995; Luders and Toga, 2010) as well as numerous neuroanatomical structures including the
cerebral cortex (Schlaepfer et al., 1995), amygdala (Goldstein et al., 2001), and hypothalamus
(Swaab et al., 1985). Gray and white matter volumes were reported as larger in males (Blatter
et al., 1995; Luders et al., 2002), but when gray matter was computed as a percentage of total
brain volume, females showed a larger gray matter ratio (Gur et al., 1999). These studies
demonstrate that sexual dimorphism in the brain extends beyond anatomical structures that are
involved in reproductive behavior, in fact occurring throughout the brain (Luders et al., 2004).

Clinically significant sexual dimorphisms in brain function are also well documented (Cahill,
2006). They are found in learning and memory (Andreano and Cahill, 2009), nociception
(Berkley, 1997), and analgesia (Gioiosa et al., 2008) to name a few. In cognition, males have
been shown to have an advantage in some spatial measures (Lejbak et al., 2011; Voyer et al.,
1995) and females to have an advantage in some verbal (Norman et al., 2000; Weiss et al.,
2006) and object-location memory measures (Tottenham et al., 2003; Voyer et al., 2007). This
cognitive sexual dimorphism raises the possibility that these effects may be connected to
structural brain differences between the sexes.

Interest in examining neuroanatomical sex differences has been stimulated by the
recognition of widespread sexual dimorphism in disease (Beery and Zucker, 2011). For
instance, males show much higher incidence of schizophrenia and developmental disorders
(Fombonne, 2005; Gonthier and Lyon, 2004). Females, however, are more susceptible to
neurodegenerative disorders and mood disorders (Barnes et al., 2005; Hebert et al., 2013;
Piccinelli and Wilkinson, 2000; Zhao et al., 2016). Even when no preponderance is observed,

disease progression or response to treatment may vary (Arnold, 2010). Sex differences have
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been shown in the incidence and course of numerous neurological disorders such as multiple
sclerosis (Whitacre et al., 1999), Parkinson's disease (Shulman and Bhat, 2006), and
Alzheimer's disease (Webber et al., 2005). The incidence and progression of some psychiatric
disorders have also been shown to exhibit sex differences. For example, males suffer from
schizophrenia more than 2.5 times more often than females. Males also experience an earlier
onset of schizophrenia and exhibit more structural brain abnormalities than females. Relapses
are more severe and their response to neuroleptic medication is less favorable (Castle and
Murray, 1991).

The underlying mechanisms of sex differences in brain structure are not entirely clear. The
organizational-activational hypothesis emphasizes the importance of sex hormones and the
timing of their activity in brain architecture (Arnold, 2009b; Morris et al., 2004; Phoenix et al.,
1959). Recently, more emphasis has been placed on factors outside of gonadal hormones in
the formation of neural sex (Arnold, 2009a). For example, sex chromosomes, epigenetics, and
environmental factors have all been shown to produce sex differences in the brain (McCarthy
and Arnold, 2011; Raznahan et al., 2013). Striving to uncover the basis of neural sex
differences will lead to an improved understanding of sexually dimorphic behavior and disease.

Clearly, there are many elements contributing to differences in neural anatomy. In fact,
numerous conflicting results exist in human studies describing opposing effects (Ruigrok et al.,
2014). For this reason, mice are excellent models for identifying sex differences (Arnold, 2009a;
Kovacevic et al., 2005). And although sex differences in mice may not be a perfect proxy for sex
differences in humans, mouse models may yield some insight into sex differences without the
multiple confounds found in human studies. For example, males and females of the same
mouse strain have the same genetic makeup and are housed in similar environments, and
controlling for as many variables as possible may allow observed differences in male and
female brain structure to be attributed strictly to sex. However, only a few prior studies have

provided a thorough analysis of neural sex differences in mice (Corre et al., 2014; Raznahan et
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al., 2013; Spring et al., 2007). These watershed studies provide invaluable information about
sexual dimorphism in the brain, but it is also important to validate and expand this work with
carefully-controlled, well-powered studies with meaningful differences in image acquisition and
analysis.

Voxel-based morphometry (VBM) is a well-established and well-validated image analysis
technique (Ashburner and Friston, 2000, 2005; Good et al., 2001; Luders et al., 2009). It can
provide an unbiased and comprehensive assessment of anatomical differences throughout the
brain. As such, sexual dimorphism of structures that would not have been expected can be
identified. If sex differences across the brain are not homogenous, then regional measures, like
VBM, may detect greater local change than measures averaged across the whole brain and
thus provide more sensitive indices of change. VBM has been used extensively in humans and
is now being used to evaluate gray matter changes in the mouse brain (Keifer et al., 2015;
Sasaki et al., 2015; Sawiak et al., 2009, 2013).

In this project, we examined differences in the neural anatomy of 30 female and 30 male
C57BL/6 mice. Voxel-based morphometry was used to identify regions where gray matter
volume differed significantly. For our analysis, we generated new in vivo C57BL/6 tissue
probability maps (TPMs) that improved image registration and segmentation in this mouse
strain. Our analysis allowed us to identify regions that are sexually dimorphic and can be used

to inform further investigation of sex differences in the living brain.

1.3 Methods

Animals and Study Design
60 C57BL/6J mice ranging from 8-12 weeks old (30 male / 30 female) bred (3 generations or

less) at UCLA from stock purchased from the Jackson Laboratories (Bar Harbor ME) were

analyzed using voxel-based morphometry (VBM). Animals were maintained in a 12 h dark/light

cycle with access to food and water ad libidum. All procedures were performed in accordance to
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the guidelines of the National Institutes of Health and the Chancellor's Animal Research
Committee of the University of California, Los Angeles Office for the Protection of Research

Subjects.

Image Acquisition

All animals were scanned in vivo at the Ahmanson-Lovelace Brain Mapping Center at UCLA
on a 7T Bruker imaging spectrometer with a micro-imaging gradient insert with a maximum
gradient strength of 100 G/cm (Bruker Instruments, Billerica, MA). An actively decoupled
quadrature surface coil array was used for signal reception and a 72-mm birdcage coil was used
for transmission. For image acquisition, mice were anesthetized with isoflurane and their heads
secured with bite and ear bars. Respiration rate was monitored and the mice were maintained at
37° C using a circulating water pump. Each animal was scanned using a rapid-acquisition with
relaxation enhancement (RARE) sequence with the following parameters: TR/TEew 3500/32 ms,
ETL 16, matrix: 256 x 192 x 100, voxel dimensions: 100 x 100 x 100 ym?®. Total imaging time

was 93 minutes. Images were acquired and reconstructed using ParaVision 5.1 software.

Creating C57BL/6 in vivo tissue probability maps

Magnetic resonance images were processed using statistical parametric mapping 8 (SPM8,
http://www fil.ion.ucl.ac.uk/spm) and the SPMMouse toolbox (Sawiak et al., 2009, 2013) within
MATLAB 2013a (Mathworks, Natick, MA). The standard preprocessing steps for VBM were
carefully adapted as described below to accommodate the analysis of the C57BL/6 mouse brain
images acquired in vivo.

The in vivo tissue probability maps provided with SPMMouse were created from R6/2 mice
(Sawiak et al., 2009, 2013), therefore some spatial mismatch between these prior TPMs and the
brains of the C57BL/6 mice used in the current study is to be expected. Thus, to avoid potential

bias from systematic differences between the different mouse strains, customized TPMs were
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created for the current sample as described previously in humans (Kurth et al., 2015; Luders et
al., 2004). For this, the acquired images were skull-stripped using hand-drawn masks by one
rater (CEM), bias corrected, and spatially transformed into the same space as the R6/2 TPMs
provided with SPMMouse by applying affine transformations using SPM routines. All images
were subsequently resliced to match the R6/2 TPMs with respect to orientation and resolution.
As this new “native” space is consistent with the reference space, new TPMs can directly be
obtained using these resliced images (Kurth et al., 2015; Luders et al., 2004). More specifically,
the registered and resliced images were segmented using SPMMouse to obtain gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF) segments without any linear or non-
linear deformations that would encode the shape of the tissue probability maps provided with
SPMMouse. Subsequently, these tissue segments were averaged over all 60 animals and
smoothed with a Gaussian Kernel of 200 ym full-width-half-maximum (FWHM). This resulted in
a new sample-derived set of TPMs. However, seeing that the first segmentation step was
performed using the TPMs provided with SPMMouse that were obtained from a different strain,
we repeated the process once more with the newly created TPMs. That is, the new TPMs were
used in a second iteration to align the skull-stripped and bias-corrected images to the reference
space and tissue segment these images into GM, WM, and CSF. Once more, these resulting
segments were averaged and smoothed with a Gaussian Kernel of 200 um FWHM to generate
the final set of TPMs for in vivo image analysis of C57BL/6 mice (Fig. 2-1). We named the
space defined by these TPMs “Mortimer Space” and they are available for download at

http://www.bmap.ucla.edu/portfolio/atlases/MSA.

Voxel-based Morphometry
The magnetic resonance images of all 60 mice were manually registered to the newly
created TPMs using 6 parameter linear transformations. The images were bias corrected and

tissue segmented into GM, WM, and CSF using the unified segmentation algorithm (Ashburner
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and Friston, 2005) with the newly created TPMs. The resulting tissue segments were used to
create a DARTEL template (Ashburner, 2007) and the individual GM segments were warped to
this template and modulated. The size of an optimal smoothing kernel should be on the order of
the signal expected (Siegmund and Worsley, 1995) and isotropic smoothing kernels between 5-
10 times voxel size are common in the literature (Lerch et al., 2011; Sawiak et al., 2013). We
selected a value 6-times our voxel size, or a 600 um FWHM Gaussian kernel to smooth the
normalized and modulated GM segments. The resulting smoothed images constituted the input
for the statistical analysis. In addition, bias-corrected images were skull-stripped, warped to the
DARTEL template, and averaged to create a mean template for visualization, which we named
the Mortimer Space Atlas (MSA). The Mortimer Space Atlas is available for download at

http://www.bmap.ucla.edu/portfolio/atlases/MSA.

Atlas-based Morphometry

A minimum deformation atlas (MDA) was created with the magnetic resonance images from
all subjects (30 males and 30 females) used in this study as described (MacKenzie-Graham et
al., 2009). The cortex and cerebellum were manually labelled on the MDA using BrainSuite 16a

(Shattuck and Leahy, 2002) (http://brainsuite.org/) as described (MacKenzie-Graham et al.,

2012). Briefly, our cerebral cortex label was bounded ventrally by the plane inferior to the most
anterior point of the corpus callosum at midline. Anterior and posterior boundaries were drawn
in the plane before the corpus callosum was no longer continuous across the midline. These
boundaries were selected to rely on unambiguous landmarks ensuring that no regions outside
of the cerebral cortex were included in our delineations. Cerebellar labels were drawn to include
the entirety of the cerebellum, bounded by the inferior colliculus and the vestibular nuclei. The
anterior hippocampus label was bounded dorsally by the corpus callosum and ventrally by the
most dorsal horizontal section where the anterior commissure was visible. The posterior

boundary was the plane where the corpus callosum was no longer continuous across the
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midline. The posterior hippocampus label was bound anteriorly by the anterior hippocampus
label and extended posteriorly until the semicircular canals were visible. It was bound dorsally
by the corpus callosum and extended to the most ventral portion of the hippocampus. These
labels were then warped out to the individual images and manually corrected by a blinded
operator to correct for discrepancies in the automated registration. BrainSuite was used to

calculate the corresponding volumes.

Statistical Analyses

Sex differences in local GM volume were examined with a general linear model in which the
smoothed, normalized GM segments constituted the dependent variable and sex the
independent variable. In addition, whole brain volume was included as covariate to account for
the variance associated with brain size and to prevent potential effects due to differences in
brain size. Within this model significant differences in local GM volume between males and
females were determined via student’s t-tests. All findings were corrected for multiple
comparisons by controlling the false discovery rate (Hochberg and Benjamini, 1990) and
significance maps with a threshold at q < 0.05. Surviving clusters were then overlaid onto the
mean template for anatomic localization and visualization.

Whole brain (BR), GM, WM, CSF, and atlas-based morphometry (ABM) data were analyzed
in R (https://www.r-project.org/). Volumes were compared with a student’s t-test (two-tailed) and
reported without multiple comparison corrections. 95% confidence intervals were found by

resampling (10,000 bootstraps).

1.4 Results

36



Analysis of BR, and normalized and modulated GM, WM, and CSF produced by SPMMouse
indicated that males had more gray matter and CSF than females (Table 2-1). However,
females demonstrated larger WM volume. Interestingly, although it did not reach statistical
significance, males exhibited a statistical trend towards larger whole brain volumes (Fig. 2-4A).
When normalizing for whole brain volume, their comparisons remained statistically significant
(Table 2-2).

Voxel-based morphometry revealed multiple regions of sexually dimorphic gray matter
volume throughout the brain (Fig. 2-2). Several prominent regions were significantly larger in
females including the anterior hippocampus, basolateral amygdala, and a dorsal region of the
caudoputamen. Females also exhibited larger anatomy in the periaqueductal grey, as well as
the paraflocculus and paramedian lobule in the cerebellar cortex.

Males displayed larger cortical volume, as well as in the bed nucleus of the stria terminalis,
posterior hypothalamus, inferior colliculus, inferior portion of caudoputamen, and medial
amygdala. Several clusters denoting more GM in males also emerged in the thalamus and
medial regions of the cerebellar cortex. Nearly all significant differences were bilateral,
indicating left-right symmetry in the organization of sexually dimorphic neural anatomy.

Delineations of cerebral cortex and cerebellum, as well as anterior, posterior, and whole
hippocampus were created for all subjects (Fig. 2-3) and used to calculate volumes (Table 2-1).
Without spatial normalization, male mice had larger cerebral cortex volumes than females (Fig.
2-4B). Cerebellar volumes, however, did not show significant sex differences (Fig. 2-4C). Male
mice had larger posterior and whole hippocampus volumes (Fig 2-4 D & E), whereas female
mice had larger anterior hippocampus volumes than males (Fig 2-4F). When the structure
volumes were calculated as percentages of whole brain volume (normalizing for brain volume),
male mice had larger GM, CSF, cerebral cortex, and posterior hippocampus volumes than
females (Table 2-2). Females had larger WM and anterior hippocampus volumes than males.

These results are consistent with our VBM results, since the cerebral cortex and posterior
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hippocampus were shown to be larger in males and anterior hippocampus was shown to be
larger in females. Interestingly, the lateral cerebellum was larger in females and the medial

cerebellum was larger in males, effectively offsetting each other in our ABM results.

1.5 Discussion

Voxel-based morphometry, while extensively used in human neuroimaging research, is
novel in rodent image analysis. The use of VBM allowed for an objective and comprehensive
analysis of sex differences in C57BL/6 mouse brains. It is not subject to human error or bias and
is sensitive to subtle changes that may not be detected with atlas-based morphometry
(Ashburner and Friston, 2000, 2001). Additionally, the process is considerably less time
consuming than manual analysis and allows for the investigation of all available data (Sawiak et
al., 2009, 2013). Our results are consonant and expand upon current literature demonstrating
sex differences in the brain (Corre et al., 2014; Dorr et al., 2008; Spring et al., 2007). Though
much higher resolution can be achieved in ex vivo imaging, our results indicate that VBM can be
used to reliably identify sex differences in vivo.

In this study, we employed novel tissue probability maps (TPMs) generated from 30 male
and 30 female live C57BL/6 mice to examine sex-differences in brain structure using voxel-
based morphometry. Since an equal number of males and females were used to create the
TPMs, it can readily be applied to either sex in an unbiased fashion. The use of these TPMs
improved the accuracy of our VBM examination of in vivo C57BL/6 mouse brains.

We observed that males had a statistical trend towards larger whole brain volumes, but this
did not reach significance. This is consonant with previous studies in mice, where males have
demonstrated 2.5% larger whole brain volumes and human studies where male whole brain
volume has been reported as 13-15% larger than females (Gur et al., 1999; Leonard et al.,
2008; Luders et al., 2009; Luders et al., 2005) (Table 2-3). Segment volume analysis revealed

that male mice have larger GM and CSF compartments, while females have more WM. Since
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sex differences in compartment volumes have not previously been explored in rodent studies, it
is not clear whether these effects are conserved across strains.

We observed larger volumes in the female anterior hippocampus, which is consistent with
the literature (Spring et al., 2007). Sex hormones have been known to alter the anatomy of the
hippocampus in rodent models (McEwen and Woolley, 1994; Roof and Havens, 1992), but
conflicting results exist on the precise nature of these differences (Corre et al., 2014; Isgor and
Sengelaub, 1998). The hippocampus has been heavily implicated in sexually dimorphic
behaviors including spatial memory (Jacobs et al., 1990) and fear conditioning (Gupta et al.,
2001). Furthermore, hippocampal dysfunction is sexually dimorphic in several diseases
including anxiety and dementia (Lebron-Milad et al., 2012; Murphy et al., 1996). Differences
between anterior and posterior hippocampal function and anatomy have been identified in
humans in a sex-dependent manner (Chua et al., 2007; Persson et al., 2014) but, again,
inconsistencies in literature suggest that the specifics of these differences are not entirely clear
(Goldstein et al., 2001; Ruigrok et al., 2014). Despite the variability in the characterization of sex
differences in the hippocampus, it is clear differences exist. A larger anterior hippocampus was
demonstrated in female mice relative to males using two different analyses (Corre et al., 2014;
Spring et al., 2007). This may contribute to hippocampal-dependent sex differences observed in
behavior and disease.

Our results also demonstrated that cortical and basolateral amygdala regions appear larger
in female mice. This region is known to exhibit a sexually dimorphic pattern of gene expression
in humans and mice (Lin et al., 2011). While morphometric differences have been shown in
sections of the basal forebrain just anterior to our findings (Dorr et al., 2008; Spring et al., 2007),
sex differences have not previously been shown in the more lateral amygdalar regions in mice.
This region has been associated with sexually dimorphic behaviors such as pheromone
processing, anxiety, and aggression (Akhmadeev et al., 2016). Developing female rats have

been shown to display increased rates of cell proliferation (Krebs-Kraft et al., 2010) in the
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amygdala, but not much is known about the origin of this difference. We also observed a larger
medial amygdala and bed nucleus of the stria terminalis in males, consistent with previous
findings (Corre et al., 2014; Hines et al., 1992). Both hormones and sex chromosomes have
been implicated in contributing to this difference (Corre et al., 2014; Shah et al., 2004). The
medial amygdala is known to be involved male reproductive behavior (Newman, 1999) and
aggression (Wang et al., 2013), as well as social recognition in both sexes (Ferguson et al.,
2001). The results in this study support findings in multiple species, indicating that structural
differences in the amygdala are present in a sexually dimorphic pattern.

We found that sex differences in the cerebellum were, intriguingly, heterogeneously
arranged. The medial portion of the cerebellar cortex was larger in males while the lateral
regions, including the paraflocculus and paramedian lobule were larger in females. This
heterogeneity was consistent with Spring et al. (2007). Remarkably, these findings were
demonstrated in a human study as well (Fan et al., 2010). Fan et al. found that the medial
cerebellum, including lobules V and VllIb, was significantly larger in human males. Human
females were shown in this study to have larger lateral cerebellum, including Crus Il. These
findings demonstrate nearly the exact pattern of sexual dimorphism in our results. The similarity
in our findings suggests conservation of sex differences in the cerebellum across species. Little
is known about functional sex differences in the cerebellum. There is evidence, however, linking
these regions to behaviors that may be functionally relevant to sexual dimorphism (Stoodley and
Schmahmann, 2009; Stoodley et al., 2012). Functional MRI suggests lobules IV-V and VI, all of
which were shown to be larger in males, are involved in sensorimotor tasks. Language tasks
have been associated with Crus Il, which is larger in females (Stoodley and Schmahmann,
2009; Stoodley et al., 2012). Further characterizing these differences will be invaluable as
human studies have linked sex differences in cerebellar structure to differences in cognitive

function (Gur et al., 1999), social behavior (Wang et al., 2014) and disease (Keller et al., 2003).
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Additionally, we found that the dorsal region of the caudoputamen was larger in females
while the ventral region, as well as the nucleus accumbens, was larger in males. The striatum is
known to have many functional sexually dimorphic properties, but the literature describing
structural sex differences in this region is scarce (Becker and Hu, 2008; Bobzean et al., 2014).
What literature does exist is inconsistent (Corre et al., 2014; Spring et al., 2007; Wong et al.,
2015). Spring et al. (2007) did not find volume differences in the caudoputamen, but did identify
sex differences in its shape. Corre et al. (2014) did report, however, that gonadal hormones
were associated with volume differences in several regions within the caudoputamen.
Regardless of sex chromosome complement, gonadal females displayed regions of greater
volume, but the specific pattern of these differences was unclear. Our results demonstrate, for
the first time, a robust bilateral pattern of sexual dimorphism in the striatum. These structural
differences could contribute to the sexually dimorphic behaviors that are regulated by the
striatum including motivation, reward, and impulse control (Becker and Hu, 2008; Bobzean et
al., 2014). Sex hormones seem to play a pivotal role in manipulating these behaviors.
Estrogens, for example, enhance neuronal excitability in the striatum and increase dopamine
receptor availability (Yoest et al., 2014). Females and males react differently to substance
abuse as a result of these properties and a better understanding of the associated neural
differences may lead to more successful methods of treating the condition.

As a validation of our VBM results, we analyzed the data using atlas-based morphometry.
Consistent with our VBM results, ABM revealed that cerebral cortex was larger in males.
Interestingly, no sex differences were observed in the volume of the cerebellum. However, given
the sexual dimorphic pattern of GM volume in the cerebellum noted with VBM, this is, again,
consistent with our findings. VBM indicated that the medial portion of the cerebellum was larger
in males, but the lateral portion was larger in females. It is possible that the sex differences
offset one another so that the net cerebellar volume is not statistically different between the

sexes. This result highlights one of the strengths of this approach, that VBM allows us to
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perform sophisticated voxelwise statistical analyses. In this report, we used a general linear
model to perform the statistical analysis, permitting us to use total intracranial volume (TIV) as a
covariate. In this way, each voxel can have its own relationship with the covariates, unveiling the
regional cerebellar differences between females and males we observed. Furthermore, the
consistency between our results and Spring et al., despite different analysis techniques, is
noteworthy and likely represents biologically meaningful effects. There were some differences
between our results and other reports in the literature (Corre et al., 2014; Spring et al., 2007),
but these discrepancies may be due to differences in imaging resolution and contrast,
differences in the nature of the analyses (deformation based morphometry vs. voxel-based
morphometry), or even differences in the size of the smoothing kernel used for the analysis.

The tissue probability maps that we generated appear to over-represent white matter in the
brainstem. This may limit the ability to detect changes in brainstem nuclei, although experiments
with other, similar TPMs have demonstrated that differences in the brainstem can be visualized
(Sawiak et al., 2009).

It is important to acknowledge that sex differences may vary across different mouse strains.
In rodents, it seems that both sex hormones and sex chromosomes contribute to sex
differences in anatomy (Arnold, 2009a; McCarthy and Arnold, 2011). Furthermore, epigenetics
and environmental factors have also been known to alter neural structure (Champagne, 2008;
McCarthy and Arnold, 2011). Recently, investigation into the effects of sex chromosomes using
the four core genotypes (Arnold and Chen, 2009) has suggested significant differences in the
neuroanatomy of mice possessing different sex chromosome complement (XX or XY), but the
same gonadal sex (Corre et al., 2014). Considering how anatomical differences in the four core
genotypes translate to disease models presents an intriguing line of future research.

Though VBM is a powerful analysis tool, it is unable to determine the basis of morphological
differences. We cannot distinguish whether our observed results are due to differences in

neuronal number, neuronal size, or even cellular composition. To fully understand the anatomy
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underlying neural sex differences, future analysis should include a histological component,
perhaps with use of modern optical clearing technologies to visualize entire brains (Chung et al.,

2013; Spence et al., 2014).

1.6 Conclusion

Voxel-based morphometry has not previously been used to analyze sex differences in mice.
Our approach was particularly well suited to the study of sex differences through the use of
novel TPMs that equally represented both sexes. Males exhibited larger cerebral cortex, medial
amygdala, and medial cerebellar cortex volumes, whereas females displayed larger anterior
hippocampus, basolateral amygdala, and lateral cerebellar cortex volumes. The results
presented are consonant with previous findings that demonstrated sexually dimorphic brain
morphometry (Corre et al., 2014; Spring et al., 2007) signifying a robust effect across studies.
Much is still left to be discovered about the basis of anatomical sex differences in the brain, but
it is clear that the differences are measurable and therefore cannot be considered negligible.
They can, however, inform our understanding of the brain and sexually dimorphic behavior and

disease.
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Fig. 2-1. Tissue probability maps. Tissue probability maps for gray matter (top), white matter
(middle), and cerebrospinal fluid (bottom). Coronal (left), sagittal (middle), and axial (right)
sections through each map represent the probability that a given voxel belongs to that class of
tissue. Maps were created using T2-weighted magnetic resonance images from 30 male and 30

female adult C57BL/6 mice.
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Female > Male B Male > Female

Fig. 2-2. Localized sex differences in gray matter volume. VBM revealed regions that were
significantly (p < 0.05, FDR corrected) larger in females (red) or males (aqua). Maximum
intensity projections are overlain on the Mortimer Space Atlas standard glass brains where the
dotted line represents bregma. Surface views of significant regions are shown over a 3D
rendering of the mean template. Coronal sections (bottom row) demonstrate regions larger in
females (anterior hippocampus, basolateral amygdala, and lateral cerebellar cortex) or larger in
males (cerebral cortex, medial amygdala, and medial cerebellar cortex). Blue lines on the

sagittal section indicate the position of the coronal slices from left to right respectively.
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Fig. 2-3. Minimum deformation atlas with region delineations. Surface views of cerebral

cortex (blue), anterior hippocampus (yellow), posterior hippocampus (red), and cerebellum
(green) delineations are overlaid on the minimum deformation atlas created from the T2-

weighted magnetic resonance images of 30 male and 30 female C57BL/6 mice used in this

study.
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Fig. 2-4. Atlas-based morphometry supports VBM results. (A) Whole brain volume showed
a statistical trend towards being larger in males (aqua) than females (red) (p = 0.07). (B)
Cortical volume was larger in males (p = 2.96 x 10°®). (C) No statistically significant sex
difference was found in cerebellar volume. (D) Whole hippocampus volume was larger in males
(p = 2.47 x 10°®). (E) Anterior hippocampus volume was larger in females (p = 1.71 x 10™) while
(F) Posterior hippocampus volume was larger in males (p = 8.25 x 107). All p-values are FDR-

corrected for multiple comparisons.
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Region Mean (mm?) Effect Size (mm?3) | P value
Male Female

Whole brain 438.43[434.05,442.42] | 432.48[428.31, 436.63] 5.95[-0.06, 11.65] 0.07
Gray matter 262.25[257.00, 267.26] | 251.00 [247.62, 254.39] 11.25 [5.01, 17.21] 1.41x10°
White matter 130.60 [126.93, 133.97] | 143.20 [140.86, 145.53] 12.60 [16.94,8.41] | 2.94x 10°
Cerebrospinal fluid 45.58 [43.18, 47.98] 38.29 [36.50, 40.07] 7.29[4.37,10.23] 4.60x 10°
Cerebral cortex 46.72[46.20, 47.21] 44,32 [43.67, 44.97] 2.39[1.58, 3.24] 2.96 x 10
Cerebellum 51.89 [50.99, 52.73] 51.84 [51.11, 52.58] 0.05[-1.09, 1.17] 0.93
Whole Hippocampus 17.71[17.54, 17.88] 17.22 [16.98, 17.45] 0.49[0.21, 0.78] 2.47x 103
Anterior Hippocampus 6.13 [6.04, 6.22] 6.42 [6.33, 6.52] 0.29[0.16, 0.43] 1.71x 10%
Posterior Hippocampus 11.58 [11.44, 11.72] 10.80 [10.60, 11.00] 0.78 [0.54, 1.02] 8.25x 107

Table 2-1. Regional volumes for male and female C57BL/6 mice. All reported p-values are

FDR-corrected for multiple comparisons. 95% confidence interval in brackets. (n = 30 males, 30

females)
Region Mean Percentage of Total Brain Volume Effect Size P value
Male Female

Gray matter 59.82 [58.62, 60.96] 58.04 [57.25, 58.82] 1.78[0.36, 3.16] 0.02
White matter 29.79 [28.96, 30.56] 33.11 [32.57, 33.65] 3.32[2.40, 4.32] 3.72x 107
Cerebrospinal fluid 10.40 [9.85, 10.95] 8.85[8.44, 9.27] 1.54[0.84, 2.23] 1.37 x 10
Cerebral cortex 10.66 [10.54, 10.77] 10.24 [10.10, 10.40] 0.411[0.22, 0.60] 2.05x 10*
Cerebellum 11.84 [11.63, 12.03] 11.99 [11.82, 12.16] -0.002 [-0.004, 0.001] 0.29
Whole Hippocampus 4.04[4.00, 4.08] 3.98[3.93, 4.03] 0.06[0.01,0.12] 0.11
Anterior Hippocampus 1.40[1.38, 1.42] 1.48 [1.46, 1.51] 0.09[0.06, 0.12] 3.74x 10°
Posterior Hippocampus 2.64[2.61,2.67] 2.50 [2.45, 2.54] 0.14[0.09, 0.20] 2.23x10°

Table 2-2. Regional volumes for male and female C57BL/6 mice normalized to male and

female mean whole brain volume respectively. All reported p-values are FDR-corrected for

multiple comparisons. 95% confidence interval in brackets. (n = 30 males, 30 females)
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Region

Relevant behaviors

This study

Mouse literature

Human literature

Cerebral cortex

Cognition, sensory
functions, motor
functions

(Parent and Carpenter, 1996)

Larger in males

Some regions
larger in males,
some larger in

females
(Spring et al., 2007)

Larger in males
(Giedd et al., 1997;
Goldstein et al., 2001)

Bed nucleus of Fear Larger in males | Larger in gonadal | Larger in males

the stria (Fendt and Fanselow, 1999) males (Allen and Gorski, 1990)
terminalis (Corre et al., 2014)

Posterior Hormone production and | Larger in males | Larger in gonadal | Whole hypothalamus

hypothalamus

release

(Parent and Carpenter, 1996)

Sexual stimulation
(Caggiula and Hoebel, 1966)

males
(Corre et al., 2014)
Larger in females
(Spring et al., 2007)

larger in males
(Goldstein et al., 2001;
Swaab et al., 1985)

Anterior
hippocampus

Spatial memory
(Jacobs et al., 1990)

Fear conditioning
(Gupta et al., 2001)

Largerin
females

Larger in females
(Spring et al., 2007)

Whole hippocampus

larger in females
(Giedd et al., 1996;
Goldstein et al., 2001)

Ventral Motivation, reward, Larger in males | Difference in Putamen larger in
caudoputamen impulse control shape males
(Becker and Hu, 2008; (Spring et al., 2007) (Goldstein et al., 2001)
Bobzean et al., 2014) Several nuclei Caudate larger in
larger in females
chromosomal (Filipek et al., 1994;
mal Goldstein et al., 2001;
(?:f:e etal, 2014) | Murphy etal, 1996)
Dorsal Motivation, reward, Largerin Difference in Putamen larger in
caudoputamen impulse control females shape males
(Becker and Hu, 2008; (Spring et al., 2007) (Goldstein et al., 2001)
Bobzean et al., 2014) Several nuclei Caudate larger in
larger in gonadal females
females (Filipek et al., 1994;
(Corre et al., 2014) Goldstein et al., 2001;
Murphy et al., 1996)
Medial Sensorimotor functions Larger in males | Larger in males Larger in males
cerebellar cortex (Allen et al., 1997; Stoodley (Spring et al., 2007) (Fan et al., 2010)
; ; and Schmahmann, 2009;
(including Stoodley et al., 2012)
lobules 11-1X) Proximal limb and trunk
coordination
(Ivry et al., 1988)
Lateral Language tasks Largerin Larger in females | Larger in females
cerebellar cortex (Stoodley and Schmahmann, | females (Spring et al., 2007) (Fan et al., 2010)
(including 2009; Stoodley et al., 2012)
paraflocculus Motor plgnmng for
and paramedian | extremities
(Ivry et al., 1988)
lobule)
Basolateral Pheromone processing, | Largerin Larger in females | Whole amygdala larger
amygdala Anxiety, Aggression females (Spring et al,, 2007) | in males
(Akhmadeev et al., 2016) (Giedd et al., 1996;
Goldstein et al., 2001)
Medial Reproductive behavior Larger in males | Larger in gonadal | Whole amygdala larger
amygdala (Newman, 1999) males in males

Social Recognition
(Ferguson et al., 2001)
Aggression
(Wang et al., 2013)

(Corre et al., 2014)

(Giedd et al., 1996;
Goldstein et al., 2001)
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Table 2-3. Prominent regions displaying sexual dimorphism in this study compared to

mouse and human literature.
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Chapter 3

Axonal damage in spinal cord is associated with gray matter atrophy in sensorimotor

cortex in experimental autoimmune encephalomyelitis
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3.1 Abstract

Background: Gray matter (GM) atrophy in brain is one of the best predictors of long-term
disability in multiple sclerosis (MS) and recent findings have revealed that localized GM atrophy
is associated with clinical disabilities. GM atrophy associated with each disability mapped to a
distinct brain region; revealing a disability-specific atlas (DSA) of GM loss.

Objective: To uncover the mechanisms underlying the development of localized GM atrophy.
Methods: We used voxel-based morphometry (VBM) to evaluate localized GM atrophy and
Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel
(CLARITY) to evaluate specific pathologies in mice with experimental autoimmune
encephalomyelitis (EAE).

Results: We observed extensive GM atrophy throughout the cerebral cortex, with additional foci
in the thalamus and caudoputamen, in mice with EAE compared to normal controls. Next, we
generated pathology-specific atlases, voxelwise mappings of the correlation between specific
pathologies and localized GM atrophy. Interestingly, axonal damage (end-bulbs and ovoids) in
the spinal cord strongly correlated with GM atrophy in the sensorimotor cortex of the brain.
Conclusions: The combination of VBM with CLARITY in EAE can localize GM atrophy in brain
that is associated with a specific pathology in spinal cord; revealing a pathology-specific atlas

(PSA) of GM loss.

3.2 Introduction

Multiple sclerosis is an autoimmune-mediated disease of the central nervous system
characterized by demyelination, axonal damage, and synaptic loss.(Dendrou et al., 2015) While
MS has long been regarded as a disease of white matter (WM), gray matter (GM) atrophy has a
direct relationship with clinical outcomes.(Fisniku et al., 2008; Kuceyeski et al., 2015;

MacKenzie-Graham et al., 2016)
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Voxel-based morphometry (VBM) is an effective method of analyzing localized GM
atrophy in a biology-driven manner, as opposed to focusing on a priori selected structures. In
VBM, statistical analyses are conducted throughout the entire brain on a voxelwise
basis,(Ashburner and Friston, 2000) permitting localization of volume changes across
neuroanatomical structures. Voxelwise analyses have been conducted extensively in MS and
have provided valuable insights into the pattern and progression of GM atrophy.(Ceccarelli et
al., 2008; Datta et al., 2015; Kuceyeski et al., 2015; Prinster et al., 2010) VBM is particularly
well-suited in MS because GM atrophy is not homogenously distributed throughout the brain.
For example, atrophy within sensorimotor cortex was shown to correlate with worse scores on
the Expanded Disability Status Scale (EDSS), a composite heavily weighted by walking
disability.(Prinster et al., 2010) Furthermore, our group has used VBM to generate disability-
specific atlases (DSAs), voxelwise mappings of GM atrophy in the cerebral cortex that are
associated with specific disabilities. We showed that GM atrophy in distinct, clinically-eloquent
cortical regions correlated with distinct disabilities, such as atrophy in the primary auditory
cortex with poorer performance on the paced auditory serial addition test (PASAT).(MacKenzie-
Graham et al., 2016) These studies illustrate the need to further understand the mechanisms
contributing to regional GM atrophy. Investigating these mechanisms is challenging in humans,
but they can readily be addressed through the use of animal models, such as experimental
autoimmune encephalomyelitis (EAE).

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel
(CLARITY) is an optical clearing technology that permits intact imaging of the entire brain and
spinal cord.(Chung et al., 2013) This approach is well-suited to visualizing neurons and axons in
three dimensions, in both brain and spinal cord, in both normal and pathological
conditions,(Chung et al., 2013; Lerner et al., 2015) such as in EAE.(Spence et al., 2014) Thus,
CLARITY can be utilized to visualize pathological mechanisms across the neuraxis that may

lead to GM atrophy. In fact, different cellular pathologies may be responsible for atrophy in
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different brain regions. This may explain the difficulty in uncovering the underlying mechanism
of whole GM atrophy — there is not one mechanism, but many.

Here, we will focus on an important candidate mechanism, axonal damage in the spinal
cord. In order to visualize the relationship between GM atrophy and axonal damage, a
voxelwise regression analysis was conducted and a mapping of GM atrophy in the cerebral
cortex that was associated with axonal damage in the spinal cord was created — a pathology-

specific atlas (PSA).

3.3 Materials and Methods
Mice

18 female Thy1-YFP* C57BL/6J mice with EAE and 17 female age-matched, healthy
controls (Jackson Laboratories, Bar Harbor ME) ranging from 11 to 15 weeks of age were used
for this study. All procedures were performed in accordance to the guidelines of the National
Institutes of Health and the Chancellor’s Animal Research Committee of the University of

California, Los Angeles Office for the Protection of Research Subjects.

Experimental Autoimmune Encephalomyelitis

EAE was induced as described.(Spence et al., 2014) Briefly, mice were immunized
subcutaneously with MOG peptide 35-55 (300 pg) and Mycobacterium tuberculosis (500 ug)
emulsified in complete Freund’s adjuvant, in a volume of 0.1 ml over the right draining inguinal
and axillary lymph nodes. One week later, a booster immunization was delivered
subcutaneously over the contralateral lymph nodes. Pertussis toxin (500 ng; List Biological
Laboratories, Campbell, CA) was injected intraperitoneally on days 0 and 2.(Suen et al., 1997)

EAE was graded on a scale of 0-5, as described.(Pettinelli and McFarlin, 1981)

Magnetic Resonance Imaging
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All animals were scanned in vivo 20 days after EAE induction at the Ahmanson-Lovelace
Brain Mapping Center at UCLA on a 7T imaging spectrometer (Bruker Instruments, Billerica,

MA), as described.(Meyer et al., 2017)

Voxel-based Morphometry

VBM analyses were performed with Statistical Parametric Mapping (SPM) 8 software
(Welcome Trust Center for Neuroimaging, London, United Kingdom;
http://www fil.ion.ucl.ac.uk/spm) and SPMMouse (SPMMouse, http://www.spmmouse.org)
(Sawiak et al., 2009) within MATLAB version 2013a (Mathworks, Natick, MA). MR images were
manually registered to tissue probability maps (TPMs) generated from 60 C57BL/6J mice
(Meyer et al., 2017) using 6-parameter linear transformations. The images were bias corrected
and segmented into GM, WM, and cerebrospinal fluid (CSF) using the unified segmentation
algorithm.(Ashburner and Friston, 2005) The resulting segments were used to create a
Diffeomorphic Anatomical Registration using Exponentiated Lie algebra (DARTEL) template
(Ashburner, 2007) and the individual GM segments were warped to this template and
modulated. Finally, the normalized and modulated GM segments were smoothed with a 600 um
FWHM Gaussian kernel and used as the input for the statistical analysis.

Cross-sectional differences in local GM volume between EAE and control mice were
examined with a general linear model. Whole brain volume was included as a covariate to
account for the variance associated with brain size and to prevent potential effects due to
differences in brain size. Within this model, significant differences in local GM volume between
groups were determined via student’s t-tests. All findings were corrected for multiple
comparisons by controlling the false discovery rate (FDR) (Hochberg and Benjamini, 1990) and
all significance maps were thresholded at q < 0.05. All analyses were performed bi-directionally.

Associations of voxelwise GM volumes with axonal end-bulbs and ovoids using

voxelwise regression analyses were assessed within the general linear model. Whole brain size
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was included as a variable of no interest. All significant findings were corrected for multiple
comparisons by controlling the FDR.
Bias-corrected images were skull-stripped, warped to the DARTEL template, and

averaged to create a mean template for visualization.

Atlas-based Morphometry

A minimum deformation atlas (MDA) was created using the MR images from all subjects
and anatomical structures were manually labelled on the MDA using BrainSuite 16a (Shattuck
and Leahy, 2002) (http://brainsuite.org) as described.(MacKenzie-Graham et al., 2012) The
labels were then warped out to the individual images and manually corrected by an investigator

blind to each treatment group.

CLARITY
The brains from a subset (9 EAE mice and 10 normal controls) and spinal cords from all
of the animals were optically cleared using the CLARITY protocol modified for “passive clearing”

as described.(Spence et al., 2014)

Immunohistochemistry

The brains of a subset of animals (5 EAE mice and 5 normal controls) were stained
using immunohistochemistry (IHC) as described.(MacKenzie-Graham et al., 2012) Tissues were
stained for either NeuroTrace (Invitrogen), myelin basic protein (MBP) (Aves), major
histocompatibility complex Il (MHC-II) (BioLegend), and/or ionized calcium-binding adapter

molecule 1 (Iba1) (Wako).

Microscopy
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Laser scanning confocal microscopy was performed at the California NanoSystems
Institute (CNSI) Advanced Light Microscopy/Spectroscopy Shared Resource Facility at UCLA as

described.(MacKenzie-Graham et al., 2012; Spence et al., 2014)

CLARITY Analysis

Automated cell counting in Imaris (Bitplane, Belfast, United Kingdom) was used to
analyze the number of cortical layer V pyramidal neurons in the sensorimotor cortex. Spinal
cord images were visualized and processed using FIJI (https://fiji.sc) as described.(Spence et

al., 2014)

Statistical Analyses

ABM, CLARITY, and immunohistochemistry data were analyzed in R (https://www.r-
project.org). Two-group comparisons were conducted using a student’s t-test (two-tailed).
Regression analyses are reported as Spearman correlation coefficients. All reported p values
are corrected for multiple comparisons by controlling for the FDR. 95% confidence intervals for

mean values are reported in brackets and were found by resampling (10,000 bootstraps).

3.4 Results
Gray matter atrophy

In vivo MRI scans were collected from 18 female mice with EAE and 17 female, age-
matched normal controls 20 days after disease induction (Fig. 3-1). VBM was conducted to
identify regions of significant GM volume change in mice with EAE (p < 0.05). A statistical
parametric map (SPM) indicated substantial GM atrophy in the brains of mice with EAE
compared to controls (Fig. 3-2A). Atrophy was observed primarily in the cerebral cortex with

smaller clusters in the caudoputamen, cerebellum, and thalamus (Fig. 3-2B).
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As a complementary approach, volumes were measured for whole brain, GM, WM, CSF,
caudoputamen, cerebral cortex, cerebellum, and thalamus (Table 3-1). Mice with EAE
demonstrated a decrease of 7.45% (p = 0.0016) in cerebral cortex volume, 3.15% (p = 0.0052)
in caudoputamen volume, 2.32% (p = 0.034) in thalamus volume, and 2.27% (p = 0.028) in
cerebellum volume compared to normal controls. Thus, this complementary approach
corroborated our new findings of localized GM atrophy demonstrated by VBM (Fig. 3-2A & B).
Further, EAE mice exhibited a 6.01% decrease in mean whole brain GM volume compared to
controls (p = 0.0020). An analysis of whole brain WM and the corpus callosum volume revealed
no significant difference between EAE mice and normal controls, consistent with our previous

findings in the cerebellum. (MacKenzie-Graham et al., 2009)

Axonal damage in the spinal cord

We then addressed whether an important candidate pathology, remote injury in spinal
cord, was associated with localized GM atrophy in the cerebral cortex. We evaluated axonal
transection (end-bulbs) and axonal injury (ovoids) in the spinal cord. Whole spinal cords were
optically cleared, imaged, and analyzed (Fig. 3-2C & D). Mice with EAE exhibited a 5.3-fold
increase in axonal end-bulbs compared to control mice (p = 0.0063) (Fig. 3-2E). Additionally,
EAE mice also exhibited a 5-fold increase in axonal ovoids compared to controls (p = 1.3 x 10®)
(Fig. 3-2F).

We had previously created disability-specific atlases using MRI scans from MS patients
in order to highlight the relationship between voxelwise GM atrophy and specific
disabilities.(MacKenzie-Graham et al., 2016) This biology-driven approach demonstrated that
distinct disabilities were associated with GM atrophy in distinct, clinically-eloquent regions. Here,
we created pathology-specific atlases using MRI scans in EAE mice to demonstrate the

relationship between voxelwise GM atrophy and axonal damage in the spinal cord.
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The spinal cord axonal-transection (end-bulbs) PSA showed a significant relationship
with GM atrophy mainly within the primary and secondary motor cortex and much of the primary
and supplemental somatosensory cortex (peak p = 0.0036, FDR corrected) (Fig. 3-2 G &
H).(Franklin and Paxinos, 2008) The total volume of this PSA was 11.2 mm?®. This result
demonstrated that worse axonal transection in spinal cord correlates with worse GM atrophy in
the sensorimotor cortex.

The spinal cord axonal-injury (ovoids) PSA exhibited a pattern very similar to the axonal-
transection PSA, albeit smaller (6.64 mm?®), yet still significant (peak p = 0.0093, FDR corrected)
(Fig. 3-2 | & J). The similarity between the axonal-transection PSA and the axonal-injury PSA
was expected, given that there was a strong correlation between axonal end-bulbs and ovoids
(R=0.754, p =0.0016).

Notably, each pathology-specific atlas (axonal transection, Figure 3-2 G & H, and axonal
injury, Figure 3-2 | & J) was distinctly less widespread than overall voxelwise GM atrophy in
mice with EAE (Figure 3-2 A & B), together demonstrating that GM atrophy associated with
axonal damage in the spinal cord represents a subset of overall GM atrophy in the brain during

EAE.

Neuronal loss in sensorimotor cortex

The neuroanatomic correlation between axonal transection in spinal cord and GM
atrophy in sensorimotor cortex prompted investigation into cellular pathology in the sensorimotor
cortex of mice with EAE. Thy1-YFP* mice express yellow fluorescent protein in a subset of their
cortical layer V pyramidal neurons (Fig. 3-3A & B).(Feng et al., 2000; Porrero et al., 2010) Mice
with EAE demonstrated a 44.7% reduction in cortical layer V pyramidal neurons in the
sensorimotor cortex compared to controls (p = 0.00028) (Fig. 3-3C). As a complementary

approach, we quantified NeuroTrace-labeled cells (all neurons) in the sensorimotor cortex in
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single tissue sections. We observed that mice with EAE showed a 13.7% reduction in cells
labeled with NeuroTrace compared to controls (p = 0.0063) (Fig. 3-3C).

More loss of Thy1-YFP™ neurons than NeuroTrace-labeled neurons in cerebral cortex is
consistent with greater vulnerability of Thy1-YFP* neurons, since they are the source of Thy1-
YFP™ axons in spinal cord.(Porrero et al., 2010) Indeed, there was a strong inverse correlation
between the number of cortical layer V pyramidal neurons and the number of end-bulb positive
axons (R =-0.785, p = 0.028), indicating a strong relationship between axonal transection in

spinal cord and neuronal loss in sensorimotor cortex.

Demyelination and microglial activation in sensorimotor cortex

We evaluated demyelination within the sensorimotor cortex by immunohistochemistry
(Fig. 3-4A & B). Mice with EAE exhibited a 32% reduction in MBP-staining compared to controls
(p = 0.00030) (Fig. 3-4C).

There was a strong correlation between neuronal loss and myelin loss in the
sensorimotor cortex (R = 0.758, p = 0.028), indicating that neuronal loss and myelin loss are
closely related. Nevertheless, there wasn'’t a statistically significant correlation between end-
bulb positive axons in the spinal cord and myelin loss in the sensorimotor cortex.

We assessed differences in activated microglia within the sensorimotor cortex in
Iba1/MHC-II double-stained confocal images using morphology (Fig. 3-5A). We observed that
mice with EAE exhibited a 3.5-fold increase in activated microglia compared to controls (p =
0.017) (Fig. 3-5B).

There was a strong direct correlation between the percentage of activated microglia and
end-bulb positive axons (R = 0.714, p = 0.042), indicating a strong relationship between
microglial activation in sensorimotor cortex and axonal transection in spinal cord. We also
observed a strong indirect correlation between the percentage of activated microglia and

neuronal numbers, both within sensorimotor cortex (R =-0.733, p = 0.042).
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3.5 Discussion

It has been suggested that axonal damage is associated with whole GM atrophy in the
brains of MS patients,(Mahad et al., 2015) but localization of each has remained unclear. In this
study, we used a biology-driven approach in the MS model, EAE, to reveal that axonal
transection in spinal cord correlates strongly with GM atrophy in sensorimotor cortex. While we
previously demonstrated that axonal transection in spinal cord correlated with atrophy of the
whole cerebral cortex using atlas-based morphometry,(Spence et al., 2014) whether there were
specific regions within the cerebral cortex that were associated with axonal transection in spinal
cord was unknown. Here, we have developed a novel approach, pathology-specific atlases,
mapping the relationship between localized GM atrophy and specific pathology, in effect
localizing the impact of a specific pathology on GM in the brain.

These results extend previous studies from our lab demonstrating GM atrophy in
discrete anatomical structures and neuronal loss in EAE.(MacKenzie-Graham et al., 2012;
MacKenzie-Graham et al., 2009; Spence et al., 2014) In this study, we observed that axonal
transection correlated strongly with Thy1-YFP* neuronal loss in the sensorimotor cortex.
Together, our results suggest potential mechanisms underlying GM atrophy in EAE. Cortical
layer V neurons in the sensorimotor cortex directly innervate the spinal cord through the
corticospinal tract.(Kuang and Kalil, 1990; Steward et al., 2004) The Thy1-YFP* axons that we
analyzed in the spinal cord are projections from the Thy1-YFP™ cortical layer V neurons in
sensorimotor cortex.(Porrero et al., 2010) We hypothesize that these long projections make
them highly vulnerable to axonal injury and transection induced by inflammatory lesions along
the length of the spinal cord, and that axonal injury and transection eventually lead to retrograde
degeneration and cell death. Interestingly, in a mouse spinal cord injury model, axonal

transection did not lead to Thy1-YFP* cortical layer V neuron loss in sensorimotor
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cortex,(Ghosh et al., 2012) suggesting that processes specific to EAE are responsible for
neuronal loss. The remarkable specificity of the axonal-transection PSA suggests that distal
axonal damage plays a key role in the development of GM atrophy in the sensorimotor cortex
during EAE.

Notably, although the axonal-transection PSA was within the area of overall GM atrophy
observed in EAE mice compared to normal controls (Figure 3-2 A & B), there were also large
regions of GM atrophy that were not within this PSA (Figure 3-2 G & H). This suggests that
while axonal transection in spinal cord correlates with atrophy within sensorimotor cortex,
additional pathologies may also contribute to overall GM atrophy in EAE. Interestingly, GM
atrophy in sensorimotor cortex after axonal transection in spinal cord injury models is
controversial,(Chen et al., 2017) again suggesting that processes specific to autoimmune-
mediated disease may be responsible for GM atrophy in EAE.

MS has GM atrophy in cerebral cortex and cortical lesions characterized by focal
demyelination. However, the relationship between cortical lesions and atrophy of normal-
appearing gray matter (NAGM) in cerebral cortex is unclear. We do not observe cortical lesions
in EAE, but we do observe cortical GM atrophy, demonstrating that cortical GM atrophy need
not be limited only to areas affected by cortical lesions.(Kutzelnigg et al., 2007; Kutzelnigg and
Lassmann, 2014)

Consistent with the development of GM atrophy in NAGM of the cerebral cortex, our
VBM analysis in EAE also identified localized atrophy in several deep GM structures including
the anterior caudoputamen and the thalamus (Fig. 3-2). Voxelwise analyses have previously
shown thalamus, caudate, and putamen atrophy in MS, particularly in the early
stages.(Ceccarelli et al., 2008; Datta et al., 2015; Houtchens et al., 2007; Schoonheim et al.,
2012; Sepulcre et al., 2006) Here, we are the first to show thalamic atrophy in EAE, suggesting
that EAE may be a useful model to further investigate deep GM vulnerability to degeneration

early in MS. Notably, although Tambalo et al. (Tambalo et al., 2015) detected atrophy in the

71



caudoputamen in EAE in rats, they did not observe atrophy in thalamus. This difference may be
due to the fact that Tambalo et al. used a relapsing-remitting EAE rat model, while we used a
chronic EAE mouse model, although we cannot rule out technical differences.

The sensitive analyses used in this study allow us to detect atrophy and pathology
earlier than has previously been observed, providing insight into the mechanisms responsible
for early GM loss. It is likely that the processes contributing to GM atrophy will worsen as
disease progresses and analyses at later timepoints would reveal greater atrophy in not only the
cortical and deep GM structure highlighted in this study, but also in additional structures. For
example, although we observed a 2.27% decrease in cerebellar volume, we anticipate greater
cerebellar atrophy later in disease, as we have previously shown. (MacKenzie-Graham et al.,
2012; MacKenzie-Graham et al., 2009) Longitudinal studies will be useful for investigating the
rate of progression of GM atrophy.

While our results are intriguing, our study has some limitations. Our voxelwise
regression analyses are indicative of a strong relationship, but they are not necessarily causal.
Future investigations of treatments to reverse individual pathologies and then determine the
effect on their respective gray matter PSAs will reveal causality.

In summary, the combination of VBM with CLARITY has the potential to be an important
tool in illuminating the underlying pathogenesis of GM atrophy in EAE and other
neurodegenerative disease models. PSAs map the effects of specific pathologies on localized
GM atrophy, acting as in vivo biomarkers for those pathologies by visualizing localized GM
changes associated with each pathology. This approach can also be used to investigate
neuroprotective treatments aimed at reducing axonal damage and neuronal loss early in

disease to prevent GM atrophy within neurological pathways.
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Figure 3-1. EAE clinical scores. Mice with EAE (n = 17) demonstrated typical chronic disease
using standard EAE scoring while normal control mice (n = 18) displayed no signs of disease.

EAE scores for each individual animal are plotted from day 9-20.
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Figure 3- 2. Axonal transection in the spinal cord correlates with GM atrophy in

sensorimotor cortex. A) Maximum intensity projections of GM atrophy in mice with EAE when
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compared to normal controls (p < 0.05, FDR corrected) overlaid on the mean glass brain. The
dotted line represents bregma. B) The statistical parametric map indicating GM atrophy in mice
with EAE overlaid onto the mean template. The dashed lines represent the location of the
representative coronal sections shown from left to right respectively. (n = 18 EAE, 17 normal). C
& D) Spinal cords were optically cleared using CLARITY and imaged at 10X magnification.
Representative maximum intensity projection images are shown for normal (C) and EAE (D)
mice. Scale bar represents 250 ym. E) EAE mice (n = 9) show a significantly larger number of
end bulb positive axons than normal mice (n = 9) **(p = 0.0063). F) EAE mice (n = 9) show a
significantly larger number of ovoid positive axons than normal mice (n = 9) ***(p = 1.3 x 10°®).
G) Maximum intensity projections of the axonal-transection PSA overlaid on the mean glass
brain. The colormap indicates regions where axonal transection (end bulbs) in the spinal cord
correlated with GM atrophy in the brain (p < 0.05, FDR corrected). H) The axonal-transection
PSA overlaid on the mean template. (n = 9 EAE, 9 normal). I) Maximum intensity projections of
the axonal-injury PSA overlaid on the mean glass brain. The colormap indicates regions where
axonal injury (ovoids) in the spinal cord correlated with GM atrophy in the brain (p < 0.05, FDR

corrected). J) The axonal-injury PSA overlaid on the mean template. (n = 9 EAE, 9 normal).
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Region Mean Volume (mm?3) Effect Size (mm?) P value
Normal EAE
Whole brain 435.05 [430.06, 439.89] | 425.79 [415.88, 433.74] | n.s. n.s.
Gray matter 252.96 [248.73, 257.24] | 237.77 [231.64, 243.81] | 15.20 [7.63, 22.57] 0.00205
White matter 139.87 [137.03, 142.81] | 142.67 [139.24, 145.77] | n.s. n.s.
Cerebrospinal fluid | 42.22 [39.79, 44.66] 45.35[41.91, 48.98] n.s. n.s.
Caudoputamen 15.85[15.68, 16.03] 15.35[15.14, 15.56] 0.50[0.22, 0.78] 0.00523
Cerebellum 53.70 [52.99, 54.54] 52.49 [52.02, 52.95] 1.22[0.34, 2.15] 0.0284
Cerebral cortex 45.39 [44.19, 46.65] 42.01[40.97, 43.00] 3.38 [1.84, 5.00] 0.00161
Corpus callosum 2.56 [2.47, 2.64] 2.52[2.48, 2.57] n.s. n.s.
Thalamus 13.38 [13.24, 13.52] 13.08 [12.88, 13.26] 0.31[0.07, 0.55] 0.0342

Table 3-1. Volume comparisons for mice with EAE as compared to normal controls. All

reported p-values are FDR-corrected for multiple comparisons. (n = 18 normal, 17 EAE). n.s.

indicates not significant.

76




N

%k %k %k

-

—
%k 3k

1500-

Normal EAE

[(e]
o
o
o

CLARITY Cortical
Layer V Cell Count
w (2]

o o

o o

o o

w]
N
B
o
o

Single Section
NeuroTrace Cell
= N
foe) —_
o o
o o

250 M

Figure 3-3. Reduced cortical layer V neuronal number in sensorimotor cortex during EAE.
Brains were optically cleared using CLARITY and imaged at 10X magnification. Representative
maximum intensity projection images are shown for normal (A) and EAE (B) mice. Scale bar
represents 250 uym. C) Analysis of YFP CLARITY images demonstrated that normal mice (n =
9) have significantly more cortical layer V pyramidal neurons than EAE mice (n = 9) ***(p =
0.00028). D) Normal mice (n = 5) also had significantly more NeuroTrace-positive neurons in

serial tissue sections than EAE mice (n = 5) **(p = 0.0063).
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Figure 3-4. Demyelination in sensorimotor cortex during EAE. Cortical layer V pyramidal
neurons and myelin in the sensorimotor cortex were imaged at 10X in normal (A) and EAE (B)
mice. Scale bar represents 100 um. C) Normal mice (n = 5) demonstrate significantly greater

mean MBP staining intensity than mice with EAE (n = 5) (p = 0.00030).
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Figure 3-5. Activated microglia in sensorimotor cortex in EAE. Iba1 (red), MHC-II (cyan),
and cortical layer V pyramidal neurons (yellow) in the sensorimotor cortex were imaged at 10X
in normal (A) and EAE (B) mice. Scale bar represents 200 ym. C) 40X image of the area
outlined in the EAE images. Scale bar represents 50 ym. D) Normal mice (n = 5) demonstrate

significantly less activated microglia than mice with EAE (n = 5) (p = 0.017).
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Chapter 4

Neuroprotective mechanisms underlying mitigation of cerebral cortex atrophy by estriol

treatment
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4.1 Abstract

Gray matter (GM) atrophy, particularly cortical GM atrophy, associates with multiple
sclerosis (MS) disability. Immunomodulatory treatments in MS have had modest success at
preventing GM atrophy and disability progression. Treatment with estriol, an estrogen produced
during pregnancy, mitigates disease in the widely used mouse model for MS, experimental
autoimmune encephalomyelitis (EAE). In MS patients, estriol treatment induced cortical GM
preservation which correlated with cognitive improvement. We sought to investigate
mechanisms underlying estriol-mediated mitigation of cerebral cortex atrophy in EAE. We
treated EAE mice with estriol therapeutically after disease onset. /n vivo magnetic resonance
imaging (MRI) and Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible
Tissue-hYdrogel (CLARITY) were used to examine changes in cortical GM volume and
underlying neuropathology. Mice expressing green fluorescent protein (GFP) in newly formed
remyelinating oligodendrocytes were used to assess remyelination in cerebral cortex. Estriol
treatment decreased cortical GM atrophy by MRI and reduced cerebral cortex demyelination,
microglial activation, synapse loss, dendritic spine loss, and cortical layer V neuronal loss.
Mechanistically, ligation of estrogen receptor beta induced remyelination, reduced microglial
activation, and preserved synapses in the cerebral cortex. Together, this demonstrates that
therapeutic estriol treatment is neuroprotective in EAE by preventing cortical GM atrophy and

attenuating its underlying pathology.

4.2 Introduction
Gray matter (GM) atrophy is a strong indicator of disability progression in multiple
sclerosis (MS) (Fisniku et al., 2008), an autoimmune-mediated neurodegenerative disease of

the central nervous system. It is well established that GM atrophy in MS is closely tied to clinical
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disability (Fisniku et al., 2008; MacKenzie-Graham et al., 2016). In fact, GM atrophy is better
than either white matter atrophy or white matter lesion load at predicting motor disability (Fisniku
et al., 2008; Roosendaal et al., 2011). Thus, identifying neurodegenerative mechanisms that
lead to GM atrophy is an important step in developing targeted therapies that can prevent
irreversible disability.

The most widely used mouse model for MS, experimental autoimmune
encephalomyelitis (EAE), is a valuable tool for investigating neurodegenerative mechanisms
underlying GM pathology. GM atrophy occurs during chronic EAE in C57BL/6 mice in
conjunction with key GM pathologies, namely demyelination, microglial activation, synaptic loss,
axonal damage, and neuronal loss (MacKenzie-Graham et al., 2012a; Meyer et al., 2019;
Spence et al., 2014). Here, we use cross modality investigation to determine how intervention
with a neuroprotective treatment alters GM pathology in the cerebral cortex to prevent cortical
GM atrophy as quantified by in vivo MRI.

Estriol, a hormone produced by the fetoplacental unit during pregnancy, is a promising
neuroprotective treatment demonstrating beneficial disease-modifying effects in MS and EAE.
Pregnancy is protective in MS and leads to a reduction in relapses, with the greatest reduction
seen in the third trimester when estriol levels are highest (Confavreux et al., 1998). Estriol is an
attractive therapeutic option because it preferentially binds to estrogen receptor beta (ER() over
estrogen receptor alpha (ERa)(2:1) (Kuiper et al., 1997). In contrast, estradiol, which binds
preferentially to ERq, is associated with an increase in breast cancer risk and other off-target
side effects (Rossouw et al., 2002), which have not been observed during estriol treatment,
likely due to its preferential binding to ERB (Head, 1998; Voskuhl et al., 2016b). Studies in EAE
show that estriol treatment ameliorates motor disability and has a beneficial immunomodulatory
effect in the peripheral immune system (Kim et al., 1999; Palaszynski et al., 2004). Further,
estriol pre-treatment (prior to disease onset) was shown to provide neuroprotection by

preventing CA1 atrophy and reducing synaptic loss in the hippocampus of mice with EAE (Ziehn
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et al., 2012). In phase 2 clinical trials, estriol treatment in MS reduced gadolinium-enhancing
lesions, was immunomodulatory in the peripheral immune system (Sicotte et al., 2002; Soldan
et al., 2003), and reduced relapses (Krysko et al., 2020; Voskuhl and Momtazee, 2017; Voskuhl
et al., 2016a; Voskuhl et al., 2016b). Regarding neuroprotection, estriol treatment in MS induced
GM sparing in the cerebral cortex which was correlated with improvement in cognitive testing
performance (Krysko et al., 2020; MacKenzie-Graham et al., 2018; Voskuhl and Momtazee,
2017; Voskuhl et al., 2016b). Mechanisms underlying these neuroprotective effects in cerebral
cortex remain unknown.

Here, estriol treatment was given therapeutically after disease onset in EAE. We
combined the use of MRI, CLARITY, and immunohistochemistry to determine the
neuroprotective mechanism of estriol in the cerebral cortex during EAE. We further pursued a
candidate mechanism of GM preservation by investigating whether ligation of ERpB could induce
remyelination in the cerebral cortex. For the first time, we demonstrate that therapeutic estriol
treatment (after disease onset) can prevent cortical GM atrophy and ER ligation can induce

cortical remyelination during EAE.

4.3 Materials and Methods

Animals: All mice (8-16 weeks old) used in this study were from the C57BL/6J background,
originally ordered from Jackson Labs (Bar Harbor, ME), and bred within our facilities. 20 female
Thy1-YFP* C57BL/6J mice were used in the therapeutic estriol treatment study. 21 female wild-
type C57BL/6J mice were used in the experiment assessing the effect of ERB-ligand on cortical
pathology. 19 Cspg4-CreERT2/Mapt-mGFP mice were used in the experiment investigating
cortical remyelination with ERpB-ligand treatment in EAE. Cspg4-CreERT2/Mapt-mGFP mice

were obtained by crossing B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J with B6;129P2-Mapt<tm2Arbr>/J

87



mice (Mei et al., 2016; Voskuhl et al., 2019). 28 female Thy1-YFP* C57BL/6J mice were used in
the estriol pre-treatment study (supplemental).

All procedures were done in accordance with the guidelines of the National Institutes of
Health and the Chancellor's Animal Research Committee of the University of California, Los
Angeles Office for the Protection of Research Subjects.

EAE induction and experimental treatment: EAE was induced as described (Meyer et al.,
2019). EAE was scored a scale of 0-5, as described (Kim et al., 2018).

In the therapeutic estriol treatment experiment, either a 90-day release pellet of estriol at
5 mg dose or a placebo pellet (Innovative Research of America, Sarasota, FL) was implanted as
described(Kim et al., 1999) when the mice first started showing symptoms of EAE. In the pre-
treatment experiment (supplemental) either an estriol or placebo pellet was similarly implanted
one week prior to EAE induction.

For ERB-ligand treatment, diarylpropionitrile (DPN; Tocris, Minneapolis, MN) was
administered as described (Kim et al., 2018; Voskuhl et al., 2019). For Cspg4-CreERT2/Mapt-
mGFP transgenic mice, Tamoxifen (Sigma-Aldrich, St. Louis, MO) was administered
subcutaneously two weeks prior ERB-ligand treatment for 5 consecutive days as described (Kim
et al., 2018; Voskuhl et al., 2019).

Magnetic resonance imaging: All animals were scanned in vivo at the Ahmanson-
Lovelace Brain Mapping Center at UCLA on a 7T Bruker imaging spectrometer (Bruker
Instruments, Billerica, MA) as described (Meyer et al., 2019).

Atlas-based morphometry (ABM): A minimum deformation atlas (MDA) was created
using the MR images from all subjects. The cerebral cortex was manually labeled on the MDA
using BrainSuite 18a (Shattuck and Leahy, 2002) (http://brainsuite.org) as described
(MacKenzie-Graham et al., 2012a). The labels were warped out to the individual images and

manually corrected by an investigator blind to disease and treatment group.
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Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-
hYdrogel: The brains and spinal cords from the pre-treatment experiment and the spinal cords
from the therapeutic treatment experiment were optically cleared using the CLARITY protocol
modified for “passive clearing” as described (Spence et al., 2014).

Immunohistochemistry: Sagittal brain sections from a subset of animals were stained
using immunohistochemistry as described (Meyer et al., 2019). Tissues were stained for
postsynaptic density protein 95 (PSD95; Millipore, Darmstadt, Germany), myelin basic protein
(MBP; Aves, Davis, CA), green fluorescent protein (GFP; Abcam, Cambridge, MA), Glutathione
S-transferase pi (GSTr; Enzo Life Sciences, Farmingdale, NY), major histocompatibility
complex Il (MHC-II; BioLegend, San Diego, CA), or ionized calcium-binding adapter molecule 1
(Iba1; Wako, Richmond, VA).

Microscopy: Laser scanning confocal microscopy for CLARITY analysis was performed
at the California NanoSystems Institute (CNSI) Advanced Light Microscopy/Spectroscopy
Shared Resource Facility at UCLA as described (Spence et al., 2014). Immunostained sections
were imaged using Olympus BX51 fluorescence microscope with a DP50 digital camera
(MacKenzie-Graham et al., 2012a). ImageJ (https://fiji.sc) was used for analysis of images. In all
analyses, the investigator was blind to treatment group.

Statistical analyses: ABM, CLARITY, and immunohistochemistry data were analyzed in
R (https://www.r-project.org). Two-group comparisons were conducted using a Student’s t-test
(two-tailed). Regression analyses are reported as Pearson correlation coefficients. All reported
p-values are corrected for multiple comparisons by controlling for the false discovery rate (FDR)

(Benjamini and Hochberg, 1995).

4.4 Results

Therapeutic estriol treatment spares cortical GM atrophy during EAE
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We used in vivo MRI to investigate whether therapeutic estriol treatment (initiated after
disease onset) could prevent GM atrophy in the cerebral cortex during chronic EAE. Placebo-
treated EAE mice, estriol-treated EAE mice, and placebo-treated healthy control mice were
imaged and sacrificed 45 days after disease induction. Therapeutic estriol treatment reduced
clinical EAE severity scores (Figure 4-1), as previously observed (Kim et al., 1999). Regarding
MRI outcomes, we observed a 9.3% reduction in cerebral cortex volume in placebo-treated EAE
mice compared to placebo-treated healthy controls (p = 0.0024), consistent with previous
findings (Meyer et al., 2019; Spence et al., 2014). Importantly, we discovered that estriol-treated
EAE mice exhibited only a 5.9% reduction in GM volume in the cerebral cortex, which was
significantly different than placebo-treated EAE mice (p = 0.0027) (Figure 4-2,A-B).

To complement our observed results using therapeutic estriol treatment (initiated after
disease onset), we performed another experiment where estriol treatment was initiated one
week prior to disease induction. Estriol pre-treatment almost completely prevented clinical signs
of disease (Figure 4-7A) and led to complete GM preservation in the cerebral cortex (Figure 4-

7B).

Estriol-mediated neuroprotective effects

Next, we investigated whether estriol-mediated preservation of cortical GM volume by
MRI was associated with neuroprotection at the cellular level. In the same mice used for in vivo
MRI analysis, we quantified cortical layer V pyramidal neurons. The mice used were Thy1-YFP*
and expressed yellow fluorescent protein in cortical layer V pyramidal neurons and
projections(Porrero et al., 2010). Mice with EAE demonstrated a 16.1% decrease in cortical
layer V neurons compared to healthy mice (p = 0.0098). Interestingly, cortical layer V neurons
were preserved in estriol-treated EAE mice compared to placebo-treated EAE mice (p = 0.0031)
and indeed were not significantly different than healthy controls (Figure 4-2,C-D). We next

examined synaptic integrity in cerebral cortex since synapse loss is known to occur in
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MS(Werneburg et al., 2020) and EAE (Hammond et al., 2020; Ziehn et al., 2012). Dendritic
spine density on the apical dendrites of cortical layer V pyramidal neurons showed a reduction
in EAE mice versus healthy controls (p = 0.0027). Conversely, estriol-treated EAE mice
demonstrated sparing of spine density compared to placebo-treated EAE mice (p = 0.034)
(Figure 4-2,E-F) and were not significantly different from healthy controls. In a complementary
approach, we examined PSD95 staining, a marker for postsynaptic density, in the cerebral
cortex and observed that estriol-treated EAE mice exhibited more PSD95 synaptic staining
compared to placebo-treated EAE mice (p = 0.0058) (Figure 4-2G) and were not significantly
different than healthy controls.

We previously identified an intimate relationship between axonal damage in the spinal
cord and GM volume loss in the cerebral cortex during EAE (Meyer et al., 2019) and others
have suggested that axonal damage plays a key role in neurodegeneration and GM volume loss
(Nikic et al., 2011; Trapp et al., 1998). Thus, we performed CLARITY on spinal cords and
quantified axonal damage (ovoids) and axonal transection (end bulbs) along YFP* axons. An
increase in axonal damage and axonal transection were observed in placebo-treated EAE mice
compared to healthy controls (p = 0.0058 and p = 0.00073, respectively). Remarkably, we found
that estriol treatment led to reduced axonal damage and less axonal transection when
compared to placebo-treated EAE mice (p = 0.018 and p = 0.0024, respectively) (Figure 4-2,H-
J). When estriol treatment was given prior to EAE induction, there was complete protection
against cortical GM atrophy and pathology including neuronal loss and synapse loss. (Figure 4-

7,C-G).

Estriol treatment reduces pathology in cerebral cortex during EAE
We then investigated how estriol treatment altered non-neuronal pathology in the
cerebral cortex during EAE. Microglial activation was increased in mice with EAE compared to

healthy controls (p = 0.00021). Estriol treatment in EAE reduced microglial activation in cerebral
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cortex compared to placebo-treated EAE mice (p = 0.0058) (Figure 4-3,A-B). In contrast, we did
not observe a significant difference in astrocyte activation between any of the three groups in
the cerebral cortex (data not shown).

We quantified myelin integrity and observed a 26.4% reduction in myelin in placebo-
treated EAE mice compared to healthy controls (p = 0.0011). Estriol treatment in EAE preserved
myelin in the cerebral cortex compared to placebo-treated EAE (p = 0.0015) (Figure 4-3,C-D).

Estriol pre-treatment during EAE led to complete prevention of microglial activation and
preservation of myelin in the cerebral cortex (Figure 4-7,H-I). Together, these data show that
therapeutic estriol treatment ameliorates the pathologies within the cerebral cortex previously
correlated with GM atrophy in EAE (Meyer et al., 2019) and documented to occur in MS(Trapp
et al., 1998; Werneburg et al., 2020), including synaptic and neuronal loss, microglial activation,

and demyelination.

Estriol treatment abrogates the relationship between cerebral cortex volume loss and
neuropathology

To understand how estriol treatment affects the relationship between cortical GM
atrophy by MRI and cerebral cortex neuropathology, we examined correlations in Thy1-YFP*
mice that had undergone in vivo MRI. We observed strong relationships between cortical
volume loss by MRI and cortical pathologies by immunohistochemistry (Table 4-1, Figure 4-4
left). Less cortical GM volume was correlated with less cortical layer V neurons (r = 0.87, p =
0.0018) and less cortical MBP intensity (r = 0.72, p = 0.017), and more microglial activation (r =
-0.73, p = 0.017) in the cerebral cortex. Less MBP intensity in the cerebral cortex was correlated
with less cortical layer V neurons (r = 0.68, p = 0.024) and with activated microglia in the
cerebral cortex (r = -0.84, p = 0.0018). Most importantly, therapeutic treatment with estriol

disrupted this neuropathologic network, (Table 4-1, Figure 4-4 right).
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ERp-ligand treatment is neuroprotective in cerebral cortex

Together, the above results show for the first time that cerebral cortex atrophy by MRl is
associated with a network of pathologies that include demyelination and microglia activation.
Since estriol treatment disrupted this network and binds principally to ERp (Kuiper et al., 1997;
Rossouw et al., 2002), we next pursued ERp ligation as a mechanism for preventing
demyelination and reducing microglial activation in the cerebral cortex. We treated EAE mice
with either ERB-ligand or placebo (Figure 4-5A). We observed that ERB-ligand treatment
reduced disease severity (Figure 4-5B), consistent with previous findings (ltoh et al., 2016; Kim
et al., 2018; MacKenzie-Graham et al., 2012b; Voskuhl et al., 2019). Interestingly, we found that
ERpB-ligand treatment prevented demyelination in the cerebral cortex during EAE (p = 0.00037)
(Figure 4-5C). ERp-ligand treatment also decreased microglial activation (p = 0.034) (Figure 4-

5D) and preserved synapses in cerebral cortex (p = 0.0082) (Figure 4-5E).

ERp-ligand treatment induces remyelination in cerebral cortex

Lastly, we distinguished between the possibility of treatment-mediated reduction in
demyelination versus treatment-mediated induction in remyelination in the cerebral cortex of
EAE mice. The Cspg4-CreERT2/Mapt-mGFP mouse line provides an ideal model to address
this question as these mice express green fluorescent protein (GFP) in newly formed
remyelinating oligodendrocytes (Mei et al., 2016). We induced EAE in Cspg4-CreERT2/Mapt-
mGFP mice and initiated either placebo or ERB-ligand treatment (Figure 4-6A). The cerebral
cortices of ERpB-ligand treated EAE mice demonstrated both increased myelin (p = 0.029)
(Figure 4-6B) and increased GFP % area (p = 0.0015) (Figure 4-6,C-D) compared to placebo-
treated EAE mice. Thus, ERB-ligand treatment facilitates the maturation of oligodendrocyte

progenitor cells and induces cortical remyelination during EAE.
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4.5 Discussion

GM atrophy as measured by MRI is associated with disability progression in MS, yet
there is currently no directly neuroprotective treatment designed to prevent it. Recent evidence
suggests that estriol treatment can prevent cortical GM atrophy in patients with MS (Krysko et
al., 2020; MacKenzie-Graham et al., 2018; Voskuhl and Momtazee, 2017; Voskuhl et al.,
2016b), but the neuroprotective mechanism remains unclear. In this study, we utilized EAE to
explore an important candidate mechanism of neuroprotection, namely remyelination in cortical
GM. We show direct evidence that therapeutic estriol treatment can mitigate cerebral cortex GM
atrophy during EAE. Our results demonstrate that estriol-mediated cortical GM sparing occurs
alongside preservation of synapses and cortical layer V neurons in the cerebral cortex and
preservation of their axonal integrity in the spinal cord. We further show that estriol can work
through ERp to induce remyelination in cortical GM. This warrants further investigation of estriol
and ERp-ligand treatment to prevent cortical GM atrophy in MS.

Cortical pathology has been described in both MS (Klaver et al., 2015) and EAE
(MacKenzie-Graham et al., 2012a; Meyer et al., 2019; Spence et al., 2014). Here, we observe
strong associations among cortical pathologies as measured by immunohistochemistry or
CLARITY and cortical GM atrophy as measured by in vivo MRI. In particular, we observed a
strong correlation between cortical volume loss and layer V pyramidal neuronal loss in the
cortex and between cortical volume loss and axonal transection in the spinal cord in EAE,
consistent with previous observations in MS (Meyer et al., 2019; Trapp et al., 1998).
Interestingly, we further observed correlations across the neuraxis between cortical pathology
and axonal damage in the spinal cord. This demonstrates a complex and interrelated network of
pathology that contributes to cortical GM atrophy. Estriol treatment disrupted this network and
reduced cortical GM atrophy and its underlying neuropathology. Our lab previously

demonstrated that estrogen treatment before disease induction preserved GM volume in the
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cerebellum during EAE using ex vivo MRI (MacKenzie-Graham et al., 2012b). This study
demonstrates that estriol treatment can preserve cerebral cortex GM volume on in vivo MRI and
decrease pathology in the cerebral cortex, even when treatment is initiated after disease onset.

We also investigated ERB as a mechanism through which estriol could prevent cortical
GM atrophy. We found that ERB-ligand treatment promotes neuroprotection in the cerebral
cortex by preserving synapses, consistent with previous literature(ltoh et al., 2016).
Oligodendrocytes and microglia have been identified as the cellular targets for ERB-ligand
treatment mediated neuroprotection in white matter during EAE (Kim et al., 2018; Voskuhl et al.,
2019), whereas ER-ligand treatment did not act directly on astrocytes or neurons (Spence et
al., 2013). Remyelination occurs naturally in the CNS after injury to some degree in adults,
however in MS and EAE it is thought that the inflammatory microenvironment impedes that
process (Mei et al., 2016). A recent study found that ERB-ligand treatment upregulates
cholesterol synthesis genes in oligodendrocyte progenitor cells (OPCs) during remyelination
(Voskuhl et al., 2019). Combined with findings herein, we hypothesize that estriol acts on ER[
on OPCs to upregulate cholesterol synthesis genes to enhance remyelination in both white and
gray matter. Increased remyelination in the cortex provides trophic support to axons, thereby
preserving axons, neurons, and synapses, the pathologies underlying cortical GM atrophy.

In addition, we showed that estriol treatment in EAE suppresses microglial activation.
Increased microglial activation has been observed in the hippocampus(Ziehn et al., 2012) and
cerebral cortex (Meyer et al., 2019) during EAE. Activated microglia produce nitric oxide and
reactive oxygen species which induce axonal damage and oligodendrocyte apoptosis (Howell et
al., 2010; Nikic et al., 2011). In the cerebral cortex, activated microglia have also been found to
be involved in complement-related synaptic loss in MS and EAE (Hammond et al., 2020;
Werneburg et al., 2020). We found that both estriol and ERB-ligand treatment reduced
microglia/macrophage activation in the cerebral cortex. Previously, ERB-ligand treatment was

shown to act directly on CD11c¢* microglia/macrophages to promote neuroprotection in white
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matter of spinal cord in EAE(Kim et al., 2018). Together, these observations suggest that estriol
can also act through ER to reduce microglial activation in the cerebral cortex. Less microglial
activation mitigates neuronal damage and synaptic loss, while providing an environment more
conducive to the maturation of OPCs. We posit that estriol’s ability to facilitate remyelination and
reduce microglial activation initiates a neuroprotective cascade that results in reduced cortical
neurodegeneration by pathology and reduced GM atrophy by MRI.

We focused on investigation of cortical remyelination through ER as a possible
mechanism of estriol-mediated prevention of cerebral cortex atrophy during EAE. However, it is
possible that estriol treatment initiates additional neuroprotective mechanisms.

In conclusion, we are the first to show that therapeutic estriol treatment mitigates
neuropathology associated with cortical GM atrophy during EAE. We demonstrated that ligation
of ERB can induce remyelination, reduce microglial activation, and preserve synapses in cortical

GM, which are important therapeutic goals in MS.
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Figure 4-1: Therapeutic estriol treatment reduces EAE scores. Estriol (n = 7; blue) or
placebo pellets (n = 6; red) were implanted in each animal at first sign of disease. The average
day of onset was 15 days after disease induction (arrow). Estriol-treated mice demonstrated
significantly reduced EAE severity compared to placebo-treated mice after 23 days after
disease induction. The ameliorative effect continued through 45 days after disease induction
when the animals were sacrificed. The asterisk indicates a significant difference (p < 0.05, FDR

corrected) in EAE score between placebo-treated and estriol-treated EAE.
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Figure 4-2: Estriol treatment reduces cortical gray matter atrophy and mitigates
underlying neurodegeneration in cerebral cortex during EAE. /n vivo MRI was collected at
d45 from Thy1-YFP* mice with EAE treated with placebo (EAE + placebo, n = 6), with EAE and
treated with estriol (EAE + estriol, n = 7) healthy controls treated with placebo (NOR + placebo,
n = 7) for pathological analysis. A) A minimum deformation atlas (MDA) was constructed from all
the images in the dataset and a cerebral cortex was delineated on the MDA and warped out to
the constituent images. B) Significant atrophy was observed in placebo-treated EAE mice when

compared to placebo-treated healthy control mice. Estriol-treated EAE mice showed reduced
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atrophy when compared to placebo-treated EAE mice. C) Placebo-treated EAE mice
demonstrated loss of YFP™ cortical layer V pyramidal neurons in cerebral cortex compared to
healthy controls. This loss was prevented by estriol treatment. D) Representative 10X images of
YFP™ neurons in cerebral cortex are shown for each treatment group. E) Representative 63X
images of YFP* dendritic spines on the apical dendrites of cortical layer V neurons in the
cerebral cortex for each treatment group. F) Reduced dendritic spine density was observed
during EAE and was prevented with estriol treatment. G) Estriol treatment protected against loss
of synapses in mice with EAE indicated by preservation of PSD95 % area compared to placebo-
treated mice with EAE. H) Representative 10X images of axonal damage (ovoids, red arrows)
and axonal transection (end bulbs, white arrows) in the spinal cord are shown for each
treatment group. Quantification of % of axons with ovoids (I) and % of axons with end bulbs (J)
reveals preservation of axonal integrity with estriol treatment during EAE. *p < 0.05, **p < 0.01,

***p < 0.001; t test, FDR corrected.
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Figure 4-3: Estriol treatment reduces microglial activation and preserves myelin in
cerebral cortex during EAE. Thy1-YFP* mice with EAE treated with placebo (EAE + placebo,
n = 6), with EAE and treated with estriol (EAE + estriol, n = 7), and healthy controls treated with
placebo (NOR + placebo, n = 7) were sacrificed 45 days after disease induction for pathological
analysis. A) Representative 40X images of microglial activation in the cerebral cortex for each
treatment group. B) Increased microglial activation in the cerebral cortex was observed during
EAE as compared to healthy controls. This was reduced with estriol treatment. C)
Representative images of MBP staining in the cerebral cortex are shown for each treatment
group. D) Quantification of MBP mean intensity demonstrates preservation of myelin in the
cerebral cortex in estriol-treated EAE mice compared to placebo-treated EAE mice. *p < 0.05,

**p <0.01, ***p < 0.001; t test, FDR corrected.
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Figure 4-4: Estriol treatment abrogates associations between cortical GM atrophy and
underlying neuropathology during EAE. A heat map demonstrates Pearson correlations in
placebo-treated EAE mice and placebo-treated healthy controls (left) compared to estriol-
treated EAE mice and placebo-treated healthy controls (right). Positive (yellow) and negative
(red) correlations are clustered in the placebo group and healthy group, but this clustering was
not observed in the estriol and healthy group. Strong pathological relationships are observed in
the placebo group and healthy group comparison. These relationships are much weaker in the

estriol group and healthy group comparison.
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Placebo Estriol
Pearson Correlation r value p value r value p value
Cortical Volume vs YFP* Neuronal Count 0.8681 | 0.001802 | 0.01976 0.9971
Cortical Volume vs Ovoids (Spinal Cord) -0.5781 0.07084 | -0.08103 0.9245
Cortical Volume vs End Bulbs (Spinal Cord) -0.7554 0.01069 -0.4740 0.1858
Cortical Volume vs Synaptic Density 0.5080 0.1216 - 0.9971
0.008183
Cortical Volume vs MBP Intensity 0.7217 0.01664 0.2970 0.4867
Cortical Volume vs Microglial Activation -0.7250 0.01664 -0.3025 0.6905
YFP* Neuronal Count vs Ovoids (Spinal -0.5547 0.08296 | 0.09954 0.8977
Cord)
YFP* Neuronal Count vs End Bulbs (Spinal -0.7953 0.01676 0.2099 0.6878
Cord)
YFP* Neuronal Count vs Synaptic Density 0.3419 0.3601 -0.4036 0.2880
YFP* Neuronal Count vs MBP Intensity 0.6791 0.02401 -0.1326 0.8739
YFP* Neuronal Count vs Microglial -0.6965 0.01977 -0.3758 0.5881
Activation
Ovoids (Spinal Cord) vs End Bulbs (Spinal 0.8504 | 0.001802 0.5472 0.1058
Cord)
Ovoids (Spinal Cord) vs Synaptic Density -0.7027 0.01933 -0.6792 0.02803
Ovoids (Spinal Cord) vs MBP Intensity -0.6116 0.04967 | -0.09882 0.8977
Ovoids (Spinal Cord) vs Microglial 0.6605 0.02804 -0.1095 0.9254
Activation
End Bulbs (Spinal Cord) vs Synaptic -0.6756 0.02401 -0.3810 0.3142
Density
End Bulbs (Spinal Cord) vs MBP Intensity -0.7965 | 0.005475 -0.1007 0.8977
End Bulbs (Spinal Cord) vs Microglial 0.8460 | 0.001802 | -0.01162 0.9971
Activation
Synaptic Density vs MBP Intensity 0.5552 0.08296 | 0.05788 0.9406
Synaptic Density vs Microglial Activation -0.7669 | 0.009602 0.0017 0.9971
MBP Intensity vs Microglial Activation -0.8397 | 0.001802 -0.6603 0.1863

Table 4-1: Pearson correlation coefficients and FDR corrected p values for relationships

between different pathological measures. Correlation coefficients were calculated in two

separate analyses: placebo-treated EAE mice (Placebo; n = 6) combined with placebo-treated

healthy controls (NL; n = 7) and estriol-treated EAE mice (Estriol; n = 7) combined with placebo-

treated healthy controls (NL; n = 7). Cortical volume = volume of the cerebral cortex, YFP*

neuronal count = Cortical layer V neurons expressing YFP, Ovoids = axonal damage in spinal
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cord, End bulbs = axonal transection in spinal cord, Synaptic density = dendritic spine density
on apical dendrites of cortical layer V pyramidal neurons, MBP intensity = myelination, Microglial
activation = MHCII and Iba1 colocalized area as a percentage of total Iba1 area. All pathology
was measured in the cerebral cortex except ovoids and end bulbs which were measured in the

spinal cord (labeled).
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Figure 4-5: ERB-ligand treatment is neuroprotective in the cerebral cortex during EAE. A)
Experiment schematic. Wild-type C57BL/6 mice were treated either with ERB-ligand (EAE +
ERB, n =9) or placebo injections (EAE + placebo, n = 9) one week prior to EAE induction.
Animals were sacrificed alongside placebo-treated healthy controls (NOR + placebo, n = 10) at
25 days after disease induction. B) ERp-ligand treated EAE mice (blue) demonstrated a less
severe disease course compared to placebo-treated EAE mice (red). Asterisks indicate a
significant difference (p < 0.05) in EAE score between placebo-treated and ERp-treated EAE
mice. C) ERpB-ligand treatment preserves MBP intensity in cerebral cortex compared to placebo-
treated EAE mice. D) ERB-ligand treatment reduces microglial activation in cerebral cortex
compared to placebo-treated EAE mice. E) ERB-ligand treatment preserves PSD95-stained
synapses compared to placebo-treated EAE mice. *p < 0.05, **p < 0.01, ***p < 0.001; ¢ test,

FDR corrected.
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Figure 4-6: ERB-ligand treatment promotes remyelination in the cerebral cortex during
EAE. A) Experiment schematic. Tamoxifen was given to Cspg4-CreERT2/Mapt-mGFP mice for
5 consecutive days, 2 weeks prior to ERB-ligand treatment. Mice were treated either with ER[3-
ligand (EAE + ERp, n = 10) or placebo injections (EAE + placebo, n = 9) one week prior to EAE
induction. Animals were sacrificed at 25 days after disease induction. B) ERB-ligand treatment
preserves MBP intensity in cerebral cortex compared to placebo-treated EAE mice. C) ERB-
ligand treatment increases GFP expression in cerebral cortex compared to placebo-treated EAE
mice. D) Representative 40X images of GFP expression in the cerebral cortex are shown for

each treatment group. The arrowhead identifies a mature, remyelinating oligodendrocyte
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expressing GFP, colocalized with GSTI1, a marker for mature oligodendrocytes, in an ERp-

ligand treated mouse. *p < 0.05, **p < 0.01, ***p < 0.001; t test, FDR corrected
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Figure 4-7: Estriol pre-treatment prevents gray matter atrophy and induces
neuroprotection in EAE. Thy1-YFP™ mice with EAE were pre-treated one week prior to
disease induction with either an estriol pellet (EAE + estriol, n = 9) or placebo pellet (EAE +
placebo, n = 9). In vivo images were collected at 20 days after disease induction, along with
placebo-treated healthy controls (NOR + placebo = 10), and the mice were subsequently
sacrificed for pathological analyses. A) Estriol pre-treatment (blue) almost completely prevented
clinical signs of disease compared to placebo-treated EAE mice (red). Asterisk indicates a
significant difference (p < 0.05) in EAE scores between placebo-treated and estriol-treated EAE.
B) Estriol pre-treated EAE mice showed complete preservation of cortical volume compared to

placebo-treated EAE mice. C) Estriol pre-treatment prevented loss of cortical layer V neurons in
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cerebral cortex during EAE. D) Estriol pre-treatment in EAE prevented loss of dendritic spines
on the apical dendrites of cortical layer V pyramidal neurons in cerebral cortex. E) Estriol pre-
treatment also protected against loss of synapses in mice with EAE indicated by preservation of
PSD95 % area. F-G) Estriol pre-treated EAE mice showed almost no axonal damage in the
spinal cord when % of axons with ovoids (F) and % of axons with end bulbs (G) were quantified.
H) Estriol pre-treatment prevented microglial activation in cerebral cortex during EAE. I) Estriol
pre-treatment preserved MBP intensity in the cerebral cortex during EAE. *p < 0.05, **p < 0.01,

***p < 0.001; t test, FDR corrected.
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Chapter 5

Increased neurodegeneration in male C57BL/6 mice with experimental autoimmune

encephalomyelitis
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5.1 Abstract

Women with multiple sclerosis (MS) show increased susceptibility to disease and
increased inflammatory activity, while men demonstrate more severe disability progression and
neurodegeneration. This indicates a role for sex-specific factors influencing neurodegenerative
response in MS. Gray matter (GM) atrophy is associated with disability in MS. Particularly, GM
atrophy in the cerebral cortex is highly predictive of both motor and cognitive dysfunction in MS
patients. Males with MS show more GM atrophy than females. To better understand the
mechanisms underlying this sexual dimorphism in neurodegeneration, we sought to investigate
whether the most commonly used mouse model for multiple sclerosis, chronic experimental
autoimmune encephalomyelitis (EAE), would also demonstrate sex differences in GM atrophy
and associated pathology. We used voxel-based morphometry to identify localized GM atrophy
by comparing males and females to their healthy controls. Clear Lipid-exchanged Acrylamide-
hybridized Rigid Imaging-compatible Tissue-hYdrogel (CLARITY) and immunohistochemistry
were used to identify sex differences in cerebral cortex and spinal cord pathology. We observed
more extensive GM atrophy in EAE males compared to healthy males than in EAE females
compared to healthy females. We further identified a sex-specific relationship between worse
walking disability and worse GM atrophy in the somatosensory cortex in males. Males with EAE
showed greater neuronal loss in the cerebral cortex and greater axonal transection in the spinal
cord. Together, these results demonstrate increased neurodegeneration in male mice with

chronic EAE, similar to increased neurodegeneration seen in males with MS.

5.2 Introduction

Sex differences in disease prevalence and progression are well-established in multiple
sclerosis (MS), a putative autoimmune disease of the central nervous system characterized by
inflammation, demyelination, and neurodegeneration. Females are more susceptible to MS by a

factor of 3:1 (Koch-Henriksen and Sgrensen, 2010; Wallin et al., 2012). This female
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preponderance is common in other autoimmune diseases as well, in part due to a more robust
immune response (Hewagama et al., 2009; Klein and Flanagan, 2016; Voskuhl, 2011).
Conversely, males with MS demonstrate worse disease progression (Golden and Voskuhl,
2017), have worse long term disability outcomes (Benedict and Zivadinov, 2011; Confavreux et
al., 2003), and progress from relapse-remitting MS to secondary progressive MS more quickly
than females (Koch et al., 2010; Weinshenker et al., 1991). Males demonstrate a greater
number of T1-hypointense lesions, which are thought to be more destructive than T2-
hyperintense lesions and represent increased neurodegeneration (Pozzilli et al., 2003; van
Walderveen et al., 2001). The accelerated disease course in males does not seem to be
associated with inflammation and instead may be attributed to neurodegenerative factors within
the central nervous system (CNS) (Voskuhl and Gold, 2012). The mechanisms underlying
increased neurodegeneration in males with MS remain unclear.

Investigating sex differences can elucidate disease mechanisms and aid in identifying
therapeutic targets. The most commonly used mouse model for MS, experimental autoimmune
encephalomyelitis (EAE), provides a valuable method to investigate the mechanisms underlying
sex differences in disease. The disease course and sex-specific effects of EAE differ depending
on the strain of mouse suggesting that genetic background influences sex-specific variables. In
the SJL strain, which demonstrates a relapse-remitting disease course, females are more
susceptible to EAE (Voskuhl et al., 1996) and recent evidence suggests this may be due to a
direct effect of the XX chromosome complement in the immune system (Golden et al., 2019;
Smith-Bouvier et al., 2008). In the C57BL/6 strain, which demonstrates a chronic disease
course, no sex differences in susceptibility or walking disability have been observed (Okuda et
al., 2002; Palaszynski et al., 2004; Papenfuss et al., 2004). No previous study has rigorously
investigated whether sex differences exist in neurodegeneration in wild-type C57BL/6 mice with

chronic EAE.
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Gray matter (GM) atrophy measured by magnetic resonance imaging (MRI) is a means
of noninvasively evaluating neurodegeneration and is a strong indicator of disability progression
in MS. It is known to occur early in disease and may become more aggressive with age (Fisher
et al., 2008). GM atrophy is better associated with motor disability and cognitive dysfunction
than either white matter lesion load or white matter atrophy (Eijlers et al., 2018; Fisniku et al.,
2008; Rocca et al., 2021; Roosendaal et al., 2011). Interestingly, localized GM atrophy has
been found to correlate with clinically relevant disabilities (MacKenzie-Graham et al., 2016).
Males with MS demonstrate worse GM atrophy than females (Antulov et al., 2009; Jakimovski et
al., 2020). Particularly, males show greater atrophy in the cortex, thalamus, caudate, and
putamen (Schoonheim et al., 2012; Schoonheim et al., 2014; Voskuhl et al., 2020). Increased
atrophy has been linked to worse cognitive outcomes in males with MS (Schoonheim et al.,
2012; Voskuhl et al., 2020). GM atrophy is also known to occur during chronic EAE and is
associated with neuropathology (MacKenzie-Graham et al., 2012a; Meyer et al., 2019; Spence
et al., 2014). However, sex differences in brain neurodegeneration during EAE have been
poorly characterized and no previous studies have examined sex differences in GM atrophy
during EAE.

In this investigation, we use voxel-based morphometry (VBM) to analyze GM atrophy in
mice with EAE. We show that males have worse GM atrophy in the C57BL/6 EAE mouse
model, mimicking clinical observations in MS patients. We combine the use of CLARITY and
immunohistochemistry to demonstrate worse neuronal loss in the cerebral cortex and worse
axonal transection in the spinal cord of males with EAE. These results provide a critical step in

understanding mechanisms underlying sex differences in neurodegeneration during MS.

5.3 Materials and Methods
Animals: All mice (12-20 weeks old) used in this study were from the C57BL/6J background.

120 Thy1-YFP-H C57BL/6J mice over three experiments, originally ordered from Jackson Labs
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(www.jax.org) and bred within our facilities, were used in this study (29 healthy female, 29 EAE
female, 31 healthy male, 31 EAE male).

Animals were maintained under standard conditions in a 12 h dark/12 h light cycle with
access to food and water ad libitum. All procedures were done in accordance to the guidelines
of the National Institutes of Health and the Chancellor's Animal Research Committee of the

University of California, Los Angeles Office for the Protection of Research Subjects.

EAE induction: EAE was induced as described (Meyer et al., 2019). Briefly, mice were
immunized subcutaneously with MOG peptide 35-55 (300 ug) and Mycobacterium tuberculosis
(500 ug) emulsified in complete Freund’s adjuvant, in a volume of 0.1 mL over the right draining
inguinal and axillary lymph nodes. One week later, a booster immunization was delivered
subcutaneously over the contralateral lymph nodes. Pertussis toxin (500 ng; List Biological
Laboratories, Campbell, CA) was injected intraperitoneally on days 0 and 2. EAE was graded on

a scale of 0-5, as described (Kim et al., 2018; Pettinelli and McFarlin, 1981).

Magnetic resonance imaging: All animals were scanned in vivo at the Ahmanson-
Lovelace Brain Mapping Center at UCLA on a 7T Bruker imaging spectrometer with a micro-
imaging gradient insert with a maximum gradient strength of 100 G/cm (Bruker Instruments,
Billerica, MA). An actively decoupled quadrature surface coil array was used for signal reception
and a 72-mm birdcage coil was used for transmission. For image acquisition, mice were
anesthetized with isoflurane and their heads secured with bite and ear bars. All mice were given
a 0.5 ml saline injection subcutaneously prior to being placed in the scanner and another 0.5 ml
injection upon being removed from the scanner to prevent dehydration. Respiration rate was
monitored and the mice were maintained at 37° C using a circulating water pump. Each animal
was scanned using a rapid-acquisition with relaxation enhancement (RARE) sequence with the

following parameters: TR/TEer 3500/32 ms, ETL 16, matrix: 256 x 192 x 100, voxel dimensions:
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100 x 100 x 100 um?®. Total imaging time was 93 minutes. Images were acquired and

reconstructed using ParaVision 5.1 software.

Voxel-based morphometry (VBM): All MRI brain images were skull stripped using
Brainsuite 19b (Shattuck and Leahy, 2002)(http://brainsuite.org). Images were then processed
and examined with Statistical Parametric Mapping (SPM) 8 software (Welcome Trust Center for

Neuroimaging, London, United Kingdom; http://www:.fil.ion.ucl.ac.uk/spm) and SPMMouse

(SPMMouse, http://www.spmmouse.org)(Sawiak et al., 2009) within MATLAB version 2013a

(MathWorks, Natick, MA). Images were manually registered to tissue probability maps (TPMs)
generated from 60 C57BL/6J mice (Meyer et al., 2017) using 6-parameter linear
transformations. The images were bias corrected and segmented into GM, WM, and
cerebrospinal fluid (CSF) using the unified segmentation algorithm (Ashburner and Friston,
2005). The resulting segments were used to create a Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra (DARTEL) template (Ashburner, 2007) and the individual GM
segments were warped to this template and modulated. Finally, the normalized and modulated
GM segments were smoothed with a 600 um FWHM Gaussian kernel and used as the input for
the statistical analysis.

Cross-sectional differences in local GM volume between EAE and control mice were
examined with a general linear model. Whole brain volume was included as a covariate to
account for the variance associated with brain size and to prevent potential effects due to
differences in brain size. Within this model, significant differences in local GM volume between
groups were determined via Student’s t-tests. All findings were corrected for multiple
comparisons by controlling the false discovery rate (FDR)(Benjamini and Hochberg, 1995) and
all significance maps were thresholded at q < 0.05. All analyses were performed bi-directionally.
Associations of voxelwise GM volumes with cumulative EAE scores and disease duration using

voxelwise regression analyses were assessed within the general linear model. Whole brain size
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was included as a variable of no interest. All significant findings were corrected for multiple
comparisons by controlling the FDR.
Bias-corrected images were warped to the DARTEL template, and averaged to create a

mean template for visualization.

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-
hYdrogel: The spinal cords from a subset of the mice (19 healthy females 19, 12 healthy males,
19 EAE females, 19 EAE males) were optically cleared using the CLARITY protocol modified for

“passive clearing” as described (Meyer et al., 2019; Roberts et al., 2016; Spence et al., 2014).

Immunohistochemistry: 40 um sagittal brain sections from a subset of animals (19
healthy females, 12 healthy males, 19 EAE females, 19 EAE males) were stained using
immunohistochemistry (IHC) as described (MacKenzie-Graham et al., 2012a). Tissues were
stained for myelin basic protein (MBP; Aves, Davis, CA) and cluster of differentiation 45 (CD45,

BD Pharmingen, San Diego, CA).

Microscopy: Laser scanning confocal microscopy for CLARITY analysis and all
publication images was performed at the California NanoSystems Institute (CNSI) Advanced
Light Microscopy/Spectroscopy Shared Resource Facility at UCLA as described (MacKenzie-
Graham et al., 2012a; Spence et al., 2014). CLARITY samples were imaged in z-stacks with a
Leica HCX PL FLUOTAR NA 0.3 10X objective in 11 um z-steps (the limit of optical resolution).
Stained 40 um sections were examined and imaged using Olympus BX51 fluorescence
microscope with a DP50 digital camera. All images were taken and processed using the

integrated software program cellSens2.2 (Olympus Life Science, Tokyo, Japan). ImageJ
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(https://fiji.sc) was used to perform integration and analysis of images. All analyses were done in

a blinded fashion with regards to knowledge of experimental group.

Statistical analyses: CLARITY and IHC data were analyzed in R (https://www.r-
project.org). All data were first analyzed with a 2-way ANOVA. Two-group comparisons were
conducted using a Student’s t-test (two-tailed). Regression analyses are reported as Pearson
correlation coefficients. All reported p values are corrected for multiple comparisons by

controlling for the FDR.

5.4 Results
Voxel-based morphometry reveals more extensive gray matter atrophy in males than females
during EAE

We collected in vivo MRI and utilized VBM to investigate GM atrophy during EAE by
comparing male and female mice with EAE to their sex and age-matched healthy controls. A
one-way ANOVA revealed that there was not a statistically significant effect of sex on EAE
score (p = 0.509)(Fig 5-1). Despite similar EAE scores, the statistical parametric map (SPM)
indicating atrophy during EAE was larger in males (51.365 mm?®) than females (16.657 mm?)(Fig
5-2A & B). Males particularly demonstrated more GM atrophy in the motor cortex, visual cortex,

somatosensory cortex, hypothalamus, amygdala, and cerebellum.

Worse disability associated with worse gray matter atrophy in the somatosensory cortex in
males but not females during EAE

Our group previously identified that males with MS demonstrated a relationship between
worse performance on the 9-hole peg test and worse GM atrophy in the thalamus, while
females with MS did not demonstrate this relationship (Voskuhl et al., 2020). To evaluate

whether there would be a sex difference in the relationship between walking disability (as
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measured by cumulative EAE scores over 45 days) and GM atrophy, we performed a voxel-
wise regression analysis within each sex. This biology-driven approach identified that the
somatosensory cortex was associated with cumulative EAE scores in males (SPM volume =
14.403 mm?), while no relationship was found in females (Fig 5-3A). We further found that
disease duration was associated with more GM atrophy in the somatosensory cortex in males
only (SPM volume = 3.69 mm?) (Fig 5-3B). No relationship was observed in females. These
results suggest that more profound GM atrophy is associated with walking disability in males

than in females with EAE.

Males show more neurodegeneration in cerebral cortex than females during EAE

The VBM results demonstrated increased GM atrophy in the cerebral cortex of male
mice with EAE. We sought to investigate whether males would also show increased neuronal
loss in the cerebral cortex. Thy1-YFP* mice express yellow fluorescent protein in a subset of
their cortical layer V pyramidal neurons, the projection neurons of the cerebral cortex (Porrero et
al., 2010). We analyzed the number of YFP™ cortical layer V pyramidal neurons and found that
females demonstrated a 8.44% loss (p = 0.040) compared to healthy control females.
Interestingly, males showed 28.19% loss of cortical layer V neurons (p = 4.35 x 10°°) compared
to healthy control males. There was a significant interaction between sex and EAE indicating
that males demonstrated greater neuronal loss in the cerebral cortex than females (p =
0.036)(Fig. 5-4A & B).

Our group has previously demonstrated that axonal damage, particularly axonal
transection, is strongly associated with GM atrophy in the cerebral cortex (Meyer et al., 2019;
Spence et al., 2014). We evaluated axonal transection (end-bulbs) and axonal injury (ovoids) in
the spinal cord (Fig 5-4C). Both females and males demonstrated a similar increase in axonal
injury during EAE (196% increase in females and 234% increase in males; p = 2.68 x 10, p =

3.79 x 10, respectively)(Fig 5-4D). Interestingly, EAE males demonstrated a 3.9% increase in
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end bulb positive axons (p = 3.6 x 10°) compared to healthy control males while EAE females
only demonstrated a 1.8% increase in end bulb positive axons compared to healthy control
females (p = 0.0014). A 2-way ANOVA revealed a significant interaction between sex and EAE
(p = 0.025) suggesting males demonstrated more axonal transection during EAE.

Cumulative EAE score is a measure of walking disability over time and primarily relies
on spinal cord function. We therefore investigated whether cumulative EAE scores were
associated with axonal damage in the spinal cord. Interestingly, we found that axonal damage
was associated with cumulative EAE scores in a sex-specific manner. Female EAE mice
showed a significant correlation between percentage of ovoid positive axons and cumulative
EAE scores (r = 0.52, p = 0.022), whereas males did not. Conversely, males showed a
significant correlation between percentage of end bulb positive axons and cumulative EAE

scores (r = 0.57, p = 0.011), whereas females did not.

Males and females show similar immune cell infiltration and demyelination in the cerebral cortex
during EAE

Inflammatory demyelination is a key feature of EAE that may contribute to
neurodegeneration and disability. We next investigated whether CD45" immune cell infiltration
and demyelination would reveal sex differences in the cerebral cortex. Analysis of CD45" T-cells
in the cerebral cortex showed similar immune cell infiltration in EAE females and males when
compared to their respective healthy controls (Figure 5-5A)(p = 0.026, p = 1.93 x 10,
respectively). Further, myelin staining in the cerebral cortex was decreased similarly during EAE
in both females and males when compared to their respective healthy controls (Figure 5-5B) (p
= 0.049, p = 0.030, respectively). This was confirmed in a separate experiment (Figure 5-6A &
B). These results suggest that neither T-cell infiltration nor demyelination in the cerebral cortex

is driving the increased neurodegeneration observed in males during EAE.
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5.5 Discussion

Males with MS demonstrate faster disease progression and increased GM atrophy
compared to females with MS (Golden and Voskuhl, 2017; Voskuhl et al., 2020). An accessible
model that mimics this clinical observation would allow for the investigation of the underlying
mechanisms contributing to sex differences in disease progression in MS. In this study we
showed increased regional GM atrophy and increased neurodegeneration in C57BL/6 males
with chronic EAE compared to females; a finding which may serve as a starting point for future
investigations of sex differences in disease progression.

It is important to analyze sex differences in GM atrophy during EAE in a region-specific
manner as EAE is highly heterogeneous, as is MS, and sex-specific factors may have differing
effects in the brain depending on the region. For example, while we found increased
neurodegeneration in the cerebral cortex of males compared to females, a previous study found
greater retinal cell ganglion loss and greater axonal loss in optic nerves of female mice with
EAE (Tassoni et al., 2019). This suggests that mechanisms of neurodegeneration may vary
between region and sex. Whole brain or whole GM MRI analyses risk overlooking region-
specific information that may provide valuable insight into disease progression within the sexes
as we did not see a sex difference in whole GM volume.

We used a biology-driven approach, VBM, to identify localized GM atrophy in male and
female mice with EAE. Males showed more extensive atrophy, particularly in areas linked to
sensory and motor function including the motor cortex, somatosensory cortex, visual cortex, and
cerebellum. This expands upon previous studies from our lab identifying atrophy in these
regions in females with chronic EAE (Meyer et al., 2019). We previously found that females
demonstrate atrophy particularly in the cerebral cortex. In this investigation we confirmed those
results and found that males demonstrate more extensive cerebral cortex atrophy. The cerebral
cortex, including the motor cortex, somatosensory cortex, and visual cortex demonstrate

atrophy in MS (Calabrese et al., 2007) and is associated with disability (Charil et al., 2007;
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Eijlers et al., 2019; Steenwijk et al., 2016). Increased cortical thinning was found in males with
MS but not females (Voskuhl et al., 2020), consonant with our results in mice with chronic EAE.

Males with MS demonstrate worse cognitive impairment than their age-matched female
counterparts (Beatty and Aupperle, 2002; Benedict and Zivadinov, 2011; Schoonheim et al.,
2014). Our VBM results indicate worse atrophy in males in several regions associated with
cognition. In addition to the cerebral cortex which is highly associated with cognitive deficits in
MS patients (Eijlers et al., 2018; Eijlers et al., 2019), we identified GM atrophy in males, but not
females, in the amygdala and entorhinal cortex. Atrophy of the amygdala has been found to
predict worse social cognition in MS patients (Batista et al., 2017). Further, the entorhinal
cortex, a region highly connected to the cortex and hippocampus, has shown atrophy in MS
patients (Steenwijk et al., 2016) and is known to be involved in learning and memory (Coutureau
and Di Scala, 2009). To date there is not evidence of sexual dimorphism in these regions in MS.

We also identified atrophy in the hypothalamus of males, but not females, with chronic
EAE. The hypothalamus is a highly sexually dimorphic structure involved in many hormone-
mediated behaviors including feeding, temperature control, stress, and sleep (Swaab et al.,
2001). Lesions in the hypothalamus are associated with worse disease course (Huitinga et al.,
2003) and there is some evidence that the hypothalamus atrophies during MS (Henry et al.,
2008; Polacek et al., 2019), but its role in sex-specific disease progression remains unknown.
Together, our results indicating regional GM atrophy demonstrate more extensive GM damage
in males with chronic EAE compared to females and suggest regions of interest for further
investigation into sex differences in underlying pathology.

Mapping disability to GM atrophy in specific brain regions can provide insight into
mechanistic pathways related to disability. Our group has previously created disability specific
atlases mapping specific disabilities to clinically eloquent brain regions in MS patients
(MacKenzie-Graham et al., 2016). We used a similar approach and found that, in males,

cumulative EAE scores and disease duration were associated with GM atrophy primarily in the
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somatosensory cortex. This relationship was not observed in females. These results emphasize
the importance of conducting comparisons within sex as disability may have a differing
relationship to neurodegeneration depending on sex.

The VBM results and voxelwise-regression results highlighting the increased atrophy of
the cerebral cortex in males, prompted us to investigate sex differences in pathology in the
cerebral cortex. Healthy males had less YFP™ cortical layer V neurons in the cerebral cortex
than females, likely an effect of the Thy1-YFPH mouse strain. Though this effect has not
previously been studied, there is some evidence that the Thy1 promotor is responsive to sex
hormones (Li et al., 2012; Montanari et al., 2019). Sex-specific factors may therefore influence
the expression of the Thy1 promoter in cortical layer V neurons. This again highlights the
importance of conducting comparisons within each sex. We identified worse cortical layer V
neuronal loss in the cerebral cortex of males compared to females using a two-way ANOVA.
This suggests that worse GM atrophy in the cerebral cortex observed by VBM is accompanied
by loss of functionally relevant neurons.

A previous investigation by our group had identified that GM atrophy in the
somatosensory cortex was highly associated with axonal damage in the spinal cord (Meyer et
al., 2019). We investigated sex differences in axonal damage in the spinal cords of Thy1-YFP*
projections from cortical layer V neurons and found that axonal injury was similar in males and
females. Interestingly, axonal transection was increased in males compared to females. This
corroborates a recent study that found increased gliosis, demyelination, and axonal damage in
the spinal cord of male mice with chronic EAE (Catuneanu et al., 2019). However, another study
that found increased axonal damage and worse demyelination in the spinal cords of female
mice with chronic EAE (Wiedrick et al., 2021). These observed differences may be due to timing
as Wiedrick et al. looked earlier in disease at 20 days post induction.

Remarkably, we observed that axonal injury was directly correlated with cumulative EAE

scores in females, but not males, while axonal transection was directly correlated with
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cumulative EAE scores in males, but not females. This is despite similar cumulative EAE scores
in males and females during EAE. Previous studies have similarly observed a lack of sex
differences in EAE scores between males and females. (Okuda et al., 2002; Papenfuss et al.,
2004). Cumulative EAE score is a very gross measure of walking disability and different
mechanisms may contribute to similar levels of disability. Ovoids are thought to be precursors to
end bulbs, suggesting that more advanced axonal damage is associated with disability in males.
Together, our results imply that axonal damage leads to atrophy in the somatosensory cortex
and contributes to irreversible motor disability, a relationship that is more pronounced in males
than females, during EAE.

No sex differences were observed in immune cell infiltration or demyelination in the
cerebral cortex. Future investigations should examine sex differences in reactive astrocytes and
microglia to determine whether other forms of pathology may be contributing to the increased
neurodegeneration in the cerebral cortex observed in males.

Sex differences can be due to sex hormones, sex chromosomes, environmental factors,
or an interaction between them. While we cannot fully rule out the effect of environment, male
and female mice in this study shared the same environment, making it is unlikely that any sex
differences observed are influenced by environmental factors. Therefore, we are left with the
possibility that sex hormones, sex chromosomes, or their interaction are influencing the
observed sex differences. It is unlikely that endogenous testosterone levels are exacerbating
GM atrophy since testosterone has been found to be protective in EAE (Palaszynski et al.,
2004; Ziehn et al., 2012) and MS (Kurth et al., 2014). It is possible, however, that endogenous
estrogen may be protecting against increased GM atrophy as estrogens are known to be
neuroprotective (Christianson et al., 2015; MacKenzie-Graham et al., 2012b). Gonadectomy,
thereby removing endogenous sex hormones, provides a method to determine if sex hormones
are influencing the observed differences in disease. Gonadectomy has not been shown to have

an effect on the EAE scores of male C57BL/6 mice (Palaszynski et al., 2004) or female SJL
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mice (Palaszynski et al., 2004; Voskuhl and Palaszynski, 2001). An interesting area of future
study will be to determine if gonadectomized mice show sex differences in neurodegeneration.

Sex chromosomes (XY vs XX) may also contribute to worse neurodegeneration in
males. In the four core genotype model the testes determining gene (Sry) is removed from the Y
chromosome and placed on an autosome. This allows for the creation of both XX and XY~
gonadal females as well as XXSry and XY Sry gonadal males, decoupling the effect of sex
hormones and sex chromosomes. The four core genotype model has revealed that sex
chromosome complement influences neurodegeneration during EAE. In one study, it was
observed that the presence of the Y chromosome in the CNS led to worse EAE progression and
neurodegeneration in SJL mice and C57BL/6 mice, mimicking sex differences observed in
humans with MS (Du et al., 2014). Sex chromosome compliment may work in concert with sex
hormones to affect disease. Further study is needed to disentangle the contribution of both sex
chromosome complement and sex hormones in producing the observed sex differences in
neurodegeneration during EAE.

This study is limited in that it does not yet quantify sex differences in the GM atrophy of
the brain regions of interest. Our study also does not rule out that differences in
neurodegeneration may be due to qualitative differences in peripheral immune response
between the sexes, as was described in a recent study (Wiedrick et al., 2021). It is possible that
immune components may work in conjunction with components solely within the CNS, as
described in Du et al. (2014). Further investigation is needed to determine whether the
peripheral immune system interacts with the CNS to produce worse neurodegeneration in
males.

Findings from this study present evidence of increased neurodegeneration in male mice
compared to females in the C57BL/6/MOG EAE model. This suggests an increased

neurodegenerative response to inflammatory demyelination in males with EAE, a phenomenon
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that is also observed in men with MS. These results will aid in elucidating sex-specific

mechanisms of increased neurodegeneration associated with GM atrophy in EAE and MS.
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Figure 5-1: EAE scores. Male (blue, n = 31) and female (red, n = 29) EAE scores included in

MRI analysis.

130



A) Female EAE vs. Healthy B) Male EAE vs Healthy

Figure 5-2: Voxel-based morphometry reveal more gray matter atrophy in males with
EAE. /n vivo MRI was collected at d45 from C57BL/6 male (n = 31) and female mice with EAE
(n =29) and were compared to age matched male (n = 31) and female (n = 29) healthy controls
respectively. A-B) VBM revealed regions that demonstrate significant (p < 0.05, FDR corrected)
atrophy in females (red) or males (blue). Maximum intensity projections are overlain on the
Mortimer Space Atlas standard glass brains where the dotted line represents bregma, The
female SPM volume was 16.657 mm?® while the male SPM volume was 51.365 mm?. Coronal
sections demonstrate regions with more gray matter atrophy in males including the motor
cortex, somatosensory cortex, visual cortex, hypothalamus, amygdala, entorhinal cortex, and
cerebellum. Dotted lines on the sagittal section indicate the position of the coronal slices from

left to right, respectively.
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Figure 5-3: Worse disability correlates with gray matter atrophy in somatosensory cortex
in males but not females. A) Worse cumulative EAE scores correlated with more gray matter
atrophy in somatosensory cortex in males (n = 31) but not in females (n = 29). B) Disease
duration (number of days sick) correlated with more gray matter atrophy in the somatosensory

cortex of males but not females.
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Figure 5-4: Male mice demonstrate worse neurodegeneration during EAE than females. A
subset of the same mice used in MRI analysis that were Thy1-YFP* were processed for
analysis of neurodegeneration. (healthy females = 19, healthy males = 12, EAE females n =19,
EAE males n = 19). A) Brains were sectioned at 40 um and imaged at 10X magnification.
Representative images are shown. B) Female and male EAE mice show cortical layer V cells
loss compared to their healthy controls. A 2-way ANOVA indicated an interaction between sex
and EAE (p = 0.036). C) Spinal cords were optically cleared using CLARITY and imaged at 10X
magnification. Representative maximum intensity projection images are shown. D) Female and
male EAE mice show an increased number of ovoid positive axons compared to their healthy
controls. There was no interaction between sex and EAE. E) Female and male EAE mice show

an increased number of end bulb positive axons compared to their healthy controls. A 2-way
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ANOVA indicated an interaction between sex and EAE (p = 0.025). *p < 0.05, **p < 0.01, ***p <

0.001; ttest.
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Figure 5-5: Male and female mice demonstrate similar inflammation and demyelination in
the cerebral cortex during EAE. A subset of the same mice used in MRI analysis were
processed for pathological analysis. (healthy females = 9, healthy males = 6, EAE females n =8,
EAE males n = 7). A) Quantification of CD45" immune cells in cerebral cortex demonstrates an
increase in inflammation in both male and female mice during EAE. There was no interaction
between sex and EAE. B) . Quantification of MBP mean intensity in the cerebral cortex
demonstrates demyelination in both male and female mice with EAE compared to their healthy
controls. There was no interaction between sex and EAE. *p < 0.05, **p < 0.01, ***p < 0.001; t

test.
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Figure 5-6: Supporting data. An additional subset of the same mice used in MRI analysis from
a separate experiment were processed for pathological analysis to confirm our observed results.
(healthy females = 10, healthy males = 6, EAE females n =12, EAE males n = 9). A)
Quantification of CD45" immune cells in cerebral cortex demonstrates an increase in
inflammation in both male and female mice during EAE. There was no interaction between sex
and EAE. B) Quantification of MBP mean intensity in the cerebral cortex demonstrates
demyelination in both male and female mice with EAE compared to their healthy controls. There

was no interaction between sex and EAE. *p < 0.05, **p < 0.01, ***p < 0.001; f test.
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Chapter 6

Conclusions, limitations and future directions



Neurodegeneration in MS presents a unique investigatory challenge as it does not
necessarily coincide with inflammation. A growing body of literature has indicated that GM
atrophy is an effective biomarker for neurodegeneration (Dutta and Trapp, 2011) and is strongly
associated with irreversible disability progression in MS (Fisher et al., 2008; Fisniku et al., 2008;
Ghione et al., 2018). Unfortunately, the mechanisms underlying GM atrophy are poorly
understood. Characterizing GM atrophy and associated pathology in the mouse model of MS,
EAE, is an essential step in disentangling the neurodegenerative pathways in MS. The
experiments in this volume progress towards utilizing in vivo MRI in mice to illustrate patterns of
GM atrophy and its pathological correlates in EAE.

In chapter 2, |, for the first time, described the use of in vivo MRI and VBM to measure
sex differences in the C57BL/6 mouse brain. Sex is an important factor to consider in the brain
and is often overlooked in biomedical research (Beery and Zucker, 2011). Now, with the
National Institute of Health mandate that researchers consider sex as a biological variable
(Clayton and Collins, 2014), it is vital that we understand what sex differences exist in normal
controls so we can incorporate that information into our interpretation of experimental results. By
using VBM to compare 30 male and 30 female age-matched C57BL/6 mice, | identified several
areas of interest. In particular, | found that males had a larger cortex, bed nucleus of the stria
terminalis, posterior hypothalamus, ventral portion of caudoputamen, medial amygdala, and
medial regions of the cerebellum. Females had a larger anterior hippocampus, basolateral
amygdala, dorsal region of the caudoputamen, periaqueductal grey, and lateral portion of the
cerebellar cortex. These results establish that sex differences in the brain are not negligible and
can be measured utilizing VBM on in vivo MR images. This finding also emphasizes the
importance of doing cross-sectional analyses within sex since there are baseline sex differences
in the brain exist. For example, when analyzing sexual dimorphism in disease it is necessary
that experimental males are compared to control males, while experimental females are

compared to control females. If experimental males are compared to experimental females
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without accounting for baseline sex differences, interpretations may be inaccurate. Lastly, many
of the observed sex differences in this investigation were concordant with previous ex vivo
mouse literature (Corre et al., 2014; Dorr et al., 2008; Spring et al., 2007) as well as human
literature (Fan et al., 2010; Giedd et al., 1997; Goldstein et al., 2001), indicating these sex
differences in brain are conserved in humans. This can provide insight into sex differences in
behavior and disease.

An important limitation of this study is that we cannot make conclusions about the
cellular or behavioral correlates of differences in brain volume. An interesting area of future
research may be to perform molecular, genetic, or behavioral analyses and use voxelwise
regression analyses to investigate the biological significance of baseline sex differences in brain
volume.

Next, in chapter 3, | applied the use of in vivo MRI and VBM to the EAE disease model.
The importance of studying regionalized GM atrophy has been increasingly recognized in MS
literature, yet few studies have applied a voxelwise approach to investigate GM volume loss in
EAE. To describe regionalized atrophy, | applied VBM and found substantial GM volume loss
throughout the brain particularly within the cortex, caudoputamen, and thalamus, consistent with
MS (Bergsland et al., 2012; Datta et al., 2015; Eshaghi et al., 2018). | further utilized VBM to
create a pathology-specific atlas and define a relationship between axonal damage and GM
atrophy in EAE. Interestingly, axonal damage in the spinal cord was correlated with GM atrophy
in motor and sensorimotor regions of the cerebral cortex. Together, these results indicate that
axonal damage plays a direct role in permanent GM atrophy. Conclusions drawn by identifying
specific pathology related to atrophy can be used to inform our approach to treating GM atrophy
and associated disabilities in MS. In particular, this investigation highlights the importance of
preserving axonal integrity early in disease.

A limitation of this study is that these results are not causal. Correlations can indicate

biological mechanisms, but cannot confirm them. An interesting avenue of future research
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would be to determine the mechanism of axonal transection that contributes to GM atrophy.
Intriguingly, oxidative stress — resulting in mitochondrial dysfunction — has been implicated in
axonal loss in both MS and EAE (Nikic et al., 2011; Qi et al., 2006; Sadeghian et al., 2016;
Smith et al., 2001; Smith and Lassmann, 2002). Future investigation is needed to determine if
axonal mitochondrial dysfunction can induce GM atrophy both in normal mice and during EAE.
In chapter 4, | sought to investigate how a neuroprotective molecule, estriol, affected

mechanisms of GM atrophy. Immunomodulatory treatments in MS have had modest success at
preventing GM atrophy and the progression of long-term disability (Calabrese et al., 2012).
Thus, there is a clinical need for neuroprotective therapies in MS. Treatment with estriol, an
estrogen produced during pregnancy, has been shown to ameliorate disease in EAE (Kim et al.,
1999; Palaszynski et al., 2004; Ziehn et al., 2012). In MS patients, estriol treatment was
associated with cortical GM preservation and improvement in cognitive testing (MacKenzie-
Graham et al., 2018; Voskuhl et al., 2016). In this study, | first discovered a network of
pathology that contributes to GM atrophy. | then treated with estriol therapeutically, after disease
onset, and found that estriol treatment disrupted this network. In vivo magnetic resonance
imaging (MRI) revealed that therapeutic estriol treatment preserved GM volume in the cerebral
cortex during EAE. Estriol treatment further prevented demyelination, microglial activation,
neuronal and synaptic loss in the cerebral cortex. Additionally, estriol preserved axonal integrity
in the spinal cord. | investigated a candidate mechanism for estriol-mediated GM preservation
and found that ligation of ERp induces remyelination in the cerebral cortex during EAE.
Together, this demonstrates that therapeutic estriol treatment can be neuroprotective in EAE by
attenuating GM pathologies and preventing cortical GM atrophy.

These results highlight an important role for estriol in remyelination and GM preservation,
but are limited in that they do not establish causality. | chose to investigate cortical remyelination
through ER as one possible mechanism through which estriol could preserve GM volume.

However, it is possible that estriol treatment initiates additional neuroprotective mechanisms
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that contribute to GM preservation. For example, estriol can act as an antioxidant (Mooradian,
1993) which could lead to a reduction in microglia activation and axonal damage. Further study
is necessary to determine other effects of estriol treatment and the degree to which individual
mechanisms can contribute to GM preservation.

In chapter 5, |, for the first time, characterized patterns of GM atrophy within each sex
during EAE using in vivo MRI and VBM. In MS, females demonstrate increased susceptibility
and an increased inflammatory response while males demonstrate faster disease progression.
Human studies have shown that males with MS have increased GM atrophy compared to
females (Voskuhl et al., 2020). Sex differences in GM atrophy had not previously been
investigated during EAE. VBM indicated more extensive GM atrophy in males during EAE
particularly in the motor cortex, visual cortex, somatosensory cortex, hypothalamus, amygdala,
and cerebellum. Voxelwise-regression analysis revealed a strong association between disability
and GM atrophy in the somatosensory cortex in males, but not females. Further, males
demonstrated increased neuronal loss in the cerebral cortex and increased axonal transection
in the spinal cord compared to females. Together, these results demonstrate that males
experience worse GM atrophy and worse neurodegeneration during chronic EAE than females,
mirroring clinical observations in MS. Establishing sex differences in GM atrophy during EAE will
allow for the future investigation of mechanisms that contribute to increased GM atrophy in
males.

This study is the first step in determining the role of sex-specific factors on disease
progression and much work remains to be done to determine why males show increased
neurodegeneration compared to females. My results are limited in that they do not yet indicate a
mechanism. Now that | have shown that sex differences exist in the chronic EAE model, | will
first investigate whether these findings are hormone-mediated. | have conducted a study where
gonadectomized male and female mice with EAE are compared to sham male and female mice

with EAE. If the atrophy in male and female gonadectomized mice is comparable it might
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suggest a protective effect of endogenous estrogens against brain atrophy during EAE. In the
longer term, utilizing the four core genotype mouse model, where the effects of sex hormones
are decoupled from the effects of sex chromosomes, will be valuable in determining whether
differences in sex chromosome complement are contributing to the observed sex differences in
GM atrophy and cerebral cortex neurodegeneration.

GM atrophy in MS is strongly linked to irreversible disability yet its underlying
mechanisms are poorly understood. The studies documented in this dissertation demonstrate
the use of in vivo MRI to characterize GM atrophy in EAE and its associated pathology. This
approach integrated cellular and anatomical information to identify mechanisms of
neurodegeneration and neuroprotection. The exciting finding of increased neurodegeneration in
males with chronic EAE compared to females will serve as a starting point for future studies to
investigate different neurodegenerative mechanisms in the sexes. Further studies may build
upon this work and aid in the development of novel neuroprotective therapies for patients with

MS and potentially other neurodegenerative diseases as well.
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