Wayne State University
Digital Commons@WayneState

Wayne State University Dissertations

1-1-2012

Determinants of cns adult neurogenesis are sex,
hormones, mouse strain, age, and brain region

Carrie Lynn Tatar
Wayne State University,

Follow this and additional works at: http://digitalcommons.wayne.edu/oa_dissertations

Recommended Citation

Tatar, Carrie Lynn, "Determinants of cns adult neurogenesis are sex, hormones, mouse strain, age, and brain region” (2012). Wayne
State University Dissertations. Paper 521.

This Open Access Dissertation is brought to you for free and open access by Digital Commons@WayneState. It has been accepted for inclusion in

Wayne State University Dissertations by an authorized administrator of Digital Commons@WayneState.


http://digitalcommons.wayne.edu?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F521&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F521&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F521&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wayne.edu/oa_dissertations/521?utm_source=digitalcommons.wayne.edu%2Foa_dissertations%2F521&utm_medium=PDF&utm_campaign=PDFCoverPages

DETERMINANTS OF CNS ADULT NEUROGENESIS ARE SEX, HORMONES,
MOUSE, STRAIN, AGE, AND BRAIN REGION SPECIFIC

by
CARRIE LYNN TATAR
DISSERTATION
Submitted to the Graduate School
of Wayne State University,
Detroit, Michigan
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY

2012
MAJOR: ANATOMY AND CELL BIOLOGY

Approved by:

Advisor Date




© COPYRIGHT
CARRIE LYNN TATAR
2012

All Rights Reserved



DEDICATION

| dedicate my dissertation to my Grandmother, Helen.
Thank you for raising me when | was a child.

You are truly missed.



ACKNOWLEDGEMENTS

It is with sincere gratitude that | thank my advisor Dr. Robert Skoff, for the
opportunity to be a part of his lab. He truly molded me into a young professional by
providing me with excellent advice and support in all disciplines endured as a student.
Specifically, | am very thankful for his patience and the time he spent to develop my
scientific research and writing skills. | am also very appreciative for the scientific
conferences he took me to, so that | could present my research and collaborate with
others. Dr. Skoff is more than just a typical biology Professor; he is warm-hearted and
genuinely cares about the people around him. He was available through the “ups” and
‘downs” of my graduate studies, but was always optimistic towards me. Without his
guidance and unwavering encouragement, my accomplishments would not have been
possible. | couldn’t have asked for a better supervisor.

My many thanks go to my committee members, Dr. Benjamins, Dr. Goebel, and
Dr. Tkatchenko. Their careful review and guidance was instrumental to the completion
of this thesis. | also thank Dr. Walker for his support and for acknowledging my
improvements as | progressed through the program.

| would also like to acknowledge all my lab members past and present, and my
friends, Angela Sosin and Gi Sang-Yoon for their help from day one. Most importantly, |
thank my friend and colleague, Denise Bessert, who taught me every lab technique and
experiment needed to complete my research. | am so grateful for her constant support,

words of encouragement, and her friendship.



Finally, |1 would like to express my deepest appreciation to my family, for their
motivation and for teaching me perseverance and hard work. Without their help, | would
not be graduating with a PhD. | especially thank my brother, JJ for being the positive
role model in my life, and my grandmother, Helen for being there for me during my
childhood. | am also grateful for my fiancé Justin, for putting up with me before big

deadlines and exams. Thanks for all your love, support, and encouragement.



TABLE OF CONTENTS

DEAICAtION. ... e ii
ACKNOWIEAGEMENTS. ...t e e e e e e et e e e e e eesa e e e e eennnnns ii
LISt Of TADIES. ... e Vii
LISt Of FIQUIES....eeeeeeeeee et e e e e e et s e e e e e e e e aeaeeaeeensnnes viii
09 P 10 (= ol I 1014 o Yo 11T o) o 1 PP 1
1.1.  Sexual dimorphism in the central nervous system..............cccccovvivrieiriinnnnn. 1
(V22 ©]1{e ToTe [T To [ (o T o)V (=1 RSP 6
1.3, NEUIOGENESIS......oeiiiiiieiei e e e e e e e e e e e e as 10
1.4. Relevance to the study of human diseases.............cccccovvirrriiiiiiiiiccceneennn. 15
1.5.  Models of demyelination..............ccoooiiiiiieie e 16
1.6. Hypothesis and aims of research.............ccooovviiiiiiiiii 20
Chapter 2- Effects of age and strain on S-phase proliferation........cccccccuuuunncccnnnnn. 21
2.1. Experimental design and methods.............c.oooiiiiiiiiii i 21
2.2, RESUIS. .o 30
Chapter 3- Effects of hormones on S-phase proliferation.............cccccvviviiieennn. 32
3.1.  Experimental design and methods...............cooiiiiiiiiii i, 32
3.2, RESUIS. o 36
Chapter 4- Effects of hormones on Olg progenitors and cell death..................... 43
4.1. Experimental design and methods. ..o 43
4.2, RESUIS. ... 44



5.1. Experimental design and methods. ... 51
5.2, RESUIS. .o 60
DiSCUSSION....ciieiiii i 73
L0703 o2 11T o 3 99
ReferenCes .......ouiuiiiii e 101
ADSTraCt........cnii 138
Autobiographical Statement..............ccoiiiii 140

Vi



Table 1

LIST OF TABLES

Proliferation and Generation of BrdU" Cells in the Rodent Brain

Vii



Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

LIST OF FIGURES

Development of oligodendroCytes..........c.oviiiiiiiiiii e 9
Human vs. rodent SVZ..........o 14
Mouse to human life phase equivalencies ................c.coocoviiiiiiiinnn. .. 23
Coronal mouse brain regions quantified..................coiiiiii 28
BrdU immunostaining in the SVZ of C57BL/6 and SJL/J...................... 29
BrdU quantification in 6-8 wk-old vs. 6-8 mo-old mouse cerebrum......... 31
Estrous cycle stage identified by cell morphology................ccooiiinie 35

BrdU quantification in the SVZ and DLC during stages of the estrous

Serum T4 levels in C57BL/6 and SJL/J castrated and normal males at 6-8
MONtNS-Of-aQ€. ... 42

PDGFRa immunostaining in the CC of C57BL/6 and SJL/J.................. 45
PDGFRa" quantification in the CC during stages of the estrous cycle.....47
Comparisons between PDGFRa" in the CC and BrdU" in the DLC for

normal males vs. females and normal males vs.castrated.................... 48

TUNEL" quantification in normal males, castrated males, and females at

B8 M0 .ttt 50
Coronal sections of a saline injected and LPC injected brain stained for

o 55
Time schedule used for LPC injected mice.........cccocoooiiiiiiiiiiiiiinnn, 57

viii



Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

BrdU" proliferative differences between strains- BrdU 2 h before sacrifice,

4 d after LPC injeCtON......cccooeii i 61
BrdU" proliferative differences between strains- BrdU 2 d post LPC
injection and once everyday up until d 7, sacrificed atd 14................... 62
BrdU" proliferative differences between strains- BrdU 2 d post LPC
injection and once everyday up until d 7, sacrificed atd 21................... 63
BrdU" cells quantified in the striatum for all three LPC time points......... 65

Difference in the distribution of BrdU" cells between male and female
C57BL/6 at the 21 d post-LPC time point...........c.cooiiiiiiiin, 66

High magnification image of Fig. 21.........cooiiii 67

More proliferating microglia (Iba-1, Iba-1/BrdU) in male C57BL/6 striatum

VS. MAIE SUL/J ... 68
Microglia change morphology at each LPC injection time point.............. 69
PDGFRa" is up-regulated during the 4 d time point............................. 71
PDGFRa*/BrdU" cells in the SVZ in the LPC injected brain.................. 72



CHAPTER 1

INTRODUCTION

1.1 SEXUAL DIMORPHISM IN THE CENTRAL NERVOUS SYSTEM

A misconception held by many neurobiologists is that sex influences are minor
and unpredictable (Cahill, 2006). However, classical literature and recent discoveries
still support the idea that sex hormones play a major role in regulating different
biological functions. Sex differences actually existed long before classic publications.
Historically, Darwin discussed the origins of sex differences in his book, The Descent of
Man, and Selection in Relation to Sex (1871), proposing that sexual dimorphism arose
by natural selection. In laymen’s terms, the definition of sexual dimorphism is the
existence of physical and anatomical differences in tissues and structures between
genders. These differences are attributed to sex hormones at all stages of life, during
embryonic and fetal development as well as in adults (Perry et al., 2011). Most
importantly, hormones are capable of organizing the central nervous system (CNS) to
regulate cell proliferation, cell death, and growth of axons. It is no wonder why there are
so many diseases where prevalence and progression affect genders differently,

especially in the autoimmune disorder, Multiple Sclerosis (MS).



There is a long history on the examination of sexual dimorphism in the CNS. The
earliest study dates back to Phoenix et al., (1959), where the role of sex steroids on
guinea pig behavior is explained. Female guinea pig fetuses exposed to testosterone
became more masculine in adulthood. Thus, testosterone was speculated to organize
neural circuits in the brain yielding a more masculine behavior.

Another sexual dimorphic study by Nottebohm and Arnold (1976)
demonstrated differences in brain regions between two species of songbirds. They
identified three brain regions in part of the vocal control system that were larger in
males compared to females in both canaries and zebra finches. However, a certain
region of the brain, the lobus parolfactorius, was less developed in female canaries and
zebra finches when compared to males. Lastly, when female canaries were treated with
testosterone, they developed a singing behavior similar to their male counterparts, but
female zebra finches did not.

To highlight the ongoing effects of hormones on brain function, a more recent
study showed for the first time that fetal testosterone in humans can influence specific
brain regions to develop in a sexually dimorphic fashion throughout life (Lombardo et
al., 2012). In certain regions of the brain, the gray matter volume was greater in males
compared to females due to fetal testosterone. Since there are gender differences in the
normal brain due to hormones, it seems logical that gender differences in severity and
susceptibility found in numerous neurodegenerative diseases are also due to the effects

of hormones in the brain.



Sexual Dimorphism of Neurons and Neurogenesis

In addition to anatomical differences in the brain due to hormones, a number of
studies report sexual dimorphism at the cellular level in the human and rodent brain for
the number, shape, and size of neurons (Jacobson and Gorski, 1981; Andrade et al.,
2000; Barrera et al., 2001). Unfortunately, the majority of these neuronal studies are
limited to the hippocampus. The hippocampus is a popular region to study because of
its function in memory and spatial orientation. More neuronal synapses and dendritic
spines in the CA1 region of the hippocampus are found in male humans and rodents
compared to females. This difference is speculated to play a role in the enhanced
spatial navigation in males compared to females (Canovas et al., 2011).

Gender differences were also discovered in the hippocampus of rodent models
and in humans with Alzheimer’s disease (AD). Female humans and rodent models are
more susceptible to AD than males (Baum, 2005). One theory for this difference may be
due to a quicker deterioration of neurogenesis in the female hippocampus compared to
males (Rodriguez and Verkhratsky, 2011). Thankfully, there is hope for treatment in AD
with hormones. Testosterone improved memory in a mouse model of AD, and cognition
in both human males and females (Farr et al., 2004; Cheerier et al., 2005). Based on
the aforementioned examples, the effects of hormones on the normal and diseased

brain are many, and should not be dismissed.



Sexual dimorphism of white matter tracts

White matter tracts in the brain have also been analyzed for sex differences.
Adult male rats have a larger proportion of myelinated axons in the splenium and genu
of the corpus callosum (CC) compared to females (Mack et al., 1995; Kim et al., 1996;
Kim and Juraska, 1997). This gender difference is also presumably the same in humans
(Allen et al., 2003; Haier et al., 2005).

To support this finding, electron microscopy was used by Yates and Juraska,
(2008) to show that the size of the genu and splenium and the area occupied by myelin
in both 4 month and 18-26 month-old male rats was larger than their female
counterparts. These findings support the possibility that more myelin in males means
more oligodendrocytes (Olgs) in males as well.

The most recent example (Yang et al., 2008) shows sexual dimorphism in the
volume of total white matter, myelinated nerve fibers, and myelinated sheaths between
young and middle-aged Long-Evans rats. In young male rats, white matter volume,
volume of myelinated nerve fibers, and the volume of myelinated sheaths were larger
than their young female counterparts. However, in middle-aged female rats, the white
matter volume, the volume of the myelinated fibers, and the volume of the myelin
sheaths were larger than their middle-aged male counterparts. Overall this study
explains that age-related changes were greater in males for white matter volume and

the length of myelinated fibers compared to females.



These examples provide a valuable baseline measurement; however, they do not
explore whether these differences parallel the changes in the number, biochemical, and
physiological changes in mature Olgs or Olg progenitor cells (OPC).

Sexual dimorphism of Olgs

Data from Dr. Skoff's lab (Skoff and Ghandour, 1995; Knapp et al., 1990) were
the first to suggests that sexual dimorphism existed between the Olg number and
myelin protein expression. Since receptors for progesterone (P4), estrogen (E2), and
androgens are found in glial cells (Jung-Testas and Baulieu, 1998; Azcoitia et al., 1999;
Garcia-Ovejero et al.,, 2002), it is not surprising to find that hormones differentially
regulate Olgs from the progenitor to the adult stage (Zhang et al., 2004).

One of our previous publications (Cerghet et al., 2006) demonstrated significant
differences between Olgs in white matter tracts for male and female rodents. Results
from these experiments show that Olg density is greater in males compared to females
in all ages and strains examined. One feature that could contribute to differences in Olg
density is the difference in rate of proliferation between sexes. This possibility was
explored by examining bromo-deoxy-uridine (BrdU) incorporation into OPCs that turned
into mature Olgs in brain sections at the level of the striatum using
immunocytochemistry (ICC). Thus, a greater number of newly generated Olgs were

found in females compared to males.



Since glial proliferation is greater in females but the glial density is higher in
males, the most likely explanation has to do with female Olgs having a shorter lifespan
compared to males. Thus, greater proliferation and cell death in females indicates that
Olgs have a shorter life span and a higher turn-over rate compared to males. This was
proven by quantification of cells labeled with the apoptosis marker, caspase-3. A 50%
increase in cell death was found in the female CC. These results demonstrate that Olgs
are sexually dimorphic. However, whether hormones act directly on Olgs, is not clear.
The fact that the brain is a sexually dimorphic structure proves that hormones play a
significant role in the brain.
1.2.0LIGODENDROCYTES (OLGS)

Function and Morphology of Olgs

The term, oligodendroglia was first introduced by Rio Hortega (Rio Hortega,
1921). Olgs by definition, are mature glial cells that myelinate axons in the central
nervous system. The function of Olgs is to make and maintain myelin, but they also
regulate the microenvironment around neurons (Ludwin, 1997). Unlike Schwann cells of
the peripheral nervous system that myelinate single axons, one Olg can myelinate
multiple axons at a time. Olgs en-sheath both large and small diameter axons in a multi-
lamellar fashion. Proper Olg myelination is essential for sodium channel clustering along
axon segments, which is important for rapid saltatory conduction (Kaplan et al., 1997).
Disruption of CNS myelin through injury, pathological degeneration (Waxman, 1991), or
genetic intervention (Nave, 1995) leads to severe functional deficits. Focal myelin loss
that occurs in demyelinating diseases like MS, results in the rapid loss of neurologic

function (Waxman, 1991).



Olgs are found in gray matter and white matter. Olg morphology is closely
correlated with the diameter of axons with which the cell associates (Butt et al., 1997,
1998). There are four types of myelinating Olgs (Butt et al., 1995) that can be identified
at the light microscope level. Type | Olgs have a spherical cell body and myelinate small
diameter axons in the forebrain, cerebellum, optic nerve, and spinal cord. Type Il Olgs
have a cuboid cell body, also myelinate small diameter axons, and are closely
associated with nerve fibers. Type Ill Olgs myelinate axons with large diameters and are
found in cerebellar peduncles, medulla oblongata, and the spinal cord. Lastly, Type IV
Olgs also myelinate large axons, but predominate in the spinal cord (Remahl and
Hilderbrand, 1990).

At the electron microscope level, Olgs are classified based on their cytoplasmic
densities and the clumping of chromatin (Mori and Leblond, 1970). The ultra-structure of
Olgs were distinguished in the CC of rats and categorized into three prototypes: light,
medium, and dark. These different forms represent maturational stages of Olgs, where
each stage has its own specialized function (Chauvet et al., 2004). The most active
dividing cells are considered light Olgs, but become progressively darker as they mature

(Skoff, 1976).



Olg progenitor cells (OPC)

OPCs are terminally differentiated cells that originate from migratory and mitotic
precursors in ventricular zones of the brain. OPCs eventually differentiate into
postmitotic myelin-producing Olgs (Baumann and Pham-Dinh, 2001). The differentiation
of an Olg is a process that occurs gradually over time and involves genetic,
biochemical, structural and physiological changes within the cell (Skoff and Knapp,
1990). The expression of developmental markers are identified by cell specific
antibodies that divide the lineage into distinct phenotypic stages (Fig. 1). In the initial
stages of development, OPCs are committed to a particular lineage (neuronal or glial)
and express lineage-specific markers (Imitola et al., 2003). OPCs express markers for
NG2* and PDGFRa*. PDGFRa is a trans-membrane receptor that is phosphorylated
and internalized upon activation (Mori et al., 1991). These cells eventually give rise to
more advanced progenitors that express the marker detected by the O4 antibody. The
O4" progenitors generate premyelinating Olgs that lose the expression of NG2*. Finally,
these cells gain the expression of PLP" and develop into to mature myelinating Olgs

that express MBP* and CNPase” (Epsinosa de los Monteros et al., 1997).
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Fig 1. Olg cell markers identify early to mature stages of Olg development. Early and
late Olg progenitors divide to generate more progenitors, but premyelinating and
myelinating Olg normally do not undergo division. There are three groups of markers
used to identify Olg differentiation: Transcription factors, mMRNAs, and lipid and protein
markers. Some early Olg progenitors markers remain expressed in mature Olg, while
other markers are transiently expressed at different lineage stages. Importantly, some
myelin messages are expressed very early in the Olg lineage but detection of proteins
by immunocytochemistry and Western blots is delayed until the premyelinating stage.
(Benjamins and Skoff, in publication).
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Adult OPCs differ from perinatal OPCs in that they exhibit a longer cell cycle
time, slower migration, and differentiate 3-4 times slower than perinatal OPCs (Wolswijk
and Noble 1989). These differences might be cell intrinsic (Shi et al., 1998) or due to
environmental cues absent or present in the adult brain (Horner et al., 2000). However,
Olg progenitors have become an increasingly important topic in the adult CNS. In
addition to astrocyte processes, OPC processes in the adult brain contact the nodes of
Ranvier (Bergles et al.,, 2000). Thus, it is speculated that they are involved in
remodeling and plasticity (Noble et al., 1992). Most importantly, adult OPCs have the
unique ability to spontaneously migrate through normal parenchyma and enter
demyelinated lesions of the diseased brain (Franklin et al., 1997).

1.3 NEUROGENESIS
Subventricular zone (SVZ)

Neurogenesis is comprised of at least 4 processes: cell proliferation,
differentiation, migration, and survival (Pawluski et al., 2009). The subventricular zone
(SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the hippocampus are
the only two neurogenic regions in the brain that persist into adulthood (Kempermann et
al., 1997). With age, the dorsolateral corner (DLC) of the SVZ is known to generate
mostly OPCs over time (Marshall and Goldman, 2002; Kessaris et al., 2006). In the
developing brain, the SVZ gives rise to glial progenitors that migrate radially out of the
SVZ into the overlying white matter and cortex where they generate astrocytes and Olgs

(Suzuki and Goldman, 2003).
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However in the adult, the SVZ contains multipotential neural stem cells (NSC) capable
of differentiating into neurons, astrocytes, and Olgs (Levison and Goldman, 1993;
Luskin, 1993; Tramontin et al., 2003).

Also, the adult SVZ cannot duplicate the migration of the neonatal SVZ glial
progenitors (Cayre et al., 2006). Chain migration of neuroblasts from the SVZ, to the
rostral migratory stream (RMS), then to the olfactory bulb (OB) is the pathway in the
normal adult brain (Lois et al., 1996). The neuroblasts then differentiate into either
granule cells or interneurons in the OB. Lastly the adult SVZ cells can also migrate
along white matter tracts such as the CC and cingulum. Surprisingly, this migration is
not impaired by myelin deficiency (Cayre et al., 2006).

SVZ and remyelination repair

Discovering the mechanisms that regulate neurogenesis of normal adult mice in
the SVZ and DLC is important to stimulate OPCs to remyelinate. The SVZ progenitor
cells become activated in response to different pathological cues like trauma, ischemia,
neurodegeneration, inflammation, and demyelination. These cells can bypass their
regular pathway through the RMS to the OB and migrate toward the injured area and
differentiate to the phenotype of lost cells (Arvidsson et al., 2002; Nakatomi et al., 2002;
Parent et al., 2002; Romanko et al., 2004). In demyelinating paradigms, SVZ cells self-
renew and migrate into surrounding white and gray matter to serve as an additional
source of gliogenic precursors for remyelination (Blakemore and Keirstead, 1999; Nait-

Oumesmar et al., 2008).
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Olg progenitors from local areas and from the SVZ are the main source of cells involved
in remyelination (Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002; Zhao et al.,
2006). However, the regulation and functional significance of the repair mechanism are
still poorly understood and it is unknown how injury affects the cellular composition of

the SVZ (Lindvall et al., 2010).
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In the lysolecithin (LPC) rodent model of demyelination, SVZ cells can proliferate,
migrate and differentiate into Olgs in the CC (Nait-Oumesmar et al., 1999; Menn et al.,
2006; Etxeberria et al., 2010). In the EAE rodent model of demyelination, the SVZ
laterally thickens and SVZ cells proliferate and become mobilized to generate
astrocytes and Olgs in the injured CC, striatum, and fimbria (Calza et al., 1998; Picard-
Riera et al., 2002). Likewise in humans, the SVZ and demyelinated lesions expressed
transcription factors involved in oligodendrogenesis in MS and the repetitive
inflammatory insults do not exhaust their proliferative potential (Nait-Oumesmar et al.,
2008). To complicate matters, the SVZ of different species can actually respond
dissimilarly to the same insult. For example, separation of the SVZ from the OB causes
a decrease in BrdU incorporation in mice, but causes an increase in rat, suggesting that
it is hazardous to extrapolate similar responses of the SVZ to a given injury across
species (Goings et al., 2002).

Organization of the SVZ

The human SVZ cyto-architecture and migration pathway are different from those
in rodent SVZ. In humans, the SVZ is organized into 4 layers: ependymal layer, hypo-
cellular gap, astrocytic ribbon, and transitional zone (Fig. 2). The rodent SVZ does not
contain distinct layers or a hypo-cellular gap. The human SVZ is also thicker than in
rodents (Bernier et al., 2000), with single rows of cells in the dorsal part and multiple
rows in the ventral part. This might have an important bearing on the potential of the
SVZ cells to differentiate and to become mobilized. Functionally, the human SVZ lacks
chains of migrating neuroblasts seen in the rodent SVZ (Quinones-Hinojosa et al.,

20086).
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This in turn may provide a lesser number of neuronal cells in the human than the
rodent. Nevertheless, activation of gliogenesis in the SVZ does occur in humans with
MS (Nait-Oumesmar et al., 2007; 2008). And the SVZ of both rodents and humans
express the same markers to retain the capacity to self-renew, generate neurons,
astrocytes, and Olgs (Weickert et al., 2000). The glial progenitors of the SVZ are still a
potential target for therapeutic strategy in promoting myelin repair in disease like MS

(Nait-Oumesmar et al., 2007)

A

Fig 2. Human vs. rodent SVZ. (A) Immunohistochemistry (IHC) image depicting the four
layers (Layer |l—ependymal layer, Layer ll—hypocellular gap, Layer lll—astrocytic
ribbon, Layer IV—transitional zone) of the human SVZ. (B) Cellular composition and
cytoarchitecture of the human SVZ. (C) IHC image of the mouse SVZ that does not
contain distinct layers. Type B astrocytes (B) form the glial tubes in which type A
neuroblasts (A) migrate through. These cells are separated from the lateral ventricles
(LV) by a monolayer of ependymal cells (E). (D) Cytoarchitecture of the mouse SVZ.
LV—Iateral ventricle; GFAP—qlial fibrillary acidic protein, a marker of astrocytes; Dcx—
doublecortin, a marker of migrating neuroblasts; DAPI 4',6-diamidino-2-phenylindole, a
nuclear marker (Quifiones-Hinojosa and Chaichana, 2007).
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1.4 RELEVANCE TO THE STUDY OF HUMAN DISEASES
Multiple Sclerosis (MS)

Multiple Sclerosis (MS) is a demyelinating disease of the CNS. It is the most
commonly diagnosed neurological disease in young adults, with 250,000 to 350,000
patients with MS in the United States (Noseworthy et al., 2000; Wingerchuk et al.,
2001). The causes of MS are complex and unknown, but genetics, environment, and
hormones are thought to be involved (Wingerchuck et al., 2001). To date, long-term
therapeutic strategies for MS are yet to be discovered. Treatments such as
corticosteroids are short term and only relieve symptoms and prevent complications
(Noseworthy et al., 2000).

The sequence of events that initiates MS are unclear, but demyelination, axonal
degeneration, neuronal dysfunction, and apoptosis are key features in MS pathology
(Trapp et al., 1998; DeStefano and Verstraeten et al., 2001; Lucchinetti et al., 2000).
White matter plaques that contain immune cells are also a signature pathological
feature of MS (Wingerchuck et al., 2001). To make further therapeutic progression, it is
vital to target important steps in the pathogenic process.

MS and hormones

The incidence, progression, and severity of MS are affected in a sex-dependent
way (Giatti et al.,, 2010). MS is two-to-three times more common in women (Coles,
2009; Duquette et al.,, 1992) with an age of onset around the third decade of life
(Noseworthy et al., 2000). In contrast, men are affected later in life where the clinical

course of the disease is more severe (Whitacre et al., 1999; Confavreux et al., 2003).
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A possible hypothesis for gender differences in MS points to a relationship with
sex hormones. For example, multiple studies have explained how changes in sex
steroid plasma levels in females, such as menstrual cycle, menopause and pregnancy
affect the disease course in both rodents and humans (Smith and Studd, 1992; Van
Walderveen et al., 1994; Darlington, 2002; Vukusic et al., 2004; El-etr et al., 2005;
Holmquist et al.,, 2006; Tomassini and Pozzilli, 2006; Vukusic and Confavreux, 2006;
Schwendimann and Alekseeva, 2007).

1.5 MODELS OF DEMYELINATION

Rodents are used as experimental models of demyelination to assess CNS
remyelination of white matter. Rodents serve as a good model for white matter diseases
because Olg development and myelination are conserved between rodents and humans
(Miller and Fyffe-Maricich, 2010). Also, Olgs arise from neural stem cells in distinct
regions of the CNS in both rodents and humans.

Each model of demyelination has its potential pitfalls, but they all serve a
specific purpose depending on which aspects of remyelination are investigated

(Blakemore and Franklin, 2008).
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There are 4 most commonly used models of demyelination: 1) Genetic models,
where genes important for CNS myelination have been manipulated, 2) Pathogenic
models, where disease is generated in the adult through selective immunization (EAE),
3) Toxin mediated (non-immune mediated) models, where chemicals such as
lysolecithin (LPC) and ethidium bromide (EB) are injected in the brain or spinal cord to
produce an area of focal demyelination (Miller and Fyffe-Maricich, 2010), and 4)
Systemic intoxication, where toxins such as cuprizone produce demyelination which is
more wide spread throughout the brain (Blakemore and Franklin, 2008). A toxin like
cuprizone actually dis-regulates the rodent’s estrous cycle (Taylor et al., 2009). Thus,
this toxin would not be ideal to study remyelination differences between genders.
Therefore, the model | chose to analyze in my studies is the LPC model of
demyelination.

Lysophosphatidyl Choline (Lysolecithin, LPC) demyelination

LPC is a membrane-dissolving agent used to study remyelination of white matter.
LPC was first used by Hall in 1972 as a demyelinating agent injected into the mouse
spinal cord. Demyelination by LPC produces a primary attack on the myelin sheath
instead of demyelination by a non-viable Olg (Hall, 1972). The demyelination process
begins with primary myelin breakdown by increasing phospholipase A2 activity
contained in activated macrophages (Trotter and Smith, 1986). Then the membrane,
which contains phosphatidyl choline is degraded into lysolecithin (Weltzien, 1979). In
addition to spinal cord injections, LPC is also commonly used to demyelinate focal
regions in the CC. LPC provides an environment favorable for Olg differentiation during

remyelination (Magalon et al., 2007).



18

Spontaneous remyelination in the LPC model occurs as early as 7 days post injection
(Magalon et al., 2007) and as late as 3 weeks (Aguirre et al., 2007) to 1-month post
injection (Jeffery and Blakemore, 1995).

LPC is a good model to study remyelination because of the following: 1)
injections are performed using a stereotaxic approach where the volume of the lesion
can be controlled, 2) Unlike EAE, the mechanisms involved in demyelination and
remyelination by LPC are separated (Miller and Fyff-Maricich, 2010). This allows the
study of specific repair roles played by individual molecules (Blakemore and Franklin,
2008), 3) LPC triggers stronger cell recruitment to the lesion in contrast to EAE
(Magalon et al., 2007). Thus, there are more permissive properties for SVZ cell
migration to the lesion (Cayre et al., 2006), 4) LPC produces minimal axonal damage
and spares some progenitors (Jean et al., 2003; Blakemore and Franklin, 2008) to aid in
faster remyelination, 5) LPC demyelination is synchronized and the initial tissue
response occurs in absence of LPC. In contrast, cuprizone (systemic toxin)
demyelination is progressive and the initial tissue response only occurs in the presence
of the toxin (Blakemore and Franklin, 2008). This difference has implications when
analyzing molecular changes associated with demyelination and remyelination.

To date, there are no LPC studies that have Ilooked at
demyelination/remyelination differences between genders or between different strains of

rodents.
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However, there are a few LPC studies that look at changes in remyelination with
age (Gilson and Blakemore, 1993; Hinks and Franklin, 2000; Decker et al., 2002; Zhao
et al., 2005). For cuprizone induction, there are a few studies that compare
remyelination with age (Irvine and Blakemore, 2006), gender (Taylor et al., 2009, 2010),
and strain (Skripuletz et al., 2008), and analyses that compare age changes with EB
induction (Li et al., 2006; Sim et al., 2002; Ibanez et al., 2004; Shields et al., 1999).
Overall, EAE studies have the most gender, age, and strain comparisons, which will be
addressed later (See Discussion). Studying the causes of both age and gender
associated declines in remyelination efficiency allows us to identify factors critical for
efficient remyelination and hence, in theory, identify pro remyelination strategies

(Blakemore and Franklin, 2008).
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1.6 HYPOTHESIS AND AIMS OF RESEARCH
The overall aim of this research is to determine if progenitor proliferation and

death is regulated by many factors such as age, hormones, strain, and brain region.

1.  To determine if there are age and strain-dependent differences during proliferation

of the cell cycle.

2. To determine if fluctuating hormones during different stages of the female estrous

cycle affect neurogenesis, Olg progenitors, and cell death.

3. To determine if castration and exogenous hormone levels affect neurogenesis,

Olg, progenitors, and cell death in males.

4. To determine if there are gender and strain differences in LPC demyelination

models during remyelination.
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CHAPTER 2

EFFECTS OF AGE AND STRAIN ON S-PHASE PROLIFERATION

2.1 EXPERIMENTAL DESIGN AND METHODS
Rationale

In this aim, cells during S-phase of the cell cycle were quantified in the SVZ and
DLC of the rodent brain by using a 2 h pulse of BrdU. This short time frame identifies
the number of progenitor cells synthesizing DNA (Nowakowski et al., 1989), but does
not permit the labeled cells to exit the cell cycle and/or die (Korr et al., 1975). Our initial
focus in this study was the CC, as much of our previous data came from this tract.
However, with a short 2 h pulse of BrdU, only a few BrdU" cells are present across the
CC; therefore, we focused upon the DLC of the SVZ as this region contains Olg
progenitors that migrate into the CC and differentiate into Olgs. This zone is known to
generate mostly Olg progenitors over time (Marshall and Goldman, 2002; Kessaris et
al., 2006; Richardson et al., 2006). We also looked at BrdU incorporation along the
length of the SVZ as this whole germinative center has the potential to generate
migratory Olg progenitors for white matter tracts, especially in pathological material
(Picard-Riera et al., 2002; Gotts and Chesselet et al., 2005; Magalon et al., 2007).

We mainly compared C57BL/6 to SJL/J strains because we had accumulated
previous data about the C57BL/6 strain, and also these two strains are most commonly

used in experimental allergic encephalomyelitis (EAE); the most common MS model.
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The first group of rodents we used to quantify BrdU" cells were 6-8 week-old (adult)
SJL/J and C57BL/6 males and females. The second group of rodents we used to
quantify BrdU" cells were 6-8 month-old (aged) SJL/J, C57BL/6, and BALB/c males and
females. We chose two age groups to analyze proliferation because age is documented
to have an influence on biological functions in the brain. However, most studies that
observe proliferation in the normal or diseased brain use rodents at the age of 6-8
weeks or younger. A young age like 6-8 weeks might yield varied results. This is
because sexual maturation in mice occurs after 4 weeks of age, but this maturation is
highly variable across strains (Jackson Lab). In addition, rapid maturational growth
continues for most biological processes and structures in the brain until about 3 months
of age (The mouse in aging research, Fox).

In addition to age effects on neurogenesis in the normal rodent brain, rodent age
also affects EAE disease severity and susceptibility (Levine and Sowinski, 1976; Endoh
et al., 1990; Cua et al., 1995; Ditamo et al., 2005; Matejuk et al., 2005; Teuscher et al.,
2004, 2006; Spach et al., 2009). However, the majority of EAE studies use 6-8 week-old
rodents or younger. This is not an ideal age to study MS because 6-8 week-old rodents
equates to ~12 years of age in humans (Fig. 3), and the age of MS onset in humans is
much later in life. Especially in rodent EAE gender studies, age needs to be taken into
consideration. This is because male rodents mature slower than female rodents
(Jackson Lab). This trend is also observed in humans, where the MS age of onset in

females is 18-30 years and 30-40 years in males.
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The older age in males coincides with the decline in testosterone and
neuroendocrine aging (Wei and Lightman, 1997; Vermeulen, 2000), where low

testosterone is found in 24% of human males with MS.
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Fig 3. Representative age ranges for mature life history stages in C57BL/6 mice;
comparison to human beings. (Adapted from Figure 20-3; Firkey K, Currer JM, Harrison
DE. 2007. The mouse in aging research. In The Mouse in Biomedical Research 2nd
Edition. Fox JG, et al, editors. American College Laboratory Animal Medicine (Elsevier),
Burlington, MA. pp. 637-672).
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Overall, we show that neural proliferation in the SVZ is regulated at many levels
between different strains of mice. The differences we describe between strains, sex,
age, and brain region caution against generalizations regarding regulation of
neurogenesis. Most importantly, it provides a baseline to understand how sexual

dimorphism may influence regeneration of Olgs in MS.



25

Methods

Six-8 month-old and 6-8 week-old male and female C57BL/6J, SJL/J (Jackson
Laboratory, Bar Harbor, ME), and 6-8 month-old BALB/c mice (National Institute of
Health, Bethesda, MD) were used for Immunocytochemistry (ICC). All mice were
housed in Department of Laboratory Animal Resources (DLAR) animal facilities that are
under the direct supervision of IACUC, a federally approved institutional committee; all
procedures were approved by Wayne State University, IACUC.
Immunocytochemistry

All rodents used for ICC were anesthetized with an intraperitoneal (i.p.) lethal
dose of chloral hydrate (650 mg/kg body weight) in accordance with Wayne State
University IACUC protocols and perfused intracardially with 4% (w/v) paraformaldehyde
(PFA) in phosphate buffer saline (PBS). Whole brains were removed and placed in PFA
and stored at 4°C until further use. Fifty um transverse sections were cut with a
Vibratome, placed in PBS as free-floating sections, and processed for monoclonal
mouse anti-bromodeoxyuridine (BrdU) (BD Biosciences, San Jose, CA) diluted 1:100.
Sections were rinsed and mounted on glass slides. Controls for all ICC consisted of
sections where primary antibody was not applied.
Bromodeoxyuridine (BrdU)

For BrdU ICC, mice were injected i.p. with 100 pg/g of body weight BrdU and
perfused 2 h later. Fifty um free floating sections were washed in PBS, treated with 2M
HCI for 30 min at 37°C, incubated 2X in 0.1 M sodium borate totaling 30 min at room

temperature (RT), treated with 3% H2O; for 20 min, incubated in PBS-blocking buffer



26

(PBS containing 0.2% BSA, 0.2% powdered milk and 1.0% Triton-X 100) for 30 min and
incubated with monoclonal anti-BrdU diluted 1:100 at 4°C overnight. The next day,
sections were rinsed in PBS, incubated in goat anti-mouse IgG HRP (horseradish
peroxidase; Jackson Immuno-Research) conjugated antibody diluted 1:100 and
developed using 0.5mg/ml DAB (diaminobenzidine) with 0.2 mg/ml cobalt chloride
enhancer (Sigma-Aldrich, St. Louis, MO) BSA, 0.2% powdered milk and 1.0% Triton) for
30 min and incubated with monoclonal anti-BrdU (BD Biosciences, San Jose, CA,
U.S.A.) diluted 1:100 at 4°C overnight. The next day, sections were rinsed in PBS,
incubated in goat anti-mouse IgG HRP (Jackson Immuno Research) conjugated
antibody diluted 1:100 and developed using 0.5 mg/ml DAB (diaminobenzidine) with 0.2
mg/ml cobalt chloride enhancer (Sigma-Aldrich, St. Louis, MO).
Microscopy

At each age and for each sex and strain, 5-7 animals were used. For each
animal, 3-4 matched transverse sections at the level of the anterior commissure (Fig. 4)
were blindly counted on both right and left sides for BrdU labeled cells. Cells were
counted using a Leitz (Wetzlar, Germany) Laborlux microscope equipped with a x50 oil

objective and a x10 eyepiece containing a 1 cm? grid divided into 1 mm squares.
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The SVZ was subdivided into two regions using transverse sections (Fig. 4A): the
DLC (blue), located at the dorsolateral edge of the lateral ventricle between the CC and
the striatum, and the lateral ventricle wall (yellow), extending from the dorsolateral edge
of the lateral ventricle down to the ventral tip. The CC (pink) dorsal to the lateral
ventricles (not between them) on both sides of the brain was also quantified for
PDGFRa (Fig. 4B) (See Chapter 4 for PDGFRa data). The number of cells for each
area was summed and the averages determined. Values represent mean + SEM of 3-4
sections per animal. Two-tailed t test comparison of male with female assuming equal
variance was used.

Light micrographs demonstrate BrdU" staining in the SVZ of the lateral ventricle
(Fig. 5A-F). The SVZ was delineated from the parenchyma by a dark line from dorsal to
ventral. To control for possible differences in the length of the SVZ, the average number
of cells in the SVZ per grid-square were counted and then the average number of BrdU*
cells for the total SVZ calculated for a set of sections between males and females.
Analysis of these data did not show a significant difference compared to cell counts of
the total number of cells in the SVZ. Therefore, values are reported as total number of

cells undivided by SVZ length.
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Fig 4. Low magnification of 50um coronal brain sections illustrates areas of the brain
quantified for BrdU"(A) and PDGFRa" cells (B). (A) The number of BrdU* cells is the
sum for both sides of the DLC (Blue), the lateral sides of the SVZ (Yellow), and
parenchyma at the level of the anterior commissure. (B) The number of PDGFRa" cells
is the sum for both sides of the CC (Pink) directly above both lateral ventricles.
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Fig 5. A 2 h pulse of BrdU was administered and immunocytochemistry for BrdU was
performed on 50um vibratomed sections of the SVZ (A-F) of 6-8 month-old C57BL/6
and SJL/J mice. Low magnification of the lateral SVZ (A-D) compares the proliferative
marker for C57BL/6 female (A) and male (B) and SJL/J female (C) and male (D). Note
the dark line that runs dorsal to ventral and delineates the SVZ from surrounding
parenchyma. BrdU cells with nuclear staining were quantified on the lateral sides of
both ventricles in the SVZ. Two high magnification images (E-F) illustrates that BrdU
immunostaining is nuclear and different morphologies are present in the SVZ. In (E), a
cell in mitosis (arrow) is stained and in (F), there are two pairs of lightly stained cells
(arrows) and two dark stained cells (arrowheads). Both light and dark BrdU™ cells were
counted. The paired nuclei have probably recently completed mitosis.
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2.2 RESULTS

The first sets of mice quantified for BrdU™ incorporation were 6-8 weeks-of-age.
At this age, the total number of BrdU" cells in the SVZ is approximately the same for
C57BL/6 and SJL/J mice and for both sexes. The total number of BrdU" cells is also
approximately the same in the DLC for both of these strains and sexes (Fig. 6A).
However at 6-8 months-of-age, C57BL/6 females have ~2-fold more cells in all 3
regions examined (***p<0.0001) compared to males (Fig. 6B). In contrast, the numbers
of BrdU™ cells in the SJL/J strain show no significant gender differences in all three
regions. In BALB/c, males have a significant increase (***p<0.0001) in the SVZ
compared to females but no gender difference in the DLC (Fig. 6B). Although all three
strains have their own unique pattern, the pattern of the BALB/c strain is more similar to
SJL/J’s versus C57BL/6’s. Predictably, the total numbers of BrdU® cells decrease

approximately 1/3 to 1/2 between 6-8 week and 6-8 month-old mice.
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Fig 6. Quantification of BrdU" immunostained cells in C57BL/6 and SJL/J mice at 6-8
weeks (A) and C57BL/6, SJL/J, and BALB/c mice at 6-8 months (B). (A) Mice at 6-8
weeks for both strains show no gender differences in proliferation in the DLC and SVZ.
(B) However, C57BL/6 mice at 6-8 months show gender differences in all three areas.
SJL/J mice at this age show no gender differences, and BALB/c mice at 6-8 months
have statistically significant differences in the SVZ, where males have more BrdU" cells
than females. Values represent mean + SEM of three to four sections per animal;
numbers of each animal counted at each age are in parentheses next to rodent strain.
Two-tailed t test comparison of male with female, assuming equal variances was used,
***p<0.0001.
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CHAPTER 3
EFFECTS OF HORMONES ON S-PHASE PROLIFERATION

3.1 EXPERIMENTAL DESIGN AND METHODS
Rationale

Because exogenous and endogenous steroids can act alone or in concert with
one another (Stoffel-Wagner, 2001; Schumacher et al., 2004; Garcia Ovejaro et al.,
2005; Giatti et al., 2010), the interpretation of whether exogeonous or endogenous
steroids affect neuronal and glial development is complex. Also, gonadal hormones can
over-ride endogenous neurosteroids in several brain regions to affect their
immunoreactivity, enzymatic activity, and gene expression (Garcia-Segura and
Melcangi, 2006). A number of studies report sexual dimorphism in the number, shape,
and size of neurons in humans and rats (Barrera et al.,, 2001; Andrade et al., 2000;
Jacobson and Gorski, 1981). To understand sexual dimorphism at the cellular level, we
analyzed how hormones influence proliferation and death during the estrous cycle and
castration. Examining proliferation during the estrous cycle in females is important
because proliferation may changes during different stages of the cycle due to normal
hormone fluctuations. Females may differ from males on some (but not all) days of the
estrous cycle, and when females are selected randomly in a study, a sex difference may

be missed.
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We also looked at the effects of castrated C57BL/6 and SJL/J males on
proliferation after a 2 h pulse of BrdU. In our previous publication (Cerghet et al., 2006),
we tested the effect of male hormones on formation of Olgs by castrating C57BL/6 male
rodents at 6 months-of-age and injecting BrdU one week before they were 9 months-of-
age. Castration also increased the number of mature Olgs indicating exogenous male
hormones have both a short-term effect on Olg progenitor formation as well as a long-
term effect on formation of Olgs.

Methods

Six-8 month-old male and female C57BL/6J, and SJL/J (Jackson Laboratory, Bar
Harbor, ME, U.S.A), were used for estrous cycle analysis and the males at this age
were used for serum testosterone analysis. Six-8 month-old SJL/J and C57BL/6
castrated male mice (Jackson Laboratory) were permitted to live for another 3 months
until used for serum testosterone (T4) analysis and for ICC. All mice were housed in
Department of Laboratory Animal Resources (DLAR) animal facilities that are under the
direct supervision of IACUC.

Estrous Cycle Analysis

Six-8 month-old female SJL/J and C57BL/6J mice (Jackson Laboratory) were
maintained on a 12/12 h light/dark cycle. The rodent estrous cycle lasts 4-5 days and is
divided into four phases: diestrus, proestrus, estrus, and metestrus. The stages of the
estrous cycle were monitored for a minimum of two weeks before BrdU injections to
insure that all mice were cycling regularly. Five females per stage (estrous, diestrous,

proestrous) were studied for both strains.
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Vaginal smears were collected with a plastic eyedropper filled with a small volume of
water (0.2 ml) that was superficially inserted into the vaginal orifice. Vaginal epithelial
cells were immediately evaluated on a glass slide under a light microscope. Vaginal
cytology reflects the changes in the structure of the vaginal epithelium during the four
stages (Goldman et al., 2007). Three types of cells were characterized in smears and
abundance of the various types of cells determines the estrous stage: leukocytes
characteristic of diestrous, cornified epithelial cells characteristic of estrus, and
nucleated epithelial cells characteristic of proestrus (Allen, 1922; Snell, 1941) (Fig. 7).
After the cells were characterized, mice were injected i.p with BrdU and perfused 2 h

later.
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Fig 7. The stage of the estrous cycle was deterministic by epithelial cell morphology via
vaginal lavage of epithelial cells. Female mice were sacrificed at different stages of the
cycle after a 2 h pulse of BrdU. (A)-Proestrus (P) has characteristic round nucleated
epithelial cells found in clumps or bands, (B)- Estrus (E) has characterized anucleated
cornified cells (C)-Metestrus has a combination of cells from P and E and leukocytes
(didn’t use this stage of the cycle for analysis) and (D)- Diestrus (D) has an abundance
of leukocytes and some round nucleated cells.
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Serum Analysis

Six-8 month-old male SJL/J and C57BL/6J castrated and non-castrated mice
(Jackson Laboratory) were analyzed for serum T4 levels. Mice were lightly anesthetized
with chloro- hydrate and blood was collected by retro-orbital eye bleed in accordance
with IACUC protocol. The venous plexus in the orbit behind the eyeball was punctured
with a glass pasture pipette and blood was collected in serum separator tubes (BD
Bioscience, Franklin Lakes, NJ) with no anti-coagulant. Immediately after collection,
blood was centrifuged at 13,000 rpm for 5 min at 4°C. Serum was transferred to 0.5 ml
plastic Eppendorf tubes and stored at -70°C until further use. Serum T4 levels were
analyzed by EIA performed by Cayman Chemical Company (Ann Arbor, Ml). Data are
presented as the mean serum T4 concentration for the number of mice in each group
(SJL/J=12, C57BL/6=13) by the Wilcoxon matched-pairs signed-ranks test. Three wells
were measured for absorbance for each dilution (2 dilutions performed per sample), the
mean was taken for the 3 wells, and the 2 dilution means were averaged and reported
as ng/ml.
Microscopy

See chapter one, Materials and Methods.
3.2 RESULTS

The number of BrdU™ cells 2 h after BrdU injection was quantified in 6-8 month
SJL/J and C57BL/6 females during three stages of the estrous cycle: estrus, diestrus,

and proestrus, The mouse estrous cycle encompasses approximately 4-5 days, with
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each phase taking approximately 1 day. Cells were quantified during the estrous cycle
to observe if natural fluctuations of gonadal hormones effect proliferation.

Comparing proliferation in the C57BL/6 DLC between all three stages, there are
significantly more cells in diestrus compared to proestrus (*p<0.05), but changes are
slight; only about a 20% increase. However, SJL/J mice show no difference across the
estrous cycle in the DLC (Fig. 8A). In the SVZ, both strains show similar patterns, with
more proliferation during proestrus compared to estrus (C57BL/6: **p<0.005; SJL/J:
*p<0.05) (Fig. 8B). Comparing proliferation between both strains in the DLC, there are
significantly more BrdU® cells in C57BL/6 during estrus (**p<0.005) and diestrus
(***p<0.0001) (Fig. 8C) than SJL/J females during the two stages. However,
proliferation between both strains in the SVZ is essentially the same (Fig. 8D). While
modest strain differences are present during specific stages of the estrous cycle, the
overall cell proliferation is not as directly affected by physiological levels of female
hormones in middle-age mice when compared to the differences between male and

female C57BL/6.
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Fig 8. BrdU® immunostained cells in C57BL/6 and SJL/J females at 6-8 months were
quantified during three different stages of the estrous cycle: Estrus (E), Diestrus (D),
and Proestrus (P). (A) C57BL/6 females have significantly more BrdU™ cells in the DLC
during diestrus (high progesterone) compared to proestrus (high estradiol and
progesterone) and no difference. (B) In the SVZ, there is a significant difference
between estrus (low estradiol and progesterone) and proestrus for both strains. (C)
Between both strains, there is significantly more proliferation in the DLC of C57BL/6
females during estrus and diestrus compared to SJL/J females during these two stages.
(D) In the SVZ, there is no difference between strains during all three stages of the
estrus cycle. Values represent mean + SEM of three to four sections per animal; the
total number of each animal counted is in parentheses next to rodent strain. Two-tailed t
test assuming equal variances was used to compare proliferation during stages of the
estrous cycle between strains and within each strain,*p<0.05, **p<0.005, ***p<0.0001.
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To test the effects of gonadal hormones on proliferation, C57BL/6 and SJL/J
males were castrated at 6 months and allowed to survive until 9 months. Two h before
death, the castrated mice were injected with BrdU and processed following the same
protocol used for normal mice. In the DLC, the number of BrdU" cells in castrated
C57BL/6 males is doubled (***p<0.0001) compared to un-operated males. In contrast,
SJL/J castrated males are not significantly different compared to un-operated males and
females in the DLC (Fig. 9A). In the SVZ, BrdU" cells are significantly increased in both
C57BL/6 and SJL/J strains of castrated males (**p<0.005, ***p<0.0001, respectively)
(Fig. 9B) compared to un-operated males and females. Castration and the reduction of
gonadal hormones (see below) cause increased proliferation in both strains, but much
more dramatically in C57BL/6. Thus, proliferation is strain dependent and brain region

specific.



40

BrdU" cells in 6-8mo DLC BrdU" cells in 6-8mo SVZ
Normal vs. Castrated

I 6-8mo C57BL/6 Normal M (5)
6-8mo C57BL/6 Cast'd M (7)
301 [ 6-8mo C57BL/6 Normal F (15) 150+

=3 6-8mo SJL/J Normal M (5)
*rk |_J\__ 6-8mo SJL/J Cast'd M (7)

Normal vs. Castrated

*k  kkok

I 6-8mo SJL/J Normal F (15)

204 100 wxx *x %

2
—1

50

No. BrdU" cells in mouse
DLC
=
L
ZH
No. BrdU" cells in mouse
Svz

777222222

C57BL/6 SIL/ C57BL/6 SIL/J

Fig 9. The number of BrdU" cells in the DLC (A) and SVZ (B) of C57BL/6 and SJL/J
castrated males was compared to un-operated C57BL/6 and SJL/J males and females.
(A) Significantly more BrdU" cells were found in the DLC of C57BL/6 females compared
to un-operated males and castrated males but castrated C57BL/6 males have 2X as
many cells as un-operated males. In SJL/J there are no differences in castrated SJL/J
compared to SJL/J un-operated males and females. (B) Significantly more BrdU" cells
are in the SVZ of castrated males for both strains compared to their un-operated male
and female counterparts. There is also a significant difference between normal male
and female C57BL/6 mice in the SVZ (See Fig. 6B) (***p<0.0001). Values represent
mean + SEM of three to four sections per animal; the total number of each animal
counted is in parentheses next to rodent strain. Two-tailed t test assuming equal
variances was used to compare castrated males with un-operated males and females;
**p<0.005, ***p<0.0001.
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Serum T4 levels measured in normal SJL/J and C57BL/6 males were the same
at 6-8 weeks-of-age (Palaszynski et al., 2004), but T4 levels have not been measured in
these strains at 6-8 months-of-age. T4 levels in C57BL/6 were decreased approximately
20% compared to SJL/J males at 6-8 months-of-age (Fig. 10). In several mice, serum
T4 was re-collected 2 months later to be analyzed a second time, and T4 levels were
essentially the same at both time points. Interestingly at 6-8 weeks-of-age, BrdU
proliferation is virtually the same between genders (See Fig. 6A), but at 6-8 months-of-
age, C57BL/6 males have significantly less BrdU® cells than females and also
significantly less BrdU" cells than in SJL/J males. The castrated males of both strains
had negligible levels of T4, strongly suggesting that any differences in the number of
BrdU cells between strains must be due to other factors besides T4 and/or its
metabolites. The above data showing higher levels of T4 in SJL/J males and the
increase in BrdU" cells in SJL/J’s compared to C57BL/6J’s suggest T4 might have a
stimulatory influence on proliferation; however, this regulation is much more complex

because the absence/reduced levels of T4 stimulate BrdU™ incorporation (See Fig. 9).



42

Serum T4 in 6-8mo
SJL/J vs. C57BL/6 males

5. 1 6-8mo SJL/J M (12)
B 6-8mo C57BL/6 M (13)
* 6-8mo SJL/J Cast'd M (7)
44 T 6-8mo C57BL/6 Cast'd M (7)

Testosterone (ng/ml)
(8]
1

Fig 10. Physiologic serum T4 levels in C57BL/6 and SJL/J castrated and normal males
at 6-8 months-of-age. SJL/J normal males have significantly more serum T4 compared
to C57BL/6 normal males at this age. Data are presented as the mean serum T4
concentration for the number of mice in each group (SJL/J=12, C57BL/6=13) by the
Wilcoxon matched-pairs signed-ranks test. Three wells were measured for absorbance
for each dilution (2 dilutions performed per sample), the mean was taken for the 3 wells,
and the 2 dilution means were averaged and reported as ng/ml. Means were statistically
significant: SJL/J=3.2+0.8323, C57BL/6=2.6£0.9119 (alpha=0.05).
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CHAPTER 4
EFFECTS OF HORMONES ON OLG PROGENITORS AND CELL DEATH

4.1 EXPERIMENTAL DESIGN AND METHODS
Rationale

In addition to BrdU quantification, OPCs were quantified in the CC of normal mice
during the estrous cycle and in castrated mice. Sections were immunostained for the
OPC marker, PDGFRaq, in C57BL/6 and SJL/J males and females at 6-8 months-of-age.
Since there was an increase in BrdU" cells in all 3 brain regions of 6-8 month-old
C57BL/6 females compared to males, we hypothesized that this strain would also have
more Olg progenitors in their white matter, specifically the CC. PDGFRa" cells are
mainly distributed in the CC directly above both lateral ventricles (Fig. 11A-E) and in the
SVZ (Fig. 11F-G). However, we did not count PDGFRa cells in the SVZ because they
were too abundant to accurately count.

In addition to BrdU" proliferation, cell death was quantified using TUNEL in the
SVZ and DLC for C57BL/6 and SJL/J normal males, females, and castrated mice. It's
important to also quantify dying cells, because the total number of cells in the
mammalian brain is the balance between proliferation and survival. This study allows us
to analyze both rates of proliferation and cell death to determine if these two events are

coordinately regulated.
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Methods
Platelet-derived growth factor receptor alpha (PDGFRa)

PDGFRa is a reliable method of identifying OPCs in normal the adult rodent CNS
(Levine et al., 1993; Nishiyama et al., 1996; Reynolds and Hardy, 1997; Redwine et al.,
1997; Trapp et al., 1997). Free floating sections were treated with sodium citrate buffer
(10 mM Sodium Citrate, 0.05% Tween-20, pH 6.0) and placed in an 80°C water bath for
20 min, treated with 6% H>O, for 25 min, blocked with blocking buffer (5% goat serum,
0.2% Triton in PBS) for 1 h, and then incubated in blocking buffer with the polyclonal
anti-PDGFR-a diluted 1:400 overnight at 4°C. The next day, sections were rinsed in
PBS and incubated in goat anti-rabbit IgG HRP (Jackson Immuno-Research)
conjugated antibody diluted 1:100 and developed using 0.5 mg/ml DAB without or with
0.2 mg/ml cobalt chloride.

TUNEL

For cell death analysis, Neurotacs Il In Situ Apoptosis Detection Kit (Trevigen,
Gaithersburg, MD) was used following the provided protocol from Trevigen.
Microscopy

See chapter one Materials and Methods
4.2 RESULTS

Sections were immunostained for the OPC marker, PDGFRa in C57BL/6 and
SJL/J males and females at 6-8 months-of-age (Fig. 11). PDGFRa" cells are distributed

directly above both lateral ventricles in the CC (Fig. 11A-E) and in the SVZ (Fig. 11F-G).
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Fig 11. PDGFRa immunostaining on 50 pm vibratomed sections of CC (A-E) and
SVZ)(F-G) of 6-8 month-old C57BL/6 and SJL/J mice. Low magnification of the CC (A-
D) compares the Olg progenitor cell marker for C57BL/6 female (A) and male (B) and
SJL/J female (C) and male (D). Olgs with cytoplasmic staining were quantified in the CC
directly above both ventricles and averaged for each section (See Fig. 1A). High
magnification of the CC (E) shows an SJL/J female at 6-8 months with clear cytoplasmic
Olg immunostaining right above the ventricle. Two high magnification images (F-G)
illustrates that proliferation of PDGFRa is also highly abundant in the SVZ on the lateral
sides of the lateral ventricle in all strains and genders. PDGFRa in the cytoplasm has a
granular apperance in most cells (arrow) (G).



46

During the estrous cycle, there was a slight increase in PDGFRa" cells in SJL/J
females compared to C57BL/6 females during diestrus (*p<0.05) (Fig. 12A), but there
were no differences across all three stages for both strains. Based on these results, the
estrous cycle plays a minor role regulating proliferation of BrdU and the generation of
OPCs. The differences across the estrous cycle are minimal and biologically
insignificant because the ratios of BrdU in the DLC to PDGFRa in the CC are the same
in C57BL/6 for each stage and very close to each other in SJL/J (Fig. 12B). Additionally
in normal development, we conclude that PDGFRa" is expressed after cell division
since there are very few PDGFRa’/BrdU” cells after a 2 h pulse of BrdU in the SVZ and
DLC. However, after lysolecithin (LPC) injection, there are many more PDGFR*/BrdU”*
labeled cells in these and other areas (See Fig. 25). Therefore, PDGFRa’ is mostly up-

regulated in dividing cells.
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Fig 12. PDGFRa’ immunostained cells in C57BL/6 and SJL/J females at 6-8 months
were quantified in the CC during three stages of the estrous cycle: Estrus (E), Diestrus
(D), and Proestrus (P). There are slightly more cells in the SJL/J compared to C57BL/6
during diestrus (high progesterone), however there are no differences within each strain
across all three stages (A). (B) By calculating the ratio of PDGFRa™ in the CC to the
BrdU" cells in the DLC, there is a 1:1 ratio of PDGFRa" / BrdU" cells in all three stages
in the C57BL/6 strain, and a very strong relationship found across all three stages in
SJL/J. In graph A, the number of animals counted is in parentheses next to the rodent
strain. Two-tailed t test assuming equal variances was used to compare proliferation
during stages of the estrous cycle between strains, *p<0.05. In graph B, the mean from
each stage of the estrous cycle for PDGFRa” cells in the CC was divided by the mean
from each corresponding stage of BrdU" cells in the DLC.

An increase in BrdU" cells in all 3 brain regions of 6-8 month-old C57BL/6
females compared to males suggests that this strain will also have more Olg progenitors

in their white matter, specifically the CC.
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Figure 13 compares the quantification of PDGFRa" cells in the CC and BrdU" cells in
the DLC of castrated males, un-operated males, and females. These two brain regions
depict an interesting parallel within strains, but are distinctively different between
strains. As expected, there are significantly more PDGFRa" cells in the CC of C57BL/6

females (***p<0.0001) compared to males, but no gender difference in SJL/J (Fig. 13).

PDGFRa" and BrdU" cells in C57B1/6 and SJL/J
Male vs. Female
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Fig 13. Comparison of PDGFRa" cells in the CC and BrdU" cells in the DLC at 6-8
months between normal males vs. females and normal males vs. castrated males for
C57BL/6 (left) and SJL/J strains (right). Significantly more PDGFRa” cells in the CC and
BrdU" cells in the DLC are found in C57BL/6 castrated males and females compared to
normal males. IN SJL/J, there are no differences found in the CC and DLC. Values
represent mean + SEM of three to four sections per animal; the total number of each
animal counted is in parentheses next to rodent strain. Two-tailed t test assuming equal
variances was used to compare males with females; ***p<0.0001.
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In C57BL/6 castrated males, the number of dying cells is decreased more than
2X in the DLC when compared to un-castrated males (***p<0.0001), and ~4X when
compared to females (***p<0.0001) (Fig. 14A). In the SVZ of C57BL/6 males, castration
reduces the number of TUNEL" cells about 1/2 compared to un-operated controls and
significantly decreases the number of TUNEL" cells in the SVZ compared to normal
males and females (***p<0.0001) (Fig. 14B). In contrast, castration of SJL/J has no
effect on cell death when compared to un-castrated controls in the SVZ (Fig. 14A) and
DLC (Fig. 14B), and only a slight decrease in cell death when compared to females in
both areas quantified (*p<0.05) (Fig. 14A, B). These findings indicate that testosterone
regulates cell proliferation and cell death in all areas of the brain for C57BL/6 males. In
SJL/J, castration does not regulate cell death and may only regulate proliferation in
certain areas of the brain (like the SVZ).

The ratios are dramatically different between C57BL/6 and SJL/J (Fig. 14C, D).
Comparing C57BL/6 males to SJL/J males for both the DLC and SVZ, the ratio of BrdU*
cells to TUNEL" cells is much higher in SJL/J compared to C57BL/6. Theoretically, this
means that the total number of cells generated should be greater in SJL/J then in
C57BL/6. As with proliferation in the C57BL/6, castration has a dramatic effect on
proliferation an on cell death. This indicates that male hormones regulate both
proliferation and cell death in this strain. In contrast, in the SJL/J strain, castration had
no effect on changing the ratios in the DLC, but did increase slightly in the SVZ. Clearly
the data shows that these two determinants of neural numbers are regulated differently.
It is important not to over interpret the data because we do not know the length of time

cells are TUNEL labeled and this may vary between strain and brain region.
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Fig 14. Quantification of TUNEL" cells in C57BL/6 and SJL/J males, castrated males,
and females at 6-8 months. The number of TUNEL" cells is the sum for both sides of
the DLC (A) and the lateral sides of the SVZ (B), at the level of the anterior commissure
(See Fig. 1). The ratio of BrdU" to TUNEL" cells in both the DLC (C) and SVZ (D) were
calculated. (A) In C57BL/6 castrated males, cell death is significantly decreased
compared to normal males and females. In SJL/J, there is no significant decrease in
TUNEL cells when castrated compared to normal males. (B) C57BL/6 castrated males
have significantly less TUNEL" cells in the SVZ compared to males and females, and
castration of SJL/J has no significance on cell death in the SVZ compared to males and
females. Values represent mean + SEM of three to four sections per animal; numbers of
each animals counted at each age are in parentheses next to rodent strain. Two-tailed t
test comparison of male with female, assuming equal variances was used, ***p<0.0001.
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CHAPTER 5

LPC DEMYELINATION

5.1 EXPERIENTAL DESIGN AND METHODS
Rationale

The rationale for this study is based upon our previous data that suggest that
OPCs required for remyelination may be different between sexes and strains, and this
difference may result in remyelination differences. Since Olg proliferation, cell death,
and signaling pathways modulated by hormones are sexually dimorphic, it is possible
that remyelination is also sexually dimorphic. This study has direct relevance to MS
because lesions in men and women exhibit different phenotypes (See Introduction).
LPC was used to produce demyelination in the CC of male and female C57BL/6 and
SJL/J mice at 6-8 months-of-age. So far, there are no LPC studies that analyze the
effect of gender on remyelination. Our primary aim is to determine whether the numbers
and distribution of proliferative cells and OPCs in LPC injected brains are sexually
dimorphic.

In addition to gender affects on remyelination, we chose to look at older aged
rodents (6-8 months) for our LPC studies. This age coincides with our aforementioned
data performed on normal mice, and because older aged rodents are not commonly
studied in remyelination studies. It is well known that LPC-induced demyelination of the
adult CC activates neural precursors from the SVZ to cause proliferation, migration, and
differentiation into Olgs and astrocytes in the lesioned CC (Nait-Oumesmar et al., 1999;

Decker et al., 2002). However, remyelinaton is widely known to be less efficient with
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age (Franklin et al., 2002). Some theories for this shortcoming include a difference in
growth factor expression with age (Hinks and Franklin, 2000), a decrease in OPC
recruitment and differentiation (Sim et al., 2002), and a lengthening of the cell cycle
(Tropepe et al., 1997). These changes may be intrinsic to aging Olgs or due to
environmental modification of signals that help OPC recruitment and differentiation
(Decker et al., 2002). Indeed, Decker et al., (2002) found that aged (18-20 mo) OF1
mice (Gender not specified) have a lower rate of proliferation than their younger
counterparts (3-5 mo) after LPC demyelination. However, this low rate was restored by
growth factor treatment. They concluded that the rate of SVZ recruitment was due to
age-related signal modification between cells and their surrounding environment.

After LPC injection, an age-related decrease in myelin debris clearance is also
speculated to play a role in remyelination (Gilson and Blakemore, 1993). A lack of
myelin debris clearance in aged rodents may impede OPC differentiation and
recruitment to the lesion site (Robinson and Miller, 1999). This LPC study was
performed in collaboration with Dr. Robert Miller's lab at Case Western Reserve

University, where LPC injections are routinely performed.
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Methods
Animals

Six-8 month-old male and female C57BL/6 and SJL/J mice (Jackson Laboratory,
Bar Harbor, ME) were used for LPC demyelination followed by brain tissue ICC. All
mice were housed in Department of Laboratory Animal Resources (DLAR) animal
facilities that are under the direct supervision of IACUC, a federally approved
institutional committee.
LPC demyelination

LPC focal demyelination was performed on 6-8 month-old C57BL/6 and SJL/J
male and female mice (See Fig. 16 for each LPC injection time-point). Mice were
anaesthetized in a gas chamber with 2% isoflurane gas maintained at 1.5%. Mice were
then positioned in a stereotactic frame (Stoelting, Wood Dale, IL) and injected
unilaterally into the CC (Confirmed by EB: 1mm anterior to the lambda, 1mm lateral to
the bregma, 2.6mm deep from the skull surface) with 3.0 pl of 1% LPC in 0.9% NaCl
solution. The total injection time was 0.5 ul/min by using a microinjection pump. Two
NaCl controls for each strain and gender were injected with an equal volume under the
same parameters as LPC injected rodents. The injection site was labeled with charcoal
dust. Fig. 15 depicts BrdU ICC performed on a saline injected brain (Fig. 15A) with the
injection tract in the cortex above the lateral ventricle (Fig. 15B). Notice that there is not
a significant amount of BrdU" proliferation around the lateral ventricle and the injection

site for a saline control.



54

Fig. 15C shows a non-LPC side of a brain compared to the contralateral LPC injected
side (Fig. 15D). Notice the extreme proliferation around the entire lateral ventricle and
the adjacent parenchyma. The lesion tract usually contains charcoal dust particles in
both saline and LPC injections, and an increase in BrdU proliferation in the LPC injected

rodents.
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Fig 15. Coronal sections of a saline injected (A, B) and LPC injected (C, D) brain
stained for BrdU. (A) A saline injected side of the brain has normal amounts of BrdU
proliferation. (B) The saline injection site (Arrow), has minimal BrdU proliferation around
the lesion tract. (C) Represents a non-LPC injected side of the brain, where a normal
amount of BrdU proliferation occurs. (D) Represents the contralateral side of (C) that
was injected with LPC. Notice the widespread increase of BrdU proliferation in the SVZ,
adjacent striatum, CC, and along the lesion tract in (C). The LPC injection directly above
the lateral ventricle is ideal for tracking potential migration of progenitors from the SVZ.
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BrdU injection

C57BL/6 and SJL/J male and female mice were injected i.p with BrdU
(100mg/kg) either once or consecutively after LPC injection into the CC. All mice were
then sacrificed at 4, 14, or 21 days post-LPC injection (Fig. 16), and perfused. Brains
were collected in 4% PFA for ICC. Saline controls were also injected with BrdU

following the same parameters used for LPC injections.
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Fig 16. Time schedule used for the LPC injected mice. Animals were A) injected i.p with
BrdU 2 h before sacrifice, 4 days after LPC injection, B) injected i.p with BrdU 2 days
post LPC injection and once everyday up until day 7, and sacrificed at day 14 (post LPC
injection), C) injected i.p with BrdU 2 days post LPC injection and once everyday up
until day 7, and sacrificed at day 21 (post LPC injection).
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Platelet-derived growth factor receptor alpha (PDGFR-a)

PDGFR-a was used to detect Olg progenitors in the cerebrum. Free floating
sections were treated with sodium citrate buffer (10 mM Sodium Citrate, 0.05% Tween-
20, pH 6.0) and placed in an 80°C water bath for 20 min, treated with 6% H,O, for 25
min, blocked with blocking buffer (5% goat serum, 0.2% Triton in PBS) for 1 h, and then
incubated in blocking buffer with the polyclonal anti-PDGFR-a diluted 1:400 overnight at
4°C. The next day, sections were rinsed in PBS and incubated in goat anti-rabbit 1gG
HRP (Jackson Immuno-Research) conjugated antibody diluted 1:100 and developed
using 0.5 mg/ml DAB without or with 0.2 mg/ml cobalt chloride.

Bromodeoxyuridine (BrdU)

For BrdU ICC, mice were injected i.p with 100 ug/g of body weight and perfused
with 4% PFA. Fifty ym free floating sections were washed in PBS, treated with 2M HCI
for 30 min at 37°C, incubated 2X in 0.1 M sodium borate totaling 30 min at room
temperature (RT), treated with 3% H,O, for 20 min, incubated in PBS-blocking buffer
(PBS containing 0.2% BSA, 0.2% powdered milk and 1.0% Triton-X 100) for 30 min and
incubated with monoclonal anti-BrdU diluted 1:100 at 4°C overnight. The next day,
sections were rinsed in PBS, incubated in goat anti-mouse IgG HRP (horseradish
peroxidase; Jackson Immuno-Research) conjugated antibody diluted 1:100 and
developed using 0.5 mg/ml DAB (diaminobenzidine) with 0.2 mg/ml cobalt chloride

enhancer (Sigma-Aldrich, St. Louis, MO).
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PDGFRa/BrdU double labeling

Free floating sections were treated with sodium citrate buffer (10 mM Sodium
Citrate, 0.05% Tween 20, pH 6.0) and placed in an 80°C water bath for 20 min, treated
with 6% H20; for 25 min, treated with 2 M HCI for 30 min at 37°C, incubated in 0.1 M
sodium borate twice for 30 min at RT, incubated in PBS-blocking buffer (PBS containing
0.2% BSA, 0.2% milk and 1.0% Triton) for 30 min and then incubated in blocking buffer
with anti-PDGFR-a 1:400 and anti-BrdU diluted 1:100 overnight at 4°C. The next day,
sections were rinsed in PBS and incubated in goat anti-mouse IgG HRP conjugated
antibody diluted 1:100 and developed using 0.5 mg/ml DAB with 0.2 mg/ml cobalt
chloride enhancer. Sections were then washed in PBS extensively and incubated in
goat anti-rabbit IgG HRP conjugated antibody diluted 1:100 and developed using 0.5
mg/ml DAB without 0.2 mg/ml cobalt chloride.
Iba-1/BrdU double labeling

For combined Iba1 and BrdU ICC, mice were i.p injected with 100 mg of BrdU/g
of body weight and perfused with 4% paraformaldehyde 2 h later. Sections were
processed with 2 M HCI for 30 min at 37°C, incubated in 0.1 M sodium borate twice for
30min at room temperature, treated with 3% H>O, incubated in PBS-blocking buffer
(PBS containing 0.2% BSA, 0.2% milk and 1.0% Triton) for 30 min and incubated with
monoclonal anti-BrdU (BD Biosciences, San Jose, CA) diluted 1:100 at 4°C overnight.
Sections were rinsed in PBS, incubated in goat anti-mouse IgG HRP conjugated
antibody (Jackson Immuno Research) diluted 1:100 and developed with DAB with 0.2

mg/ml cobalt chloride (Sigma-Aldrich, St. Louis, MO).
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Sections were then rinsed in PBS and treated with 1% Triton for 1 h, blocked with 10%
(v/v) goat serum for and 30 min, and incubated in polyclonal anti-lba1 (ionized calcium-
binding adaptor molecule 1) antibody (Wako, Richmond, VA) diluted 1:500 overnight in
PBS. The next day, sections were rinsed in PBS, incubated in goat anti-rabbit IgG HRP
conjugated antibody (Jackson ImmunoResearch) diluted 1:100 and developed using 0.5
mg/ml DAB without 0.2 mg/ml cobalt chloride (Sigma—Aldrich, St. Louis, MO).
TUNEL

For cell death analysis, Neurotacs Il In Situ Apoptosis Detection Kit (Trevigen,
Gaithersburg, MD) was used following the provided protocol from Trevigen.
RESULTS

Quantification of BrdU" cells in the striatum on the LPC injected side of the brain
(adjacent to the SVZ) was performed at all post-LPC time points: 4 days (Fig. 17A-D),
14 days (Fig. 18A-D), and 21 days (Fig. 19A-D). There were significantly more BrdU"
cells in the striatum for C57BL/6 males compared to females for the first two time points,
and no difference between SJL/J males and females (Fig. 19A). For the 21 d post-LPC
time point, there were no significant differences in proliferation between SJL/J males but
females, and a trend where more BrdU" cells were found in C57BL/6 males compared
to females (Fig. 19B). In addition, between strains, significantly more proliferation is in

the striatum for the C57BL/6 strain of mice compared to SJL/J.
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It is important to note that some of the BrdU™ cells in the striatum for the 14 and
21 d time-point mice may also be cells that have migrated from the SVZ in addition to

cells that proliferated endogenously.
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Fig 17. 6-8 month-old C57BL/6 and SJL/J male and female mice were injected i.p with
BrdU 2 h before sacrifice, 4 days after LPC injection. ICC for BrdU was performed on
50um vibratomed sections of the striatum (A-D) on the LPC injected side of the brain.
The proliferative marker for SJL/J female (A) to SJL/J male (B) was compared, where
minimal proliferation is found for both genders at this time point. BrdU was also
compared between C57BL/6 female (C) to C57BL/6 male (D), where some BrdU" cells
are found in the female and even more cells are found in the male. At this time point,
there are obvious gender and strain differences in white matter proliferation due to the
LPC injection.
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Fig 18. 6-8 month-old C57BL/6 and SJL/J male and female mice were injected i.p with
BrdU 2 days post LPC injection and once everyday up until day 7, and sacrificed at day
14 (post LPC injection). ICC for BrdU was performed on 50um vibratomed sections of
the striatum (A-D) on the LPC injected side of the brain. The proliferative marker for
SJL/J female (A) to SJL/J male (B) was compared, where minimal proliferation is found
for both genders at this time point. BrdU was also compared between C57BL/6 female
(C) to C57BI/6 male (D), where BrdU" cells are found in the female striatum and even
more cells are found in the male. Compared to Fig. 17, there is an obvious trend in
BrdU proliferation activated by LPC, which is dependent on both gender and strain.
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Fig 19. 6-8 month-old C57BL/6 and SJL/J male and female mice were injected i.p with
BrdU 2 days post LPC injection and once everyday up until day 7, and sacrificed at day
21 (post LPC injection). ICC for BrdU was performed on 50 ym vibratomed sections of
the striatum (A-D) on the LPC injected side of the brain. The proliferative marker for
SJL/J female (A) to SJL/J male (B) was compared, where some proliferation is found for
both genders at this time point. BrdU was also compared between C57BL/6 female (C)
to C57BL/6 male (D), where plenty of BrdU™ cells are are found in the striatum for both
genders. Comparing this figure to Fig. 17 and Fig. 18, the proliferation trend for BrdU
continues between genders and strains. There is also a possibility that some of the
BrdU® cells have migrated from the adjacent SVZ in addition to endogenous
proliferartion at this time point and the time point depicted in Fig. 18.
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BrdU" cells were also quantified in the striatum on the LPC injected side of the
brain between male and female C57BL/6 and SJL/J mice (Fig. 20). All three LPC time
points were analyzed (4d post LPC, 14d post LPC, 21d post LPC) (See Fig. 16). At both
the 4 d (**p<0.005) and 14 d (*p<0.05) post LPC time point, there were significantly
more BrdU" cells in the striatum for males compared to females for C57BL/6. However,
there are no gender differences in the SJL/J strain (Fig 20A). At the 21d post LPC time
point, there was still a trend where more BrdU" cells were found in male C57BL/6 males

compared to females, but no difference in genders for the SJL/J strain (Fig. 20B).
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Fig 20. BrdU" immunostained cells were quantified in the striatum on the injected side
of the brain for C57BL/6 and SJL/J males and females at 6-8 months-of-age. (A) At both
the 4d and 14d post LPC time point, there were significantly more BrdU" cells in the
striatum for males compared to females for C57BL/6, but no gender differences in the
SJL/J strain. (B) At the 21d post LPC time point, there was still a trend where more
BrdU" cells were found in male C57BL/6 males compared to females, but no difference
in genders for the SJL/J strain. Values represent mean + SEM of four to five sections
per animal. Two-tailed t test comparison of male with female, assuming equal variances
was used, *p<0.05, **p<0.005.
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We also analyzed proliferation in the CC on the LPC injected side of the brain.
Here, we found a difference in the regional distribution of BrdU™ cells between male and
female C57BL/6 at the 21-day post-LPC time point. We found that the majority of BrdU”
cells in C57BL/6 females are found in the CC, lateral to the cingulum. However, in
C57BL/6 males, BrdU proliferation is mostly in the CC directly above the lateral ventricle
(Fig. 21). Figure 22 also shows this difference at a higher magnification. It's important to
take note that both sections were examined at the same level of the cerebrum and were

injected with LPC under the same stereotaxic parameters.

4

Fig 21. 6-8 month-old C57BL/6 female and male mice were injected i.p with BrdU 2
days post LPC injection and once everyday up until day 7, and sacrificed at day 21
(post LPC injection). ICC for BrdU was performed on 50 um coronal sections. Analyzing
BrdU proliferation on the injected side of the brain, C57BL/6 females have more
proliferation in the CC, lateral to cingulum, but not in the CC directly above the lateral
ventricle (A) (The lateral ventricle is to the left in both images). However, in C57BL/6
males, more BrdU proliferation was found in the CC directly above the lateral ventricle,
but not lateral to the cingulum (B).
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Fig 22. 6-8 month- C57BL/6 female and male mice were injected i.p with BrdU 2 days
post LPC injection and once everyday up until day 7, and sacrificed at day 21 (post LPC
injection). ICC for BrdU was performed on 50 pm coronal sections. This high mag image
clearly depicts BrdU proliferation on the injected side of the brain where C57BL/6
females have more BrdU" cells in the CC, lateral to the cingulum (A). In C57BL/6 males,
proliferation was not found in the CC lateral to the cingulum, but in the CC directly
above the lateral ventricle (B). ST-Striatum, LV-Lateral Ventricle, CT-Cortex.

In addition to BrdU" cells, Iba-1" and Iba-1*/BrdU" ICC was performed on LPC
injected cerebra at the 21 d time point. Comparing LPC injected C57BL/6 males to
SJL/J males there is a major increase in BrdU" cells, Iba-1" cells, and lba-1"/BrdU*
labeled cells in the striatum for C57BL/6 males (Fig. 23). However, there is only a few
Iba-1" labeled cells in the SJL/J striatum, and very few of these cells are double labeled

for BrdU".



Fig 23. 6-8 month-old C57BL/6 and SJL/J male mice were injected i.p with BrdU 2 days
post LPC injection and once everyday up until day 7, and sacrificed at day 21 (post LPC
injection). ICC for Iba-1*/BrdU” double labeling was performed on 50um vibratomed
sections of the striatum (A-B) on the LPC injected side of the brain. More BrdU" (Arrow
head), Iba-1" (crossed arrow), and Iba-1"/BrdU" (Arrow) cells are found in the C57BL/6
striatum adjacent to the SVZ compared to SJL/J males.

Microglia also changes morphology during all three LPC time points analyzed
(Fig 24). Change in microglia morphology occurs based on their surrounding
environment, where mostly ramified (un-activated) microglia progress to migrating, to
activated microglia after a tissue insult. Based on our analysis, different stages of

microglia activation are represented at all three time-points, with minimal resting

microglia present. This is the case, at least for C57BL/6 males.
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This is hypothesized because at the last injection time point (21 d), virtually all the
BrdU" cells in C57BL/6 males are microglial cells (Fig 23). If microglial cells were

ramified, there would be less microglia turn-over, thus, less BrdU*/Iba-1" double labeled

cells.
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Fig 24. Fifty um sections of the striatum, on the LPC injected side of the brain of 6-8
month-old mice was stained for Iba-1 (A, B), and Iba-1/BrdU (C). All three time points
represent a stage of microglia activation. (A) Microglia at the 4 d time point have round
cell bodies and bushy processes. (B) Microglia after the 14 d time point have thinner
processes with some elongated cell bodies. (C) Microglia after the 21 d sacrifice time
point have smaller cell bodies and processes with multiple branches (D).
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Lastly, OPCs in the CC were analyzed at all three time points on the LPC injected
and non-injected sides of the brain by ICC for PDGFRa. An LPC injected C57BL/6
female is used as an example in Figure 25 to compare the LPC injected side of the
brain (Fig. 25 A, C, E) to the non-injected side of the brain for PDGFRa (Fig. 25 B, D,
F). At the 4 d time point (Fig. 25A), PDGFRa" cells appear to be upregulated more so
than at any other LPC time points and compared to the non-injected side (Fig. 25B).
The OPCs also have larger cell bodies and larger processes when compared to the
later time points. However, the side of the brain for the 14 d LPC injected time point
(Fig. 25C) does not appear radically different from the non-injected side (Fig. 25D). At
the 21 d LPC injected time point, the cells now depict a completely different morpoholgy
from the non-injected side (Fig. 25E), were mostly round cell bodies with no processes

are found (Fig. 25F).
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Fig 25. PDGFRa immunostaining on 50 uym vibratomed sections on the CC of a 6-8
month-old C57BL/6 female (A-F). A, C, and E represent the LPC injected side of the
brain and B, D, and F represent the contralateral non-injected side of the brain. (A) At
the 4 d time point, there is massive PDGFRa upregulation with larger than normal cell
bodies and processes compared to the non-injected side (B). (C) At the 14 d time point,
PDGFRa has returned to normal levels and normal morpholgy compared to the non-
injected side (D). At the 21 d time point, there are numerous round cells that do not
follow the usual PDGFRa morphology (E), and the PDGFRa" cells on the contralateral
non-injected side looks comparable to the other non-injected sides at the previous time
points (F). Note: The lateral ventricle is towards the top of each image.
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In our previous analysis on normal C57BL/6 and SJL/J mice at 6-8 months, we did
not find many PDGFRa*/BrdU" cells. In the LPC injected mice, there were more double

labeled cells, especially on the LPC side of the brain (Fig. 26).

Fig 26. LPC injected brain at the 21 d time point immunostained for PDGRa.*/BrdU".
(PDGRa -light-brown, BrdU-black-blue). Image shows a cell double labeled for
PDGRo/BrdU" in the SVZ on the LPC injected side of the brain (Arrow), a cell labeled
for PDGRa" (Arrow head) next to a cell labeled for BrdU" (Crossed arrow). There are
more double lalbeled cells in the LPC injected brain on the injected side, compared to
the contralateal non-injected side and in saline controls.
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DISCUSSION

The present study was prompted by our findings of sexual dimorphism of Olgs in
white matter tracts of rodents (Cerghet et al., 2006). That study was the first to show the
density of Olgs in adult male rodents is twice as great as the density of Olgs in female
rodents in white matter tracts. Surprisingly, we found the formation of new Olgs was
increased in females compared to males, and the number of dying Olgs was also
seemingly increased in females. That study suggests the dynamics of glial progenitor
formation and regulation of their death is differentially regulated between sexes in adult
rodents. However, the design of that study, as with most studies of adult neurogenesis
(see below), looked only at the formation of new Olgs because BrdU was daily injected
over a several day period and the rodents were allowed to survive for days to weeks.
During days to weeks from the time of BrdU injection until the time of the animal’'s
sacrifice, many cellular events might occur between the sexes that include changes in
regulation of the rate of their cell cycle and differentiation. Moreover, we did not take
into account changes in the female estrus cycle as fluctuations in estrogen (E2) and
progesterone (P2) might induce considerable variability into the generation of new Olgs.
The present study complements our previous work because we examine the
incorporation of BrdU into neural progenitors when they are in S, G2, or M phase,
presumably before they have re-entered the cell cycle, differentiated, or died.
Comparison of the number of dying cells in adjacent sections permits us to determine

whether entrance into the cell cycle and cell death are similarly regulated.
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Our initial focus in this study was the CC, as much of our previous data came
from this tract. However, with a short 2 h pulse of BrdU, only a few BrdU" cells are
present across the CC; therefore, we focused upon the DLC of the SVZ as this region
contains OPC that migrate into the CC and differentiate into Olgs. This zone is known to
generate mostly OPCs over time (Marshall and Goldman, 2002; Kessaris et al., 2006;
Richardson et al., 2006). We also looked at BrdU incorporation along the length of the
SVZ as this whole germinative center has the potential to generate migratory Olg
progenitors for white matter tracts, especially in pathological material (Picard-Riera et
al., 2002; Gotts and Chesselet et al., 2005; Magalon et al., 2007). We mainly compared
C57BL/6 to SJL/J strains because we had accumulated previous data about the
C57BL/6 strain, and also these two strains are most commonly used in experimental
allergic encephalomyelitis (EAE); the most common MS model. As discussed below, we
show that neural proliferation in the SVZ is regulated at many levels between different
strains of mice. The differences we describe between strains, sex, age, and brain region
cautions against generalizations regarding regulation of neurogenesis. Most importantly,
it provides a baseline to understand how sexual dimorphism may influence regeneration
of Olgs in MS.

Effects of aging on neurogenesis

In 6-8 week-old mice, the number of BrdU™ cells in the SVZ is the same for both

C57BL/6 and SJL/J males and females. Similarly; the number of BrdU" cells in the DLC

is the same for C57BL/6 and SJL/J males and females (Fig. 3A).
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Between 6-8 week-old and 6-8 month-old mice, the number of BrdU™ cells dramatically
declined between both strains and sexes. First, the number of cells incorporating BrdU
decreases approximately 50% or more in both sexes, in both strains, and in both the
DLC and SVZ. Our results agree with a previous study that shows the number of BrdU*
cells in the SVZ of male CD1 mice decreases approximately 50% from 2 month-old to
10 month-old mice after a 2 h BrdU pulse (Luo et al. 2006). In other studies of
neurogenesis in the SVZ using longer and/or multiple BrdU injections of male B6/129
(Tropepe et al., 1997), male CD1 (Jin et al., 2003) and male C57BL/6J mice (Maslov et
al., 2004), the numbers of newly generated progenitor cells decrease about 50% in
aged (2 years-old) versus young mice. These findings using different strains of mice,
strongly suggests that a common aging mechanism regulates the number of cells that
incorporate BrdU throughout the CNS. We extend previous studies by showing that the
decrease occurs in both sexes, supporting the hypothesis that this aging mechanism is
independent of either male or female hormones. The decrease in numbers of newly
generated neural cells may be due to many factors including changes in the length of S-
phase as the cell cycle changes with maturation of the animal (Alexiades and Cepko,
1996), and the size of the progenitor pool decreases in the aged SVZ due to more

progenitors exiting the cell cycle (Luo et al., 2006).
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Hormones and Neurogenesis

Although sexual dimorphism is not present at 6-8 weeks-of-age in both C57BL/6
and SJL/J mice, at 6-8 months-of-age one of the most striking observations is the 50%
decrease of BrdU" cells in the SVZ, DLC, and throughout the parenchyma of C57BL/6
males compared to females. In contrast, the number of BrdU" cells in SJL/J mice is the
same in both sexes. In BALB/c mice, the number of BrdU® cells is significantly
increased about 30% in males. Hence, each of the three strains we studied exhibits
their own unique proliferative fingerprint. The implication is that genetics (see below)
acting through hormones plays a major role in regulating these differences.

Because exogenous and endogenous steroids can act alone or in concert with one
another (Stoffel-Wagner, 2001; Schumacher et al., 2004; Garcia Ovejaro et al., 2005;
Giatti et al., 2010), the interpretation of whether exogenous or endogenous steroids
affect neuronal and glial development is complex. Also, gonadal hormones can over-
ride endogenous neurosteroids in several brain regions to affect their immunoreactivity,
enzymatic activity, and gene expression (Garcia-Segura and Melcangi, 2006). A
number of studies report sexual dimorphism in the number, shape, and size of neurons
in humans and rats (Barrera et al., 2001; Andrade et al., 2000; Jacobson and Gorski,
1981). To understand sexual dimorphism at the cellular level, we analyzed how

hormones influence proliferation and death during the estrous cycle and castration.
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Estrous cycle

Most studies on the role of the estrous cycle that involve neurogenesis are
limited to the hippocampus in young-adult rodents (Ormerod et al., 2003; Hoyk et al.,
2006; Lagace et al., 2007; Barker and Galea, 2008). These studies yield contradictory
results. In Table 1, we compiled a list of selected publications that examine proliferation

and generation of BrdU" cells in the adult brain.
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TABLE 1. Proliferation and Generation of BrdU" Cells in the Rodent Brain

Specie

Sex

Strain

Age

Brain
Region

BrdU
Pulse

Proliferative
differences

Reference

Prairie
\Vole

Michrotus
ochrogaster

60-75
days-old

SVZ, RMS

Long
term

Differences due to
hormones

Induced estrus: 1
BrdU in normal F
SVZ, but not in OVX

OVX injected with E2:
1 BrdU in the RMS

Smith et al.,
2001

Rat

Fischer 344

6-27 mo-
old

SVZ, GCL,
Hilus

Long
term

lAge & brain region
differences

Aged GCL: | BrdU

Aged SVZ and hilus:
No change in BrdU

Kuhn et al.,
1996

Mouse

CD1

6-8 wk-old

SVZ

N/A

Differences due to
hormones

Pregnancy &
prolactin: 1 BrdU

Shingo et al.,
2003

Mouse

ARKO

N/A

SVZ

2 h

Differences due to
hormones

Aromatase KO and
WT mice: No change
in SVZ BrdU with
chronic estradiol or by
estrous cycle

\Veyrac &
Bakker, 2011

Rat

N/A

20-22, 30-
32, 40-42

days

AVPV, SDN,
Amygdala

Long
term

Gender, age & brain
region differences

IAhmed et al.,
2008
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Rat

SHR, SD

4 wk-old

DG

Long
term
& 2 h

Gender & strain
differences

SD and SHR M: 1
BrdU

SHR M & F: 1 BrdU

Perfilieva et
al., 2001

Rat

\Wistar

2 mo-old

OB

Long
term

IAge differences

Adult OB
neurogenesis utilizes
the overproduction
and turnover of young
neurons

\Winner et al.,
2002

Rat

SD

M (320-
3509),
F (200-
280g)

SGZ, GCL

Long
term
& 2 h

Differences due to
hormones

2 h BrdU during
proestrus: 1 BrdU

2-14 day BrdU during
proestrus: Elevated
BrdU

OVX with oestrogen: 1
BrdU

Tanapat et al.,
1999

Rat

\Wistar

3 mo-old

AOB

Long
term

Gender differences

Morphological sexual
dimorphism in the
granular layer
volumes

Peretto et al.,
2001

Rat

SD

225-250g

DG

Long
term

Differences due to
hormones

4 h EB exposure: 1
BrdU

48 h EB exposure in
OVX: | BrdU

Ormerod et al.,
2003

Rat

\Wistar

250-300g

AOB, MOB

Long
term

Brain region
differences

17-B estradiol in AOB:

| BrdU

Hoyk et al.,
2006
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Rat F [SD 65-75 HippocampusjLong |Difference due to  [Pawluski &
days- old term [age & hormones Galea, 2007
Postpartum period: |
BrdU
Rat F [Wistar 8 wk-old [DG 2 h |Differences due to [Banasr et al.,
hormones 2001
E2 acting through
serotonin: 1 BrdU
Rat N/A[SD 5 mo-old DG 2 h |Age specific Cameron &
26 mo-old difference Mckay, 1999
High corticosteroid in
aged rats: | BrdU
Rat M, [SD 80-90 DG Long |Gender difference [Barker &
F days-old term |[due to hormones Galea, 2008
Only in F: 1 BrdU
Mouse [N/A|C57BL/6, 7-8 wk- |SGZ, Hilus, [Long [Strain differences [Schauwecker,
FVB/NJ old GCL term 2006
Only in C57BL/6: 1
BrdU
Mouse |F [DBA/2J, 3 mo-old [Hippocampus|Long [Strain differences |[Kempermann &
C3H/Hed, A/J term Gage, 2002
Mouse [F [C57BL/6, 9 wk-old DG Long [Strain differences [Kempermann
Balb/c, CD1, term et al., 1997
129/SvJ
Mouse [M [Balb/c, 6 mo-old (OB 2h |Age & strain Mirich et al.,
c57bl/6, DBA224 mo-old difference 2002
Mouse [M, [C57BL/6 6-7 wk- [SGZ Long |Differences due to [Lagace et al.,
F old & 2 h [hormones 2007

Estrous cycle: No
difference in BrdU
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Meadow|F |Microtus 60 days- |DG 2 h [Differences due to [Ormerod &
\Vole pennsylvanicusjold hormones Galea, 2001

4 h exposure to EB: 1
BrdU

48 h exposure to EB
in OVX: | BrdU

List of abbreviations: AOB-Anterior olfactory bulb, ARKO-Aromatase knockout, AVPV-
Anteroventral periventricular nucleus, DG-Dentate gyrus, EB-Estradiol Benzoate, E2-
Estrogen, F-Female, GCL-Granule cell layer, KO-Knockout, MOB-Main olfactory bulb,
M-Male, OB-Olfactory bulb, OVX-Ovariectomized, RMS-Rostral migratory stream, SD-
Sprague Dawley rat, SDN-Sexually dimorphic nucleus, SGZ-Subgranular zone, SHR-
Spontaneously hypertensive rat, SVZ-Subventricular zone, WT-Wild type.

In one study, Tanapat et al., (1999) found ~60% more BrdU" cells in the
hippocampus during proestrus (E2 increases) compared to the other stages aftera 2 h
pulse of BrdU in 2 month-old rats. However, Lagace et al., (2007) found no difference in
incorporation of BrdU in the hippocampus during the estrous cycle in 6-8 week-old
C57BL/6 mice after a 2 h and long-term pulse of BrdU. Only three studies examined
BrdU proliferation during the estrous cycle in the SVZ. A 2 h pulse of BrdU in 8 week-old
C57BIl/6j/sv129 (Veyrac and Bakker, 2011) and a long-term pulse of BrdU in young and
aged rats (Kuhn et al., 1996) did not yield differences in proliferation during the estrous
cycle. However, in male induced estrus, where females are introduced to males,
proliferation in the SVZ is increased after long-term BrdU injection in prairie voles
(Ormerod and Galea, 2001). The different sets of data could be attributed to a

combination of factors: strain and species differences, and modest changes in

proliferation that escaped methodological detection.
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In our study, animals were perfused 2 h after BrdU injection. The number of BrdU
labeled cells in both C57BL/6 and SJL/J females injected during proestrus (E2 and P2
increases) had significant but modestly more cells (~30%) than during estrus (E2 and
P2 decreases) in the SVZ (Fig. 8B). This suggests that the number of BrdU™ cells
produced during proestrus compared to estrus has to do with E2 stimulating
proliferation. However, the DLC does not follow the same pattern as the SVZ because
in normal C57BL/6 mice, significantly more BrdU" cells were found in the DLC during
diestrus (P2 high) compared to proestrus (E2 and P2 increases). Clearly, proliferation in
these two zones is differentially regulated during the estrous cycle, especially in
C57BL/6 mice. A possible explanation for the increase in BrdU" cells in the SVZ is that
E2 may disinhibit a population of progenitors that are normally prevented from
progressing through the cell cycle at the G1/S transition. E2 may stimulate precursor
cells to divide at a faster rate by shortening G1 (Tanapat et al., 1999). Estradiol levels
during proestrous are many-fold higher than in metestrous and diestrous, predicting
large differences in BrdU incorporation in proestrous compared to diestrous and estrous
(Hurn and Macrae, 1999). However based on our results, differences in numbers of
BrdU" cells during the estrous cycle are not nearly as pronounced as the gender
differences in the C57BL/6 strain and the differences between SJL/J and C57BL/6

males.
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In tissue culture, where direct effects of hormones can be tested on Olg progenitors, E2
at different concentrations has a modest effect on total number of Olgs, P2 had strong
positive effects on Olg numbers, and DHT at high concentrations had significant
negative effects on Olg numbers. The combination of E2 and P2 had either significant
positive or negative effects depending on the concentrations. The combination of P2
and DHT had modest significant negative effects on Olg numbers (Swamydas et al.,
2009). These tissue culture studies strongly suggest that male hormones most likely
play a greater role in neurogenic regulation of proliferation instead of female hormones.
Male hormones and castration

In 6-8 week-old C57BL/6 and SJL/J males, the number of BrdU" cells is not
significantly different in both the DLC and SVZ. However, in 6-8 month-old males (Fig.
6), the number of BrdU" cells in C57BL/6 differs significantly between SJL/J and
BALB/c. In both SJL/J and BALB/c males, the number of BrdU" cells is ~2X more than
in C57BL/6. This suggests that T4 and/or its metabolites stimulate proliferation. Indeed,
adult SJL/J males have significantly more T4 in sera than in C57BL/6 and more BrdU"
cells in C57BL/6, suggesting a potential positive effect of T4 and its metabolites on
stimulating proliferation. However, castration has a profound effect on stimulating BrdU*
incorporation. Castration reduces T4 to basal levels in both SJL/J and C57BL/6,
indicating any change in BrdU incorporation between the strains must be mediated by
other factors besides exogenous male hormones. Castration also has a much more

pronounced effect on proliferation in C57BL/6 than SJL/J males.
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We found that the number of BrdU" cells in C57BL/6 castrated males doubled to match
the levels of C57BL/6 females in the SVZ and DLC. However, in SJL/J castrated males
compared to males, there was ~50% increase in the SVZ for BrdU, but no differences in
the DLC. Obviously, it's not a simple matter of T4 levels, otherwise we would expect
increased proliferation in the DLC of castrated SJL/J. In our previous publication
(Cerghet et al., 2006), we tested the effect of male hormones on formation of Olgs by
castrating C57BL/6 male rodents at 6 months-of-age and injecting BrdU one week
before they were 9 months-of-age. Castration also increased the number of mature
Olgs indicating exogenous male hormones have both a short-term effect on Olg
progenitor formation as well as a long-term effect on formation of Olgs.
Effects of strain differences

In each mouse strain, the number of BrdU" cells in the SVZ fluctuated very little
during the estrous cycle. However, when we compared SJL/J to C57BL/6 during certain
stages the numbers differed. The most significant difference during the estrous cycle
occurred in the DLC: there was a 50% increase in C57BL/6 BrdU" cells in both estrus
(E2 low) and diestrus (P2 high) compared to SJL/J. Proliferative differences during
these two stages of the estrous cycle (Fig. 8) may be partially due to strain but also
brain-region-specific regulation of estrogen receptors (ER). ER’s can be activated by
E2-independent mechanisms in non-reproductive tissues of immature and adult cycling

mice (Ciana et al., 2002).
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ER activity was analyzed in 8 week-old luciferase reporter mice (C57BL/6 background),
where luciferase activity was highest in the brain during estrus (E2 low) and diestrus (P2
high), but not during proestrus (P2 high). During proestrus, luciferase activity was only
found in liver and reproductive tissues, but lacking in brain. Factors other than 17B-
estradiol may be involved in regulating the activity of ER during estrus and diestrus
because luciferase activity was found in non-reproductive tissues after using an
aromatase-specific inhibitor. Thus, regulation of ER’s by other factors in the brain may
be strain and region specific, causing proliferation to be differentially regulated in the
DLC between C57BL/6 and SJL/J. Furthermore, densitometric analysis of
autoradiograms detected alterations in ER content in the pre-optic area over the estrous
cycle in the rat, with brain levels being highest during metestrus, attenuated on diestrus,
and lowest during proestrus and estrus (Zhou et al., 1995). However, uterine ER
content was low during three stages of the estrous cycle, except for proestrus (Zhou et
al., 1995). These findings may seem contradictory but high levels of E2 leads to quicker
degradation of ER’s in the brain compared to the uterus (Alarid et al., 1999).

Cell proliferation in the brain is dependent on the genetic background of rodents
(Kempermann et al., 1997; Amrein et al., 2004), and it can vary dramatically within
species (Amrein et al., 2004). Strain-to-strain variation in mice has been reported in a
variety of studies including susceptibility to cerebral ischemia (Yang et al., 1997),
hearing loss, aging (Willot, 1987), and other neurobiological parameters (Ingram and

Corfman, 1980).
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In a classical study (Wiklund et al., 1981), F344 rats and Holtzman rats have similar
prolactin synthesis and uterine growth, but differ in their pituitary growth response to
chronic estrogen (diethylstilbestrol). In the F344 strain, pituitaries from treated animals
are significantly larger than control pituitaries after 2 weeks and are 6-10 times their
normal size by 8 weeks. However, Holtzman pituitaries do not show a significant
increase in size over controls during a treatment period as long as 12 weeks. In the
hippocampus, normal C57BL/6 mice show an increase in proliferation and a reduced
survival rate compared to FVB/NJ mice at 7-8 weeks after long term BrdU
(Schauwecker, 2006).
Sexual dimorphism of PDGFRa" Olg progenitors

Physiological and morphological sexual dimorphism of astrocytes in rodents
(Mong et al., 1996; Mouton et al., 2002; Arias et al., 2009), microglia in mice (Mouton et
al., 2002), and Olgs in mice (Ghandour and Skoff, 1988; Knapp et al., 1990; Cerghet et
al., 2006) have been found in a few studies. Since receptors for P4, E2, and androgens
are found in glial cells (Jung-Testas and Baulieu, 1998; Azcoitia et al., 1999; Garcia-
Ovejero et al., 2002), it is not surprising to find that hormones differentially regulate Olgs
from the progenitor to the adult stage (Zhang et al., 2004).

Since BrdU proliferation is doubled in all 3 brain regions, including the DLC, of 6-
8 month-old C57BL/6 females compared to males, we predicted an increase in Olg

progenitors in the CC of C57BL/6 females compared to males.
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As expected, we found ~50% more PDGFRa" cells in the female CC compared to
males, which paralleled the percent increase of BrdU™ cells in the DLC. The number of
PDGFRa in the CC of SJL/J females did not differ from SJL/J males, showing the same
pattern of BrdU incorporation in the DLC. This data clearly indicates that the generation
of Olg progenitors in both strains closely follows the number of BrdU" cells in the DLC.
In line with the above findings, the ratio of BrdU" cells in the DLC parallels

PDGFR" cells in the CC across all three estrous stages for both strains. The only other
study that examines glial numbers during the estrous cycle was in hippocampal
astrocytes of Wistar rats (Arias et al., 2009). More GFAP™ cells were found during
proestrus compared to males and in diestrus. And even further support for the concept
of Olg progenitor formation parallels the number of BrdU" cells in the DLC is illustrated
by castrated animals. Particularly for the C57BL/6 strain, there was an increase to
female levels of PDGFRa" cells in the CC. This increase is similar to the increase of
BrdU" cells in the SVZ and DLC also found in castrated C57BL/6. However, castrated
SJL/J did not differ from non-castrated and female SJL/J. The results in regards to the
C57BL/6 strain support our previous study that show mature Olgs are decreased in
normal males compared to castrated males (Cerghet et al., 2006).
Cell Death

Neural cell death and proliferation go hand-in-hand (Blaschke et al., 1998;
Cameron and Gould, 1996), but how closely they parallel each other is unknown. The
amount of cell death varies across species (Amrein et al., 2004) and depends on their

genetic background as well as environment (Kempermann et al., 1997).
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We quantified the number of TUNEL" cells in the same animals that we used for the
BrdU studies to provide a direct comparison of cell proliferation and cell death. TUNEL
(Terminal deoxynucleotidyl transferase) is a genetically programmed process of
apoptotic cell death (Skoff, 2001). There are limited data for cell turnover rate in the
SVZ/DLC of rodents, except for a known decrease in cell proliferation in aged rodents
(discussed previously). In the DLC, significantly more TUNEL" cells were found in both
C57BL/6 and SJL/J females compared to males. This finding matches up with the
higher turnover rate of Olg progenitors in females in the CC (Cerghet et al., 2006),
making a strong case that Olg progenitors generated in the DLC of females may be
correlated to the Olg progenitors in the CC. In the SVZ, significantly more TUNEL" cells
are found in C57BL/6 males compared to females but no differences were found in
genders for SJL/J mice.

In castrated C57BL/6 mice, TUNEL" cells in the SVZ and DLC are 2-3X decreased
compared to normal males and females. In sharp contrast, TUNEL cells are relatively
unchanged in SJL/J, a further indication that hormones have less significant roles in
SJL/J compared to C57BL/6. This change should lead to an increase in the number of
Olgs, which is what we observed (Cerghet et al., 2006). In vitro, DHT increased the
number of caspase-3" cells in both males and females (Swamydas et al., 2009). Thus,
in both in vivo and in vitro conditions, T4 plays a role in regulating cell death. Our data
show that proliferation and death do not parallel each other because the ratios (Fig. 10)

are radically different.
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Because the length of time from the induction of cell death genes to the end stages of
apoptosis (TUNEL") may extend for several hours (Zhu et al., 2000) and it is unknown if
the length of apoptosis is sexually dimorphic, it is difficult to extrapolate the total of
number of Olgs present in males and females based on these ratios. However, in the
case of the C57BL/6 castrated mice, where the ratio of BrdU" cells to TUNEL" cells is
about 6X that of normal males, the prediction is that there should be (and there are)
more OIgs in the castrated males compared to normal males.
SVZ and neurodegenerative repair

Discovering the mechanisms that regulate neurogenesis of normal adult mice in
the SVZ and DLC is important to stimulate Olg progenitors to remyelinate. SVZ
progenitor cells become activated in response to different pathological cues like trauma,
ischemia, neurodegeneration, inflammation, and demyelination. These cells can bypass
their regular pathway through the RMS to the OB and migrate toward the injured area
and differentiate to the phenotype of lost cells (Arvidsson et al., 2002; Nakatomi et al.,
2002; Parent et al., 2002; Romanko et al., 2004). In demyelinating paradigms, SVZ cells
self-renew and migrate into surrounding white and gray matter to serve as an additional
source of gliogenic precursors for remyelination (Blakemore and Keirstead, 1999; Nait-
Oumesmar et al., 2008). Olg progenitors from local areas and from the SVZ are the
main source of cells involved in remyelination (Nait-Oumesmar et al., 1999; Picard-
Riera et al., 2002; Zhao et al.,, 2005). However, the regulation and functional
significance of the repair mechanism is still poorly understood, and it is unknown how

injury affects the cellular composition of the SVZ (Lindvall and Kokaia, 2006).
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In the lysolecithin (LPC) model of demyelination, SVZ cells proliferate, migrate and
differentiate into Olgs in the CC (Nait-Oumesmar et al., 1999; Menn et al., 2006;
Etxeberria et al., 2010). In EAE, the SVZ laterally thickens and SVZ cells proliferate and
become mobilized to generate astrocytes and Olgs in the injured CC, striatum, and
fimbria (Calza et al., 1998; Picard-Riera et al., 2002). Likewise in humans, the SVZ and
demyelinated lesions expressed transcription factors involved in oligodendrogenesis in
MS, and the repetitive inflammatory insults do not exhaust their proliferative potential
(Nait-Oumesmar et al., 2008). In addition to increasing cells in the SVZ after
injuryl/iliness, the SVZ of different species respond dissimilarly to the same insult. For
example, separation of the SVZ from the olfactory bulb causes a decrease in BrdU
incorporation in mice, but causes an increase in rat, suggesting that it is hazardous to
extrapolate similar responses of the SVZ to a given injury across species (Goings et al.,
2002).
Hormones in MS

Sex steroid plasma levels in females change during the menstrual cycle,
menopause and pregnancy to modify the disease course of MS (Darlington, 2002;
Vukusic et al., 2004; El-etr et al., 2005; Holmqvist et al., 2006; Tomassini and Pozzilli,
2006; Vukusic and Confavreux, 2006; Schwendimann and Alekseeva, 2007; Giatti et
al., 2010). These sex steroid plasma levels, under genetic regulation, may modulate the
immune response (Jansson and Holmdahl, 1998; Voskuhl, 2002) and may be another

possible link to disease susceptibility.
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One thing we do know is that the mechanism by which sex hormones alter susceptibility
to autoimmunity is unknown. Estrogens and androgens may influence the severity of
MS by regulating the immune response through sex hormone receptors found in cells
throughout the CNS (Amandusson et al., 1995; Lumbroso et al., 1996). Based on MRI
results, a small cohort of men with MS, develop less inflammatory but more destructive
lesions than women (Pozzilli et al., 2003). Also, male MS patients have significantly
lower levels of serum T4 compared to age-matched healthy men (Wei and Lightmen,
1997). Testosterone treatment may also have neuroprotective effects. Based on MRI
results, men with relapsing remitting MS have less brain atrophy and better cognitive
improvement when treated with T4 (Sicotte et al., 2007). Understanding the connection
between hormones and the repair of lesions may help explain why the prevalence of
MS between female to male humans is 2:1 (Noseworthy et al., 2000; Duquette et al.,
1992).
Hormones in EAE

The role of sex and hormones in EAE is confusing because each strain’s
response to EAE induction is dependent on age and gender. Like MS, SJL/J females
with EAE are more prone to develop the disease compared to males (Palaszynski et al.,
2004). Interestingly, gonadal androgens (Voskuhl et al., 2011) and T4 treatment (Dalal
et al., 1997) are protective in EAE for some strains. Testosterone is thought to play a
role in the disease course, where it has been shown to decrease relapses in male SJL/J
mice with EAE (Bebo et al., 1998). Also, EAE susceptibility in SJL/J mice increases

after castration (Bebo et al., 1998).
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Pregnancy protects animals from EAE (Evron et al., 1984; Mertin and Rumjanek, 1985),
aids in the ability to re-myelinate lesions, and regulates Olg precursor proliferation
(Gregg et al., 2007). Estrogen treatment has also been shown to decrease EAE severity
of females in a number of strains (SJL/J, B10.PL, B10.RIII, and C57BL/6) (Jansson et
al.,, 1994; Kim et al., 1999; Subramaniam et al., 2003), and also in SJL/J males
(Palaszynski et al., 2004). In EAE, both male and female hormones ameliorate disease
but how they interact together is unknown.
Sex, strain, and EAE

In addition to SJL/J, the ASW and NZW strains of mice exhibit increased
susceptibility to EAE in females compared to males (Papenfuss et al., 2004). However,
males of the B10.PL and PL/J strains are more susceptible to disease than females
whereas C57BL/6 and NOD/Lt strains show no gender difference (Palaszynski et al.,
2004; Papenfuss et al., 2004). In rats, males are more susceptible to EAE than females
(Willenborg et al., 1986; Griffin and Whitacre, 1991). Besides hormones, genetics are
also involved in the disease course (Okuda et al., 2002; Palaszynski et al., 2004). We
studied 6-8 month-old BALB/c strains of mice because of their genetic similarities to the
C57BL/6 strain (Fig. 3B). C57BL/6 and BALB/c have similar disease profiles in EAE,
with both strains more resistant to disease induction than SJL/J. (Raine et al., 1980).
Susceptibility to EAE is partially dependent upon MHC haplotypes (Bernard, 1976;

Arnon, 1981; Linthicum and Frelinger, 1982). It is theorized that EAE predisposition is
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linked in part to the MHC background of the strain, with H-2s (SJL/J) and H-2u
backgrounds being susceptible whereas H-2b (C57BL/6) and H-2d (BALB/c) are more
resistant (Fritz et al., 1985). However, sex hormones may control genetic susceptibility
to EAE (Linthicum and Frelinger, 1982). Interestingly, BALB/c exhibit a completely
different proliferation pattern than C57BL/6 mice. This indicates that the regulation of
proliferation is not only dependent upon the MHC haplotype but also other factors.
Age, MS, and EAE

Age of clinical onset is one factor with prognostic importance to MS (Bergamaschi,
2007). Disease onset in females occurs soon after puberty in females but later in life
(30-40 years-old) in males (Voskuhl and Palaszynski, 2001). Analysis of middle-age
rodents with EAE is a relevant way to understand different clinical expression observed
in MS with maturation. For example, Matejuk and colleagues (2005) observed a
difference between young (6-8 week-old) and middle (6-8 month-old) C57BL/6 male
mice with EAE. Young males develop an acute phase of EAE and are responsive to
protective effects of T4, while middle age males suffer severe chronic EAE and are
unresponsive to T4. Age differences have also been observed in the SJL/J strain, where
SJL/J females (4-8 week-old) are more susceptible to EAE than age matched males
(Cua et al., 1995; Spach et al., 2009). However, this reverses with age where older (=212
weeks-old) males have more severe EAE than old females. Even in aged (24-26 month-
old) and middle age (12-13 month-old) Wistar rats, chronic relapsing EAE was
observed, but young rats of the same strain (2-3 month-old) had a monophasic course

of the disease (Ludowyk et al., 1993).
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Changes in immune function of middle aged (15 month-old) Wistar rats may account for
the difference in susceptibility and severity of disease expression in EAE compared to
young rats (7 week-old) (Ditamo et al., 2005). In contrast, an age-related decline in
susceptibility to EAE was demonstrated in Fischer 344 male rats (Levine and Sowinski,
1976) and in BABL/c mice (12 month-old), where aged mice developed histological EAE
without clinical signs (Endoh et al., 1990). In addition, both age and season of the year
controlled susceptibility to EAE in B10.S X SJL/J mice (Teuscher et al., 2006).
SVZ proliferation in EAE

At this stage of our studies, it is difficult to relate sexual dimorphism of
proliferation that we find in normal mice with proliferation in EAE mice, let alone
correlation of their clinical signs. One reason is that most EAE studies have looked at
proliferation in the SVZ of one sex (usually females), and in mice younger than 6-8
months. Most studies show enhanced proliferation of the SVZ in EAE female rodents
(Calza et al., 1998; Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002). However,
one example showed a decrease in SVZ proliferation of C57BL/6 female mice (6-8
weeks) with EAE (Guo et al.,, 2010). Complicating matters further, changes in
proliferation occur during acute and chronic EAE and differences in environment.
Proliferation in SJL/J mice increases during acute EAE but decreases during chronic
stages due to increased microglial activation (Rasmussen et al., 2011). Proliferation in
the SVZ of EAE rodents also increases in an enriched environment (Magalon et al.,

2007).
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LPC Demyelination

Our LPC analysis is still underway to gain a better understanding if gender and
strain have any significance on remyelination after LPC insult. We are also in the
process of examining plastic sections for differences in remyelination. So far, the most
obvious difference we found was between strains at all three sacrifice time points (Figs.
17, 18, 19). 1) There are significantly more BrdU" cells found in the striatum on the
LPC-injected side of the brain for both C57BL/6 males and females compared to SJL/J
males and females. 2). We also found significantly more BrdU" cells in C57BL/6 males
compared to their female counterparts at the first two time points, and the same trend at
the 21 d time point. At the 4 d time point, the presence of BrdU" cells in the striatum for
C57BL/6 males and females indicates that a significant amount of endogenous
proliferation occurs in this strain. This is because we administered a single 2 h pulse of
BrdU, where more time is needed for the cells to migrate into the striatum. Interestingly,
when we analyzed normal C57BL/6 males and females at a 2 h pulse of BrdU, females
consistently had more BrdU proliferation than males in all regions studied (See Fig. 6B).
Thus, with LPC injection we are observing just the opposite; where males have more
BrdU" cells than females in their striatum. Obviously, the injury leads to production of
factors that increase proliferation greater in males than in females. At the 14 d and 21 d
time points, it is possible that a significant amount of BrdU™ cells in the striatum are cells
that have migrated from the adjacent SVZ. This is possible because SVZ proliferation is
increased at all 3 sacrifice time points on the ipsilateral side of the LPC injection. As

mentioned previously, the SVZ in injured brains can laterally thicken.
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SVZ cells proliferate, and become mobilized to generate astrocytes and Olgs in the
injured CC, striatum, and fimbria (Calza et al., 1998; Picard-Riera et al., 2002).
However, it was recently found that Olgs can also be generated without SVZ cell
proliferation from a subset of SVZ progenitors after LPC injection (Jablonska et al.,
2010). This demyelination actually upregulates the BMP antagonist chordin and
promotes Olg production from Gad-65 and Dcx-expressing progenitors (Jablonska et
al., 2010).

One theory why the C57BL/6 strain has more BrdU" cells in their striatum might be
due to a more permissive environment for cell recruitment into the parenchyma
compared to SJL/J. In Fig. 23 we observed more Iba-1", BrdU*, and lba-1"/BrdU"
labeled cells in the striatum of C57BL/6 males compared to SJL/J males. It is possible
that myelin debris are cleared quicker by the increase in microglia in C57BL/6, therefore
BrdU" cells are recruited more efficiently into the striatum. Another theory for the
increase in microglial cells for C57BL/6 males is that the inflammatory response is more
extreme in this strain compared to others (Guida et al., 1995; Roggero et al., 2002).

Also, T4 decreases reactive astroglia and reactive microglia after brain injury in
male rats (Barreto et al., 2007) and promotes an anti-inflammatory response (Matejuk et
al., 2005). This finding supports our analysis where serum T4 is more significant in
SJL/J males compared to C57BL/6 males (See Fig. 10). The higher T4 serum level in

SJL/J males might be why we see less microglial activation in this strain.
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Microglia obviously play a significant role in injured tissue, because there is also
an age-related decrease in the efficiency of myelin debis clearance after LPC in older
vs. younger rodents (Gilson and Blakemore, 1993). This may have an affect in the
differentiation and recruitment of OPCs (Robinson and Miller, 1999). Remyelination is
initiated by the inflammatory response to demyelination since its suppression leads to
remyelination impairment (Chari et al., 2003; Arnett et al., 2002; Kotter et al., 2005).
Therefore, differences in the inflammatory response to demyelination in young and old
animals may account for the differences in the signaling environment and hence, the
efficiency of remyelination. More LPC remyelination analysis needs to be performed in
rodents older than 6-8 weeks; this is one of the reasons why we chose 6-8 month-old
rodents for our study.

Microglia are activated in response to pathological changes in the CNS including,
but not limited to, disease, inflammation, trauma, ischemia, and neurodegeneration
(Kreutzberg, 1996). Activated microglia act as scavenger cells and pick up myelin debris
to repair tissue. The microglial transformation from resting to activated cells is tightly
regulated and can occur in response to neural degeneration (Kreutzberg, 1996).
However, it is still unclear if microglia activation is also detrimental in addition to helpful
in pathological tissue. For example, in our previous publication (Tatar et al., 2010)
significant microglial activation and upregulation was found in PLP over-expresser
rodents (Rodent model used for Pelizaeus Merzbacher Disease), even before an age at
which myelin commences in the CNS. Therefore, there must be something other than

demyelination causing microglial activation.
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In the LPC model, we observed different stages of microglial activation based on
cell morphology, at each sacrifice time point. The change in microglia activation typically
occurs in a stereotypic pattern as a result of injured tissue. The microglia we observed
at the 4 d time point depicted the morphology of typical activated microglial cell (short
bushy processes, large cell bodies) that resemble phagocytic cells (Fig. 24A). At the 14
d time point, microglia have a different morphology with long thin processes, and
elongated/rod shaped cell bodies (Fig. 24B). At the 21 d time point, microglia have
smaller cell bodies and multiple branches (Fig. 24C). As mentioned previously, the
microglia in the striatum at the 21 d time point for C57BL/6 males are numerous and
mostly double labeled with BrdU*. This indicates that microglia are still very much
activated at this later time point, at least for this strain and gender. However, at the 21 d
time point for SJL/J males, microgllia in the striatum are few compared to C57BL/6
males and have minimal microglia double labeled with BrdU". It can be predicted that
the SJL/J males have more resting microglia cells by the 21 d time point, thus, having
less of an inflammatory response to LPC demyeliation.

Based on our preliminary analysis, PDGFRa" cells in the CC have morphological
changes at all three LPC injection time points and, also, compared to the contralateral
non injected side of the brain. It is still unclear if this change holds true for all strains and
for both genders studied but Fig. 25 represents this well for C57BL/6 females. At the 4 h
injection time point, we noticed the greatest upregulation of PDGFRa" cells with a larger

morphology on the LPC side of the brain.
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These OPCs might be sending their processes around damaged axons before
differentiating into mature Olgs at this time.

At the 14 d time point, it appears as if PDGFRa" cells return to normal levels,
comparable to the non-injected side of the brain. The OPCs by this time might be dying,
or have differentiated into mature Olgs. Lastly, At the 21 d time point, the CC has
numerous round cells, where remyelination has commnenced by this time and all
progenitors have differentiated into mature Olgs.

Conclusions

The main message from our studies is that regulation of neurogenesis in normal
adult rodent brains is controlled by many factors acting at different levels of regulation.
At the hormonal level, male and female hormones both regulate proliferation and death
of neural progenitors. In EAE and in MS, both male and female hormones also regulate
proliferation and, presumably, death but the latter factor has not been studied in EAE
and in MS. Based upon our in vitro studies (Swamydas et al., 2009) of hormonal
regulation of Olg progenitor formation, the present studies, and data from MS patients of
both male and female hormonal modulation of disease severity, subtle changes in
hormonal levels can modulate neural progenitor formation and disease severity.
Integrating all the available information from normal, EAE animals, and human MS
studies, male and female hormones, genetics, and environment all interact to play
regulatory roles. The present study shows that strain, sex, hormones, age, and brain
region all modulate neural proliferation. These studies should guide future investigations

of neural regulation to take into account these factors in the interpretation of data.
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Extrapolation of data from one sex, one brain region, and one strain of mice is unlikely
to apply to other sexes, strains, and brain regions. Importantly, LPC between SJL and
C57 are radically different. These differences are likely to play a role in the extent of

remyelination in MS.
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ABSTRACT

DETERMINANTS OF CNS ADULT NEUROGENESIS ARE SEX, HORMONES,
MOUSE, STRAIN, AGE, AND BRAIN REGION SPECIFIC
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Multiple sclerosis is a sexually dimorphic (SD) disease that causes
oligodendrocyte death but SD of glial cells is poorly studied. Here, we analyze SD of
neural progenitors in 6-8wk and 6-8mo normal C57BL/6, SJL/J and BALB/c mice in the
subventricular zone (SVZ), dorsolateral horn (DLC), corpus callosum (CC), and
parenchyma. With a short 2 h BrdU pulse, no gender and strain differences are present
at 6-8wk. At 6-8mo, the number of BrdU" cells decreases 2-fold in both sexes, strains
and regions indicating a common aging mechanism regulates BrdU incorporation.
Strikingly, 2X more BrdU" cells are found in all brain regions in 6-8mo C57BL/6 females
vs males, no gender differences in 6-8mo SJL/J, and fewer BrdU™ cells in females vs
males in BALB/c's. The number of BrdU" cells modestly fluctuates throughout the
estrous cycle in C57BL/6 and SJL’s. Castration causes a dramatic increase in BrdU"

cells in SVZ and DLC.
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These findings indicate testosterone is a major regulator of adult neural proliferation. At
6-8mo, the ratio of PDGFRa" cells in the CC to BrdU" cells in the DLC of both strains,
sexes, estrous cycle and castrated mice was essentially the same, suggesting BrdU*
cells in the DLC differentiate into CC oligodendrocytes. The ratio of TUNEL" to BrdU*
cells does not match proliferation, indicating these events are differentially regulated.
Differential regulation of these two processes leads to variation in glial numbers
between gender and strain. Explanations of neural proliferation based upon data from

one sex or strain may be very misleading.
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