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ABSTRACT

Alexander disease (AxD) is a rare and fatal neurodegenerative disorder caused by
mutations in glial fibrillary acidic protein (GFAP), which leads to GFAP accumulation above an
unknown toxic threshold. There is no cure for AxD, but reduction of GFAP may alleviate AxD
patient symptoms. In anticipation of future drug therapies, we explored the potential of GFAP
as a biomarker for analysis of drug efficacy in mouse models of AXxD and AxD patients. In
chapter 2, we investigated two independent measures of GFAP expression in AxXD mouse
models: a genetic reporter of promoter activity and quantification of GFAP protein directly in a
manner that could also be employed in human studies. Using a reporter mouse line which
expresses firefly luciferase under the control of the murine Gfap promoter, we found that

+/+

luciferase activity reflected the regional CNS variability of Gfap mRNA in Gfap™" mice, and
increased in a mouse model of AxD. We also quantified GFAP protein in CSF from three
different AxXD mouse models and found GFAP levels increased in all models. In chapter 3, we
analyzed GFAP protein in CSF and plasma from AxD patients, finding GFAP was significantly
elevated in both CSF and plasma of AxD patients compared with controls. The results from

Chapters 2 and 3 suggest we have good biomarkers in mouse models of AxD (Gfap promoter

activity and GFAP in CSF) and AxD patients (GFAP in both CSF and plasma). In chapter 4, we



i
analyzed the potential GFAP regulatory effects of estradiol (E2). A previous drug screen
revealed E2 decreased Gfap promoter activity by 26% (Cho et al. 2010). In a mouse model of
AxD, we found minimal changes in GFAP expression resulting from either surgical or
pharmacological manipulation of estradiol levels. In addition, no fluctuation in GFAP expression
was evident during the natural variations in endogenous estrogens occurring during the estrous
cycle. These studies suggest caution in the implementation of estrogen-based treatments for
AxD. Overall, the conclusions of the work described in this report support GFAP as a biomarker

for AxD that can be utilized in future clinical trials to determine drug efficacy.



ii
Acknowledgements
I would like to thank my professor, Dr. Albee Messing, for being supportive and providing
great advice and a great lab in which to work. | would also like to thank my graduate committee
members, Dr. Jon Levine, Dr. Lingjun Li, Dr. Robert Nickells, and Dr. Zsuzsanna Fabry, for their
insightful suggestions and continued guidance. Their collective expertise has been greatly
appreciated and helped me to develop into a better scientist. Likewise, | am grateful to all the
members of the Messing lab, including Dr. Tracy Hagemann, Dr. Christine LaPash Daniels, Dr.
Laura Moody, Dr. Elizabeth Jacka, Denice Springman, Charanjeet Kaur, Elizabeth Paffenroth,
Elizabeth Austin, and Jessica Gulliver for providing great advice, help, time, entertainment, and
friendship throughout the last few years. | would also like to thank Jason Pinnow, Dawna Bollig,
and the Rodent Model Core for maintaining the animal and surgery facilities and providing great
advice and stories.
| would like to recognize my dear friends and family who cheered me on throughout my
University of Wisconsin-Madison experience. | would especially like to thank my mom, my dad,
my step-dad, both of my sisters, and my in-laws for their love and support and for always being
there for me. Finally, | would like to thank my husband, Chris Jany, for his support, love, and for

being my best friend through thick and thin.



Table of Contents

ADSEIACT . . . s i
ACKNOWIEAGEIMENTS. . ... et iii
Table Of CONTENTS. ... . e iv
LISt Of FIQUIES. ...t e vii
ADDIEVIALIONS . ...t e X
Chapter 1: INtrodUCHION. ... e eens 1

B U, e 27

REFEIEBNCES. ... 36

Chapter 2: GFAP expression as an indicator of disease severity in mouse models of Alexander

(0 [E5]=T= 1] PP PRPRPN 60
Y 013 1 = o 62
INEFOAUCTION. ...t 63
MEENOS. . .. e e 64
R SUIS . . 68
DS CUSSION. ...ttt e 72
ACKNOWIEAGEMENTS. . ...t 76
iU S . o 77
REIIENCES. ..o 89

Chapter 3: Plasma and cerebrospinal fluid levels of GFAP in Alexander disease................... 94
ADSEIACT . . . 96

I O AU ON. e e e e 97



MEENOAS. . .. e 98
RESUIES. ..ot 101
DISCUSSION. .. .ttt 102
ACKNOWIEAdgEmMENTES. ... 105
B U, e 106
REFEIENCES. ... e 126
Chapter 4: Estrogens and GFAP expression in a mouse model of Alexander Disease.......... 129
ADSEIACT . . .t 130
INEFOAUCTION. ... e 131
MEENOAS. . .. 133
R SUIES . . 136
DISCUSSION. ... ettt 138
ACKNOWIEAGEMENTS. ... . 142
iU S . .o 143
REIEIENCES. ... 153
Chapter 5: Discussion and future direCtions. ... 158
DISCUSSION. .. .ttt 159
FULUrE dir€CHIONS. ... ..t 183
CONCIUSION. .. e 190
U . 192

R O N CES. . .ot e e 196



vi

Appendix 1: Enzyme-linked Immuno Sorbent Assay (ELISA) optimization for detection of glial

fibrillary acidic protein (GFAP) in biological fluids...............ccoiiiiii e 219
ADSEIACT . . . 221
INErOTUCTION. ... e 222
Methods and ReESUILS. ... ... 222
DISCUSSION. ... ettt 225
ACKNOWIEAGEMENTS. . ...t 227
B U . e 228
R OIENCES. .. e 234

Appendix 2: GFAP stability and degradation products in mouse CSF and mouse and human

PlASMA SAMPIES. . ... 235
ADSEIACT. . .t 237
(0T [ o (oo 238
ReSUItS @nd DiSCUSSION. ... ...t 240
MEENOAS. . .. e 243
ACKNOWIEAGEMENTS. ... . 246
T U 247

R IO CES . ... e s 255



vii

List of Figures and Tables

Chapter 1
Figure 1.1: Features of Alexander diSEase.............couieiiiiiiiiiiiiiie e, 27
Figure 1.2: Known Mutations within GFAP from AxD Patients..............................l. 29

Figure 1.3: Estrogen response elements in the Gfap promoter and hormonal fluctuations

during the @StrUS CYCIE.... ... 31

Table 1.1: GFAP regulation by E2 treatment...............oo 33
Chapter 2

Figure 2.1: Gfap promoter activity, mMRNA, and protein in Gfap”* mice...................... 77

Figure 2.2: Levels of Gfap promoter activity, mRNA, and protein in Gfap®?*"* mice

compared t0 Gfap ™ MICE......coee e, 79

Figure 2.3: Gfap promoter and mRNA levels by gender...............cocooiii, 81

Figure 2.4: Developmental time course of Gfap promoter activity in Gfap~?**"* brain....83
Figure 2.5: GFAP protein in CSF of mouse models of AXD..............coooviiiiiiiiiinnnn. 85

Figure 2.6: Correlation between GFAP levels in CSF and GFAP levels in the brain...... 87

Chapter 3
Table 3.1: Control CSF SampIes. ... ... e 106
Table 3.2: Alexander disease patient samples.............ccoooiiiiiiiii i 108
Figure 3.1: GFAP levels in CSF of both control and AxD patients..................c......... 111
Table 3.3: GFAP concentrations in CSF and plasma in AxD patients....................... 113

Figure 3.2: Comparison of GFAP concentrations to age and gender in all plasma control

SIS . e 116



viii

Figure 3.3: AxD patient and control plasma GFAP concentrations and its correlation with

Figure 3.4: A direct comparison of GFAP concentrations in CSF and plasma of AxD
PAL NS . . o 120

Figure 3.5: Correlation between GFAP levels in CSF and blood and the disease

category of AXD in patients. ... .. ... 122
Table 3.4: GFAP correlation with age in control CSF.............coooiiiiiiis 124
Chapter 4

Figure 4.1: GFAP protein and mRNA response to OVX and E2 treatment in wild type

Figure 4.2: E2 effects on GFAP after OVX in Gfap”?**"* mice (B6 background).......... 145
Figure 4.3: GFAP concentrations in response to OVX in Gfap?*"* mice (FVBIN
DACKGIOUN ). . e s 147

R236H mice following OVX and pellet

Figure 4.4: Plasma E2 and body weight in Gfap
IMPIANAtION. .. 149

Figure 4.5: The impact of estrus cycle on GFAP expression in Gfap™?*** mice (FVBIN

DACKGIOUNG). . ... et 151
Chapter 5
Table 5.1: Estrogen receptor anatomical distribution in the brain............................ 192

Table 5.2: Estrogen receptor specific agonists. ... 194



Appendix 1
Figure 6.1: ELISA inter-assay variability of biological samples........................ol. 228
Figure 6.2: ELISA optimization...........c.ouieiiiii e 230
Table 6.1: Comparison of ELISAmethods.............ccooiii 232
Appendix 2
Figure 7.1: GFAP in plasma and CSF samples from mouse models of AxD ............. 247
Figure 7.2: Plasma effects on GFAP quantification using an ELISA........................ 249

Figure 7.3: Room temperature incubation effects on the stability of GFAP in mouse CSF
and mouse and human plasma. ... 251

Figure 7.4: 37 kDa GFAP degradation product in pooled GFAP™ CSF sample.......... 253



Abbreviations
160-LE2 — 160-lactone-estradiol
ACM - astrocyte conditioned media
AD — Alzheimer’s disease
ALS — amyotrophic lateral sclerosis
AP — activator protein
AxD — Alexander disease
BLD - biological limit of detection
bp — base pair
BSA — bovine albumin serum
CNMC - Children’s National Medical Center
CNS - central nervous system
COQV - coefficient of variation
CRE — cAMP response element
CSF — cerebrospinal fluid
DBD — DNA binding domain
DE — diestrus
DES - disethylstibestrol
DPN — diarylpropiolnitrile
E — estrus
E2 — estrogen
EAE — experimental autoimmune encephalomyelitis
ECL — entorhinal cortex lesion
ELISA - enzyme-linked immuno sorbent assay

ER — estrogen receptor



ERE — estrogen response element

ERK — extracellular signal-related kinase
fLuc — firefly luciferase

Gdx — gonadectomy

GATA - globin transcription factor
GFAP — glial fibrillary acidic protein
GPR30 — G-protein coupled receptor 30
GSH - glutathione

HPG — hypothalamic-pituitary-gonadal

HPTE - 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane

HSP — heat shock protein

IF — intermediate filament

IgG — immunoglobulin G

INFy — interferon gamma

IRB — Institutional Review Board
JNK — c-Jun N-terminal kinase
kDa — kilodalton

L — liter

LBD - ligand binding domain
LIQ — liquiritigenin

LLD — lower limit of detection

LP — lumbar puncture

LPS - lipopolysaccharide
MAPK — mitogen-activated protein kinase

MCAO — middle cerebral artery occlusion

Xi



mGIuR — metabotropic glutamate receptors
ML — microliter

mL — milliliter

ME — metestrus

MLK — mixed linage kinases

MRI — magnetic resonance imaging

MS — multiple sclerosis

mTOR — mammalian target of rapamycin
NF — nuclear factor

NFkB — nuclear factor kappa-light-chain-enhancer of activated B cells
ng — nanogram

NTD — amino-terminal domain

OGD - oxygen-glucose deprivation

OVX — ovariectomy

PBS — phosphate buffered saline

PE — proestrus

Pl — protease inhibitors

PL — placebo

PPT — propyl-pyrazole-triol

RF — Rosenthal fiber

R,R-THC — R,R-tetrahydrochrysene
RSV — respiratory syncytial virus

RT — room temperature

SCI — spinal cord injury

SD - standard deviation

Xii



SOCS3 - suppressor of cytokine signal 3

SOD - superoxide dismutase

SP — specificity protein

STAT3 — signal transducer and activator of transcription 3
TBI — traumatic brain injury

TGFp - transforming growth factor beta

TNFa — tumor necrosis factor alpha

TX — Triton-X-100

Tw20 — Tween 20

Xiii



Chapter 1:

Introduction



Alexander disease (AxD) is an untreatable, rare, and fatal disorder caused by
abnormalities in brain cells known as astrocytes. In astrocytes mutations in the main
cytoskeletal structure alters astrocyte function which results in a variety of symptoms in AxD
patients through unknown mechanisms. In the next several sections, we will explore AxD and
determine potential biomarkers in mice and humans as well as elucidate the role of estradiol as
a potential treatment in an effort to better understand AxD. First, | will give a brief overview of
the central nervous system (CNS) and the role of astrocytes during normal function. Then, | will
explain what is known about AxD including mouse models and potential drug treatments.
Finally, | will discuss potential biomarkers of AxD and their use in determining the efficacy of

potential drug therapies such as estradiol.

Central Nervous System and Astrocytes

The main two cell types present in the brain are neurons and glia. Neurons are involved
in processing and transmitting information through electrical and chemical signals, while glia are
traditionally thought to support neuronal function. There are several different types of glial cells
present in the brain, each with complex processes or projections extending from a cell body.
Glia are important regulators of nerve signal propagation, synaptic transmission, and recovery
from neural injury among other functions. The three main types of glial cells are
oligodendrocytes, microglia, and astrocytes.

Oligodendrocytes surround neuronal axon projections with myelin, an insulating material,
to reduce ion leakage and increase synaptic transmission velocity. Microglia are a type of
immune cell which defends the CNS from infection. Astrocytes have a diverse function
throughout the brain. Astrocytes maintain the blood-brain barrier (Brightman and Reese 1969;
Bush et al. 1999), regulate blood flow (Lovatt et al. 2007), maintain neuronal circuits through

regulation of the synaptic environment and neurotransmitter concentrations (Rothstein et al.



1996; Araque et al. 1998; Oliet et al. 2001; Hirrlinger et al. 2004; Regan et al. 2007), and
maintain sleep through release of adenosine (Benington et al. 1995; Thakkar et al. 2003;
Thakkar et al. 2003; Halassa et al. 2009).

Astrocytes also display regional variation in astrocyte cell sub-type as well as in
astrocyte-neuron interactions, receptor expression, second messenger responses, and protein
concentration in various brain regions (Hansson 1990; Regan et al. 2007; Yeh et al. 2009;
Fitting et al. 2010), which is referred to as astrocyte heterogeneity. In the late nineteenth
century, astrocytes were divided into two main subtypes (Andriezen 1893; Sofroniew and
Vinters 2010). Protoplasmic astrocytes are found in gray matter and have thick, highly
branched processes. Fibrous astrocytes, located in white matter, have long, thin processes with
few branches (Andriezen 1893). Since then, several other astroglial cells have been identified
including Muller glia in the retina, Bergman glia in the cerebellum, tanycytes in the ventricles, as
well as others (Sofroniew and Vinters 2010). The reason astrocytes vary regionally is unclear,
though gene expression patterns vary regionally in astrocytes when comparing cortex,
cerebellum, and brain stem both in vitro and in vivo (Yeh et al. 2009; Fitting et al. 2010).

Astrocytes also play an essential role after neurological insult due to injury, disease, or
infection by becoming reactive. Reactive astrocytosis, or astrogliosis, is characterized by
hypertrophy, or increased cell size, as well as upregulation and reorganization of glial filaments,
such as glial fibrillary acidic protein (GFAP), vimentin, and nestin (Andriezen 1893; Eliasson et
al. 1999; Wilhelmsson et al. 2004; Middeldorp and Hol 2011). Reactive astrocytes form a glial
scar at the injury location which may reduce or exacerbate damage to neuronal tissue
depending on the damage type, severity, and time point observed (Pekny et al. 1999; Bal-Price
and Brown 2001; Wilhelmsson et al. 2004; Voskuhl et al. 2009). Astrocytes protect neurons
through regulation of antioxidant levels, blood brain barrier, cell infiltration, and neurogenesis by

releasing neurotrophic factors after injury (Friedman et al. 1996; Bush et al. 1999; Song et al.
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2002; Shih et al. 2003; Zhao et al. 2003; Faulkner et al. 2004; Pekny and Nilsson 2005; Barkho
et al. 2006; Okada et al. 2006; Lovatt et al. 2007; Li et al. 2008; Voskuhl et al. 2009). Neuronal
damage is exacerbated by astrocytes after injury through expression of anti-regeneration
chemicals and enzymes such as nitric oxide synthase, nuclear factor kappa B (NFkB), and
suppressor of cytokine signal 3 (SOCS3) (Bal-Price and Brown 2001; Heneka et al. 2001;
Heneka et al. 2005; Okada et al. 2006; Brambilla et al. 2009; Brambilla et al. 2009; Sofroniew
2009).

Astrocyte response to injury also varies in different brain regions. When comparing
oxygen-glucose deprivation (OGD), peroxide, and excitotoxic insults to primary astrocyte
cultures, cortical, hippocampal and striatal astrocytes responses differed to each insult (Xu et al.
2001). Cortical astrocytes were more sensitive to oxidative stress caused by peroxide exposure
compared with hippocampal and striatal astrocytes, while striatal astrocytes showed more injury
with OGD. Further analysis of several antioxidant parameters in the primary astrocyte cultures
revealed differential protein expression with higher levels of glutathione (GSH) in striatal
astrocytes, intermediate levels in cortical astrocytes, and the lowest levels of GSH in
hippocampal astrocytes. Superoxide dismutase (SOD), another antioxidant protein, was
highest in striatal astrocytes with the lowest concentrations of SOD found in cortical astrocytes.
The apoptosis regulator protein, bcl-X, had higher concentrations in striatal astrocytes with the
lowest concentration in hippocampal astrocytes (Xu et al. 2001). These results indicate injury
and astrocyte location influence protein expression in astrocytes, indicating astrocytes display

regional heterogeneity both during normal function as well as response to injury.

Astrocyte Intermediate Filaments
In astrocytes, the main intermediate filaments are GFAP and vimentin which are type |l

intermediate filaments (IFs) (Fuchs and Weber 1994). Vimentin is the most widely expressed IF



while GFAP is mainly found in astrocytes (Mamber et al. 2012). IFs are unique in the lack of
structural polarity as well as the mode and location of assembly and turnover (Coulombe and
Wong 2004). All IFs are composed of a central a helical domain known as a rod with non-
helical head and tail domains (Pauling and Corey 1953; Geisler and Weber 1982; Marchuk et al.
1984; Albers and Fuchs 1987; Wong and Cleveland 1990). The head and tail domains can vary
in length between different IFs, but the rod domain is conserved. Three short non-helical linkers
segment the rod domain, with the helical domains between known as 1A, 1B, 2A, and 2B
(McLachlan 1978; Conway and Parry 1990; Lu and Lane 1990). IFs can self-assemble in vitro
with no other auxillary protein necessary for assembly. Amino acid substitutions within the 1A
or 2B rod domains can disrupt IF assembly (Hatzfeld and Weber 1991; Letai et al. 1992).

GFAP is the main intermediate filament within astrocytes and is also the hallmark of
reactive astrogliosis (Fuchs and Weber 1994; Pekny et al. 1999; Pekny and Pekna 2004; Pekny
and Nilsson 2005; Middeldorp and Hol 2011). The human GFAP gene is located on
chromosome 17 at position 21 and spans 9869 nucleotides. There are several different GFAP
isoforms including GFAPa, GFAPB, and GFAPS. GFAPaq, the major isoform of GFAP, is
encoded by 9 exons, contains 432 amino acids, has a molecular mass of 50 kilodaltons (kDa),
and is the isoform hitherto referred to as GFAP (Brenner et al. 1990; Inagaki et al. 1994;
Middeldorp and Hol 2011). Sequence analysis of GFAP reveals high sequence similarity
between humans and mice (Brenner et al. 1990).

In mice and humans, the Gfap promoter is known to have several transcriptional
regulators important for Gfap expression in astrocytes and upregulation of GFAP in response to
injury (Brenner 1994; Brenner et al. 1994; Johnson et al. 1995; Lee et al. 2006; Lee et al. 2008).
Specific analysis of a 2.2 kb GFAP promoter revealed a TATA-like sequence required for
transcription located 29 bp upstream of the transcription start site as well as several positive and

negative regulators which upregulate or inhibit transcription respectively (Sarid 1991; Sarkar



and Cowan 1991; Brenner 1994; Kaneko et al. 1994), such as globin transcription factor
(GATA), interferon gamma (IFNy) and NFkB which can negatively regulate GFAP (Brenner
1994; Lee et al. 2008) and activator protein (AP), signal transducer and activator of transcription
3 (STAT3), and cAMP response elements (CRE) which can positively regulate GFAP (Besnard
et al. 1991; Brenner 1994; Laping et al. 1994; Takizawa et al. 2001; Lee et al. 2008).

GFAP expression is detectable early in development and is highly variable depending
upon the brain region observed (Laping et al. 1994; Martin and O'Callaghan 1995; Mamber et
al. 2012). Gfap mRNA and protein in mice and humans is highest in the spinal cord and brain
stem followed in descending order by hippocampus, olfactory bulb, and cerebellum (Palfreyman
et al. 1979; Chen et al. 1993; Martin and O'Callaghan 1995; Lein et al. 2007). Vimentin is
normally expressed early in development, with continued expression in fibroblasts, ependymal
cells, astrocytes, and glial precursors in adult cells (Schnitzer et al. 1981; Mamber et al. 2012).
A third cytoskeletal protein found in astrocytes is nestin. Nestin is expressed in several different
types of dividing cells during development, but expression typically does not continue into
adulthood (Yachnis et al. 1993; Loo et al. 1994; Von Visger et al. 1994; Mamber et al. 2012).
During astrocyte activation, all three intermediate filaments are upregulated, though only
vimentin and GFAP appear to have a critical function for astrocyte reactivity (Wilhelmsson et al.
2004).

GFAP ablation in astrocytes limits astrocyte hypertrophy and wound healing though IFs
are still present (Eliasson et al. 1999; Pekny et al. 1999; Wilhelmsson et al. 2004; Macauley et
al. 2011). Analysis reveals IFs in astrocytes with no GFAP are composed of vimentin and
nestin. When vimentin is removed, GFAP is the only protein detectable in the IFs and the IFs
are compactly bundled (Eliasson et al. 1999). In both cases, response to injury decreases,
healing is prolonged, and limited astrocyte hypertrophy, determined by astrocyte process length,

is present (Eliasson et al. 1999; Wilhelmsson et al. 2004; Macauley et al. 2011). Removal of



both GFAP and vimentin reveals no IF formation and limited reactive astrocytosis after injury
(Eliasson et al. 1999; Pekny et al. 1999; Wilhelmsson et al. 2004). Overall, this indicated that
after an injury vimentin and GFAP were both important for astrocyte hypertrophy and healing

function.

Alexander Disease

Alexander disease (AxD) is a rare, fatal neurodegenerative disease first described in
1949 by W. Stewart Alexander (Alexander 1949). Several neurodegenerative diseases occur
when proteins begin to abnormally accumulate. Many neurodegenerative diseases impair
protein control and degradation pathways such as proteasomes or autophagosomes, resulting
in intracellular inclusions or extracellular aggregates (Rubinsztein 2006; Takalo et al. 2013).
These aggregates may induce toxicity both in the affected cell and surrounding cells, resulting in
loss of structure and function in neural cells (Rubinsztein 2006; Takalo et al. 2013). Several
common neurodegenerative diseases include Alzheimer’s, Parkinson’s, and Huntington’s
diseases. Some of the current therapies focus on decreasing toxicity and protein accumulation,
and increasing degradation pathways (Rubinsztein 2006; Takalo et al. 2013).

AxD was first described in a 15 month old male with an enlarged head, or
megalencephaly, developmental deficits, and seizures (Alexander 1949). The individual had no
family history of disease and after death, inspection of the brain revealed white matter
abnormalities and homogeneous bodies around blood vessels and subpial zones, areas directly
below the pia mater or membrane enveloping the brain and spinal cord. Astrocytes were
hypertrophied and were closely associated with the bodies (Alexander 1949). In 1964, the
disease was first designated Alexander disease and defined by characteristic granular,

eosinophilic deposits in perivascular tissue as well as along the pial surface (Friede 1964).



There are three different forms of AxD distinguishable by age of onset (Brenner et al.
2009). Infantile AxD, the most common form, is characterized by white matter degeneration,
especially in the frontal portion of the brain (Fig. 1.1A), megalencephaly, seizures, and
developmental deficits with onset between 0 and 2 years of age. Death occurs approximately 4
years after presentation with most deaths due to respiratory complications. Juvenile AxD
occurs between 2 and 12 years of age and usually presents with bulbar and pseudobulbar
difficulties such as difficulties in speech, swallowing and coordination. Megalencephaly is less
consistent in the juvenile form of AxD and these individuals typically have later and less rapid
deterioration with death normally 8 years after onset. The adult form of AxD occurs after the
age of 12, has variable presentation, and is usually the least severe form of AxD. Adult AxD
presents with hindbrain symptoms such as ataxia and spasticity with death ranging from 2 to 20
years after onset (Brenner et al. 2009). Recently, a re-classification based on symptoms has
been performed (Prust et al. 2011). The new classification has only two different forms, type 1
and type 2, of AxD. To prevent confusion, this paper will only refer to the classic infantile,
juvenile, and adult forms of AxD.

One characteristic common to all AxD forms is the presence of the cytoplasmic
inclusions known as Rosenthal fibers (RFs) (Herndon et al. 1970; Goldman and Corbin 1988;
Tomokane et al. 1991; Wippold et al. 2006). RFs were first noted in 1898 as inclusions closely
associated with gliosis (Wippold et al. 2006). RFs are beaded, elongated or corkscrew shaped
and are found within the cytoplasm of astrocytes. They are eosinophilic, electron dense
structures that stain positive for GFAP (Fig. 1.1B-C) (Herndon et al. 1970; Li et al. 2005;
Wippold et al. 2006). Analysis of RFs in AxD reveals not only GFAP immunoreactivity but
positive staining for heat shock proteins such as heat shock protein 27 (hsp27) (Head et al.
1993), and alpha-B-crystallin (lwaki et al. 1992), as well as activated c-Jun N-terminal kinase

(JNK), a regulator of apoptosis, and components of the 20S proteasome (Tang et al. 2006).



Finding proteins involved in stress resistance such as heat shock protein and apoptotic
regulators may indicate sequestration of the protein into RFs which attenuates stress resistance
(Head et al. 1994; Iwaki et al. 1994; Perng et al. 1999). RFs have been noted in multiple
sclerosis (MS) (Herndon et al. 1970; Nishie et al. 2004), AxD (Herndon et al. 1970; Goldman
and Corbin 1988), brain tumors (Yano et al. 2011; Sugita et al. 2013), and after nickel-induced
lesions (Kress et al. 1981), but the diffuse distribution of RFs in the brain of AxD patients
distinguishes it from other diseases.

In 2001, five magnetic resonance imaging (MRI) criteria were defined for AxD diagnosis
based on typical MRI findings from infantile AxD patients (van der Knaap et al. 2001). Of the
five criteria described (1 — white matter abnormalities primarily in the frontal lobe; 2 — enhanced
signal on T1-weighting and decreased signal on T2-weight in periventricular rim; 3 — physical
and signal abnormalities present in the basal ganglia and thalami; 4 — similar abnormalities in
brain stem; 5 — contrast enhancement) only four are necessary for AxD diagnosis (van der
Knaap et al. 2001). These characteristics are also present in other white matter disorders,
though none of the other white matter disorders meet all the criteria set for AxD diagnosis.
However, these characteristics may not recognize atypical cases, especially the adult forms of
AxD where some individuals may have only 1 or 2 of the MRI criteria (van der Knaap et al.
2001; Probst et al. 2003; Brenner et al. 2009).

Until 2001, the cause of AxD was unknown though astrocytes and GFAP were
hypothesized to be involved (Brenner et al. 2009). It was known that GFAP ablation did not
produce symptoms similar to AxD (Gomi et al. 1995; Pekny et al. 1995; Eliasson et al. 1999;
Pekny et al. 1999; Brenner et al. 2009). In 1998, Messing, et al (1998) overexpressed wild-type
human GFAP in mice and found astrocyte hypertrophy, upregulation of small heat shock
proteins, and increased fatality before postnatal day 14. Examination of the brain revealed

structures within astrocytes that had similar appearance and characteristics to RFs. These
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observations led to GFAP characterization in AxD patients and the discovery of mutations within

GFAP (Brenner et al. 2001), providing another type of diagnostic test for AxD.

Mutations in GFAP

Mutations in GFAP are found in greater than 90% of the known AxD cases and usually
occur spontaneously in the germ line or during the first stages of development (Li et al. 2006).
The individuals without GFAP coding region mutations may have alterations in regulatory genes
such as proteins known to modulate IFs which are present in RFs such as aB-crystallin, hsp27,
and plectin (Iwaki et al. 1989; Perng et al. 1999; Tian et al. 2006), or mutations occurring later in
embryo development which are not present in all cells and are thus undetectable by typical
sequencing techniques (Li et al. 2006). Mutations in GFAP are heterozygous and lead to
filament disorganization in vitro (Hsiao et al. 2005). Most are simple missense mutations
caused by changes in a single amino acid (Fig. 1.2, all known mutations found at
http://www.waisman.wisc.edu/alexander-disease/mutation-table.pdf). The few familial forms of
AxD have no recessive inheritance and present with variable phenotypes (Messing et al. 2012).
While the mutations can occur throughout the protein, the highest frequency of mutations
associated with AxD occur at the arginine amino acids located at position 79 (R79) and 239
(R239) (36%) (Prust et al. 2011). Interestingly, the same mutation can lead to different forms of
AxD, suggesting other alterations such as changes in genetic modifiers which regulate GFAP
may be involved (Brenner et al. 2009) .

Mutations in GFAP lead to a gain-of-function phenotype, which is contrary to results in
other intermediate filament diseases with homologous mutations (Li et al. 2002). A gain-of-
function phenotype was first suggested when GFAP null mice presented no phenotype, were
overtly healthy and lived normal life spans (Eliasson et al. 1999; Pekny et al. 1999) while over-

expression of GFAP led to increased mortality and presentation of RFs (Messing et al. 1998).
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Analysis of the mutations in AxD also shows that none of the known GFAP mutations led to
inactivation of the protein such as null, nonsense, or frameshift mutations (Brenner et al. 2009) .
Together, this evidence suggests the mutations which are present in AxD lead to a gain-of-

function phenotype for GFAP.

Feedback Loops

GFAP mutations may create a positive feedback loop which helps induce GFAP
upregulation above an unknown toxic threshold. There are several instances of AxD
presentation in patients occurring after injury (Meins et al. 2002; Namekawa et al. 2002) or
infection (Herndon et al. 1970; Shiroma et al. 2001; Kyllerman et al. 2005), suggesting an initial
reactive gliosis event. While not all AxD patients require an initial stress event, it does suggest
that GFAP mutations may create a positive feedback loop with stress response pathways which
induces further upregulation of GFAP protein. Some of the stress response pathways involved
may be phosphorylation and activation of the JNK pathway which may further impair the
proteasome system leading to progressive accumulation of GFAP (Tang et al. 2006; Brenner et
al. 2009). Feedback loops may also be exacerbated by the slow turnover rate of GFAP (Chiu
and Goldman 1984; Morrison et al. 1985; DeArmond et al. 1986). GFAP and vimentin have a
half-life of approximately 8 days in rat primary cultures (Chiu and Goldman 1984; Morrison et al.
1985). In mice, GFAP has a half-life of 9 weeks in the spinal cord (DeArmond et al. 1986) while
GFAP in the brain has a half-life of 28 days (Price et al. 2010). Prolonged protein life may also

play an important role in GFAP accumulation and feedback loops in AxD.

Mouse Models of AxD
Several mouse models have been created for the study of AxD. The first model,
GFAP'9, over-expresses human wild-type GFAP which induces several characteristics similar to

human AxD such as upregulation of GFAP, hypertrophy of astrocytes, increased instance of
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death compared to wild-type littermate controls, and upregulation of stress pathways (Messing
et al. 1998; Hagemann et al. 2005). GFAP'? mice also have RFs and a significant reduction in
body weight (Messing et al. 1998). In addition to increased stress response pathway genes,
immune response genes are upregulated, including tumor necrosis factor a (TNFa),
transforming growth factor p (TGFB), and Mac1, indicating activation of microglia. In GFAP'™
mice, after the upregulation in GFAP, microglia appear ramified indicating activation, suggesting
a microglial response to the disease itself (Hagemann et al. 2005).

R236H/+ and

Other mouse models contain knock-in point mutations in GFAP. Gfap
Gfap~"®""* mice contain mutations homologous to common AxD patient mutations (R239H and
R79H respectively), and both mutations are present in infantile AxD patients with severe
phenotypes. In mice, these mutations present with different severities and GFAP

R236H* mice have an

concentrations. Compared with wild-type littermate controls, Gfap
approximate 4-fold increase in both GFAP protein and mRNA concentrations, a significant
reduction in body weight, and an increased susceptibility to seizures (Hagemann et al. 2006).
The Gfap™"®"* mice have an approximate 1.5-fold increase in GFAP protein and mRNA, with
only males showing a significant reduction in body weight (Hagemann et al. 2006). Both
Gfap™?**""* and Gfap™"®"* mice contain RFs especially in the hippocampus, olfactory bulb,

R76H* mice. Neither show

corpus callosum, and pial surfaces, but RFs are less prevalent in Gfap
any overt phenotypes other than the reduced body weight nor do they have unusual mortality or
myelination (Hagemann et al. 2006). All three of the mouse models described here provides a
spectrum of disease severities for studying AxD in mice.

Genetic background is also important and influences, reproduction, behavior, response
to injury, and gene and protein expression including GFAP. Due to the high use of C57BL/6J

(B6) and FVB/N mice by our lab, we will focus on known differences between these two strains.

Reproductive performance is varied across different mouse strains with FVB/N mice having
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larger litter sizes and better maternal instincts and fertility compared with B6 mice (Mouse
Phenome Project, http://phenome.jax.org/). Comparison of behavior reveals FVB/N mice are
less anxious compared with B6 (Kim et al. 2002). Injury and disease response reveals FVB/N
mice are more sensitive to diabetes and insulin resistance (Haluzik et al. 2004) as well as kainic
acid-induced seizures (Santos and Schauwecker 2003; Schauwecker 2010).

Comparison of gene expression profiles between different genetic background strains as
well as different brain regions reveals differences in genes involved long-term potentiation,
spatial learning, structural function, transcriptional regulation, as well as others (Fernandes et al.
2004; Hovatta et al. 2007). Specifically, in hippocampi from both B6 and FVB/N, Gfap mRNA
expression was significantly higher in FVB/N mice (Fernandes et al. 2004). Bai et al. (in press)
compared Gfap promoter activity through analysis of green fluorescent protein which was under
the control of a human GFAP promoter in both B6 and FVB/N mice and found FVB/N mice had
elevated transgene expression compared to B6 mice. In mouse models of AxD, FVB/N mice
have increased GFAP protein concentration as well as a higher reduction in body weight
compared with B6 mice (unpublished observation, T.L. Hagemann; P.L. Jany; C. Lapash
Daniels). Overall, these comparisons reveal genetic backgrounds play a role in the levels of
endogenous expression of Gfap with FVB/N mice displaying the highest level of expression.
The difference in Gfap expression between B6 and FVB/N may be related to other differences
noted in these mice, such as reproductive performance, anxiety, and susceptibility to kainic
acid-induced seizures. These results suggest careful consideration and analysis of genetic

background during experiments.

Discovery of Potential Drug Treatments for AxD
The only treatments currently available for AxD focus on alleviating symptoms through

suppression of seizures, treatment of pulmonary function, providing nutritional supplementation
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as well as others (Messing et al. 2010). Two individuals have received treatment with either
thyrotropin releasing hormone or ceftriaxone which have resulted in improvement of symptoms,
but no change in MRI (Messing et al. 2010). Finding a reliable treatment for AxD which may
help alleviate symptoms is highly desirable. Since GFAP appears to play a pivotal role not only
in the cause of AxD but also in the regulation of other critical pathways (see feedback loop
above), focus has been on drugs which down-regulate GFAP as potential treatments. In a drug
screen of FDA-approved drugs, Cho et al. (2010) found several potential drug candidates which
decreased both GFAP promoter activity and protein concentrations in vitro. Studies are
currently underway with several of these potential drug candidates to determine their effects on
GFAP concentrations in vivo in various AxD mouse models.

Drug targets for AxD treatment may also involve indirect regulation of GFAP. A small
heat shock protein, aB-crystallin is upregulated both in patients and mouse models of AxD and
is also found within RFs (lwaki et al. 1989; Head et al. 1993; Hagemann et al. 2005; Tian et al.
2006). aB-crystallin attenuates stress response and its sequestration into RFs may lead to
increased detrimental stress responses and apoptosis (Head et al. 1994; Iwaki et al. 1994;
Mehlen et al. 1995; Koyama and Goldman 1999; Perng et al. 1999). GFAP assembly is
regulated by aB-crystallin (Koyama and Goldman 1999; Perng et al. 1999) and over-expression
of aB-crystallin results in fewer GFAP aggregates and decreases stress response and mortality
in mouse models of AXD (Hagemann et al. 2009). Other drug targets may be revealed as we

continue to explore the role of GFAP and other proteins in AxD.

GFAP as a Potential Biomarker of AxD
For testing of drug treatments in both mouse models of AxD and patients, an easily
measurable biomarker is necessary. Since the current focus is on drugs which downregulate

GFARP either directly or indirectly, measurement of GFAP may provide a reliable biomarker.
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Monitoring changes in both GFAP protein and mRNA at various times during treatment will
determine if and when a drug is decreasing GFAP. Monitoring both protein and mRNA requires
a method for longitudinal studies which may be useful in mouse models of AxD and which might

translate into understanding biomarker changes in human AxD patients.

Reporter Mice

A reporter mouse expressing the firefly luciferase gene under the control of a Gfap
promoter allows indirect analysis of Gfap promoter activity in mice and may be useful for
studying long-term effects of a drug on Gfap promoter activity in the same mouse. Cho et al.
(2009) previously created a reporter mouse line expressing firefly luciferase under the control of
a 2.2 kb human GFAP promoter with an internal control of renilla luciferase controlled by the
GAPDH promoter, a housekeeping gene (dual luciferase mice). The 2.2 kb human GFAP
promoter contains most of the regulatory elements required for GFAP expression in astrocytes
and shows increased GFAP gene activity after injury (Brenner 1994; Brenner et al. 1994; Lee et
al. 2006; Lee et al. 2008; Cho et al. 2009). Firefly luciferase activity in the dual luciferase mice
was highest in the brain with low but detectable levels in the heart. Analysis revealed firefly
luciferase immunoreactivity colocalized to GFAP-positive cells in the hippocampus, and
luciferase activity preceded protein increases due to seizures (Cho et al. 2009). Interestingly,

when mated to Gfap/?*®"*

mice, luciferase activity was significantly elevated compared with
wild-type mice at 3 weeks of age, but not at 6 weeks of age (Cho et al. 2009). In comparison,
Gfap mRNA in Gfap®?*"* mice was elevated through 8 weeks of age (Hagemann et al. 2006),
suggesting some regulatory elements may be missing from the 2.2 kb GFAP promoter.
Another reporter mouse line created by Caliper©, Gfap-luc, expresses firefly luciferase

under the control of a 12 kb mouse Gfap promoter (Zhu et al. 2004). These mice have been

used in several different injury and disease models to monitor astrogliosis. Initial experiments
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subjected Gfap-luc mice to kainic acid injections which increased luciferase activity in the brain
40-fold during live in vivo imaging. Comparison of mRNA concentrations showed Gfap and
luciferase mMRNA concentrations were positively correlated (Zhu et al. 2004). Subsequent
experiments demonstrated upregulated luciferase activity after bacterial infection
(Kadurugamuwa et al. 2005), in experimental autoimmune encephalomyelitis (EAE) models of
MS (Luo et al. 2008), in prion disease (Tamguney et al. 2009), and in amyotrophic lateral
sclerosis (ALS) mouse models (Keller et al. 2009). Gfap-luc mice have also been used to study
Gfap promoter activity after middle cerebral artery occlusion (MCAQ) ischemic injury (Cordeau
et al. 2008) and in mouse models of Alzheimer’s disease (AD) (Watts et al. 2011). In all of
these injury and disease models, luciferase activity increases significantly compared with
controls and is comparable to mRNA and/or protein levels of GFAP, suggesting Gfap-luc
reporter mice may provide another method for monitoring Gfap promoter activity in mouse

models of AxD.

GFAP in Cerebrospinal Fluid

We may also utilize measurement of GFAP concentrations in cerebrospinal fluid (CSF)
for monitoring drug treatment effects, a method which easily adapts to human studies. CSF is a
clear bodily fluid produced within the choroid plexus which flows throughout the ventricles and
surrounds the brain and spinal column (Dandy 1919; Heisey et al. 1962; Milhorat et al. 1971).
CSF maintains an external environment for neurons and glia and removes brain metabolites,
some of which may be harmful to the brain (Pratico et al. 2004; lliff et al. 2012). CSF also
provides a mechanical cushion to protect the brain from movement and injury. In humans, CSF
volume is estimated to be 150 mL with most of the volume contained within the subarachnoid
space and major cisterns, and is made at a rate of 0.4 mL per minute (Rubin et al. 1966; Atack

et al. 1998; Silverberg et al. 2001). CSF is cleared through arachnoid and nasal lymphatic
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vessels where CSF and its molecular components, such as protein, glucose, and metabolites,
are absorbed into venous blood (Sweet and Locksley 1953; Hochwald and Wallenstein 1967;
Kida et al. 1993; Papaiconomou et al. 2002; Johanson et al. 2008). CSF composition is altered
during disease states, allowing detection of distortions in brain metabolism, blood brain barrier
transport and permeability, and possible biomarkers for CNS diseases (Lamers et al. 1995;
Lamers et al. 2003; Johanson et al. 2008; Czeiter et al. 2012).

In humans, GFAP is detectable in control individuals and elevated after
neuropathological conditions such as injury and diseases. Specifically, GFAP is elevated in
CSF during MS (Norgren et al. 2004; Axelsson et al. 2011), Parkinson’s disease
(Constantinescu et al. 2009), AD (Jesse et al. 2009), stroke (Aurell et al. 1991), traumatic brain
injury (Zoltewicz et al. 2012), and spinal cord injury (Kwon et al. 2010). In a study by Kyllerman
et al. (2005), GFAP was measured in the CSF of three individuals suffering from AxD. GFAP
concentrations were significantly higher in all three patients compared with controls, but a study
composed of more patients is required to determine whether GFAP is increased in the CSF of
all AxD patients and elucidate the range of GFAP concentrations in CSF.

For monitoring drug efficacy in future experiments, we need to establish a correlation
between GFAP concentration in CSF and brain. Measuring GFAP concentration in mouse CSF
and brain is a feasible way to determine this correlation. The mouse brain contains 40 pL of
CSF which is created at a rate of 0.33 pL per minute (Rudick et al. 1982; Oshio et al. 2005;
Johanson et al. 2008). Methods of CSF collection in mice are established (DeMattos et al.
2002), though few researchers have utilized these methods. A comparison of mouse CSF and
astrocyte-conditioned media (ACM) revealed approximately 2/3 of the detectable proteins were
common to both, suggesting astrocytic contribution to mouse CSF (Lafon-Cazal et al. 2003)
though GFAP has never been specifically measured in mouse CSF. While it is well established

that GFAP is detectable in CSF, it is unclear how GFAP gets into CSF, though possible
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mechanisms include astrocytic death, GFAP degradation, and/or GFAP secretion (discussed in

more detail in Chapter 5 on page 167).

GFAP in Blood

Measurement of GFAP in blood may also be used for monitoring drug effects on GFAP
during treatments. As mentioned previously, CSF is cleared into the venous blood system,
therefore GFAP may also be detectable in blood. In humans, GFAP is detectable in the blood
of some controls depending on the sensitivity of the assay and elevated in neuropathological
conditions such as stroke (Foerch et al. 2012), traumatic brain injury (Nylen et al. 2006), and in
Parkinson’s disease (Su et al. 2012). Currently, GFAP measurements in blood and CSF are
used to determine severity of diseases or long-term consequences of head injury and disease.
In most cases, a comparison of values between the different studies suggests GFAP
concentrations are lower in blood compared with CSF with a range of 70 ng/L (Vissers et al.
2006; Honda et al. 2010; Foerch et al. 2012) to 400 ng/L (Vos et al. 2004; Wunderlich et al.
2006) in blood compared with a range of 70 ng/L (Rosengren et al. 1992; Gurnett et al. 2003) to
1300 ng/L (Rosengren et al. 1994; Jesse et al. 2009) in CSF. A comparison of GFAP in blood
and CSF from the same individual has only been done in a few studies. Notturno et al. (2008)
found little difference when comparing blood and CSF GFAP concentrations from the same
individual with axonal Guillain-Barre syndrome, a peripheral nerve disease, while Kwon et al.
(2010) found GFAP concentrations in CSF were 1000-fold higher compared to serum after
spinal cord injury.

GFAP concentration in CSF and blood may also change with age. In both mouse and
rat brains, GFAP concentrations have previously been shown to increase with age (Goss et al.
1991; O'Callaghan and Miller 1991), though our lab has found GFAP concentrations only

increase up to four weeks of age and then remain unchanged through six months of age
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(current study and unpublished observations, J.X. Connor, P.L. Jany). Comparison of GFAP
concentration in CSF or blood and age revealed significant linear positive correlation in some
studies (Rosengren et al. 1992; Rosengren et al. 1994; Axelsson et al. 2011) while others found
no correlation (Ahlsen et al. 1993; Herrmann et al. 2000; Fukuyama et al. 2001; Petzold et al.
2004). Protein concentrations in CSF are influenced by severity and extent of damage, regional
variability of protein concentrations, and degradation by proteinases locally or in CSF (Lamers
et al. 1995). With increased age, CSF volume may increase due to increased brain atrophy or
decreased turnover (Takeda and Matsuzawa 1984; Gideon et al. 1994; Matsumae et al. 1996;
Wahlund et al. 1996; Lamers et al. 2003; Nagra and Johnston 2007) which together results in
increased protein concentrations. CSF clearance may also alter protein concentrations.
Removal of the water channel aquaporin-4 from astrocytes reduced CSF clearance thus
increasing protein concentrations (lliff et al. 2012), suggesting careful comparison of age,
disease effects on CSF clearance, and protein concentrations in CSF and/or blood should be

considered during biomarker analysis.

Estradiol Effects on GFAP

Potential drug treatments for AxD aim to reduce GFAP protein concentration in the brain
below an unknown toxic threshold which may help to alleviate AxD patient symptoms. From the
FDA-approved drug screen described previously, several candidate drug therapies were
uncovered. One of these drugs was 17B-estradiol (E2) (Cho et al. 2010). E2 is the
predominant sex hormone in females and is derived from cholesterol. E2 is produced in the
gonads of males and females but can also be produced in fat cells and in the brain (Lara et al.
1990; Fluker et al. 1991; Akwa et al. 1992; Christian and Moenter 2010; Giatti et al. 2012). In
AxD, there was some early evidence for sex difference and thus potential E2 regulation of

GFAP (Messing et al. 2001; Li et al. 2005), but in a later study comparing a larger group, no sex
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differences were found (Prust et al. 2011). Therefore, it is unlikely endogenous E2 plays a role
in AxD, but this does not exclude the possibility of treating AxD with E2.

E2 is neuroprotective in rodents after stroke (Lu et al. 2002; Suzuki et al. 2007; Raval et
al. 2011) and mouse models of neurological diseases such as Parkinson’s disease (Baraka et
al. 2011), AD (Cizas et al. 2011), and MS (Bebo et al. 2001; Morales et al. 2006; Offner and
Polanczyk 2006; Lelu et al. 2010; MacKenzie-Graham et al. 2012). E2 may also regulate
GFAP. Previous studies found two estrogen response elements in the Gfap promoter which
regulate GFAP expression (Stone et al. 1998; Rozovsky et al. 2002). After injury in primary
astrocyte cultures, E2 decreases gliosis and GFAP concentrations (Rozovsky et al. 2002).
Mutations within either of the estrogen response elements (EREs) reduce E2 efficacy on gliosis
and GFAP (Fig. 1.3A) (Rozovsky et al. 2002). After injury or in neurological disease, E2 may
decrease GFAP concentrations in rodents (Rozovsky et al. 2002; Martinez and de Lacalle 2007;
Cordeau et al. 2008; Barreto et al. 2009), though GFAP may also increase with E2 treatment
(Ritz and Hausmann 2008). Gonadectomy, or removal of gonads, may also alter GFAP
concentrations (Day et al. 1993; Garcia-Segura et al. 1994; Martinez and de Lacalle 2007).
Different studies indicate that the regulation of GFAP expression by E2 may vary with injury
model, E2 dose, treatment timing, gonad contributions, brain region observed, and animal

model (Table 1.1).

The Estrus Cycle

Several studies have also looked at GFAP concentration changes during the estrus
cycle both with and without injury. In females, E2 regulates the estrus cycle along with several
other hormones (Allen 1922; Lara et al. 1990; Fluker et al. 1991; Marcondes et al. 2002;
Goldman et al. 2007; Christian and Moenter 2010). E2 regulates hormones such as follicle-

stimulating hormone, luteinizing hormone, and gonadotropin-releasing hormone by controlling
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the feedback loops to the hypothalamic-pituitary-gonadal (HPG) axis, an important pathway in
the estrus cycle (Allen 1922; Christian and Moenter 2010). The estrus cycle is characterized by
four different stages: proestrus (PE), estrus (E), metestrus (ME), and diestrus (DE). E2
concentrations rise significantly during PE, peak during E and ovulation, and drop back down to
baseline levels by DE (Fig. 1.3B) (Allen 1922; Goldman et al. 2007; Christian and Moenter
2010). The mouse estrus cycle is 4 to 5 days with a one or two day estrus phase (Allen 1922;
Byers et al. 2012).

In studies focused on GFAP changes during estrus without injury in rodents, GFAP
concentrations typically increase during PE or E compared with DE concentrations (Garcia-
Segura et al. 1994; Kohama et al. 1995; Stone et al. 1998; Fujishiro et al. 2002; Martinez et al.
2006; Arias et al. 2009). Regional location of the astrocytes seemed to play a role in E2
response with Stone et al. (1998) showing a significant increase in GFAP within the
hypothalamus, but a decrease in the hippocampus during PE. After injury, Cordeau et al.
(2008) showed female mice in PE or E had a significantly decreased GFAP response and a
reduced ischemic injury size compared to female in ME or DE and males. While it is unclear
why there are differences in GFAP response to E2, location and type of astrocyte as well as
injury, timing, and E2 concentration may influence the response of GFAP to endogenous E2
(Arevalo et al. 2010).

E2 is synthesized in the brain (neuroestrogen), though it is unknown if synthesis is
regulated by the estrus cycle or is independently regulated within the brain (Akwa et al. 1992;
Giatti et al. 2012). Comparison of E2 concentration in brain and blood reveal no correlation in
rodents (Tagawa et al. 2006; Konkle and McCarthy 2011) and song birds (Schlinger and
Remage-Healey 2012). Neuroestrogen synthesis is dependent on cytochrome P450 aromatase
activity (Veyrac and Bakker 2011; Toda et al. 2012). After injury, cytochrome P450 aromatase

activity increases especially in astrocytes (Garcia-Segura et al. 1999; Peterson et al. 2004;
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Duncan and Saldanha 2011; Duncan et al. 2013), suggesting neuroestrogen synthesis may
increase immediately following injury though this has not been specifically monitored. Knock-
out of cytochrome P450 aromatase or aromatase inhibition does exacerbate ischemic injury
(McCullough et al. 2003; Cincioglu et al. 2012; Jazbutyte et al. 2012) indirectly indicating that
increased neuroestrogen synthesis is neuroprotective (Garcia-Segura et al. 1999; Peterson et

al. 2004).

Estrogen Receptors

E2 acts through classical and non-classical pathways by binding estrogen receptors
(ERs) to control gene expression which may be important for the mediation of its
neuroprotective role. There are several different ERs, but the main two are estrogen receptor
alpha (ERa) and estrogen receptor beta (ERB). Both are found in the cytoplasm as well as in
the membrane of cells. ERs are composed of three different domains known as the amino-
terminal domain (NTD), the DNA binding domain (DBD), and the ligand binding domain (LBD)
(Nilsson et al. 2001; Yakimchuk et al. in press). The NTD recruits co-regulator proteins after
ligand and DNA binding and is very active in ERa (Cowley and Parker 1999). The DBD is highly
conserved between both ERa and ERB. After ligand binding, ERs form homodimer or
heterodimers and then the DBD recognizes and binds estrogen receptor elements (ERESs) in the
promoter region (Yakimchuk et al. in press). Comparison of ERa and ERp reveals ERa is more
effective at inducing transcription after binding EREs compared with ERB (Mosselman et al.
1996; Mclnerney et al. 1998; Cowley and Parker 1999; Foster 2012). Additionally, ERB has
been shown to reduce ERa activity through moderating the magnitude of ERa expression and
moderating the proliferation stimulation induced by ERa after binding E2 (Wang et al. 2006;
Gottfried-Blackmore et al. 2007; Gonzales et al. 2008; Minutolo et al. 2011; Foster 2012). The

third domain of ERs, the LBD, binds ligands such as E2. After binding of the ligand, the ERs
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change conformation and begin to interact with co-regulatory factors to enhance transcription.
Comparison of the LBD in both ERa and ER reveal only minor differences which allows both
selective and non-selective binding of ligands. For example, E2 can bind both ERa and ER(
and has similar affinity to both while propyl-pyrazole-triol (PPT) is a specific ERa agonist and
diarylpropiolnitrile (DPN) is a specific ERB agonist (Stauffer et al. 2000; Meyers et al. 2001;
Harrington et al. 2003; Carroll et al. 2012; Foster 2012). These different agonists can be used
to determine the specific contribution of ERa or ERf to estrogen induced transcription.

E2 can bind ERs and regulate gene transcription through two different pathways, the
classical and non-classical pathways. In the classical pathway, E2 binds cytoplasmic receptors
such as ERa and ERB. The receptor-hormone complex then binds to EREs located in the
promoter regions to control gene expression. Both ERa and ERp bind EREs with similar
affinity. After ERs bind to the EREs found in the promoter region, ERs recruit co-regulators,
chromatin remodeling proteins, and transcription factors to induce transcription (Wilson et al.
1995; Roepke et al. 2011; Foster 2012; Yakimchuk et al. in press). E2 may also act through the
non-classical pathway in which E2 binds a membrane-bound receptor such as G-protein
coupled receptor 30 (GPR30) or metabotropic glutamate receptors (mGIuRs) (Meldrum 2007;
Micevych and Mermelstein 2008; Zarate and Seilicovich 2010). During membrane ER
activation, signaling proteins such as protein kinase C, protein kinase A, mitogen-activated
protein kinase (MAPK), and extracellular signal-related kinase (ERK) are activated and may
regulate signal transduction, protein phosphorylation, and other pathways which may alter gene
expression (Kelly and Ronnekleiv 2009; Roepke et al. 2009; Roepke et al. 2011; Yakimchuk et
al. in press). Both classical and non-classical actions of E2 control several response pathways
which include but are not limited to genes involved in growth hormone secretion, inflammation,
antioxidant activity and apoptotic regulation (Green and Simpkins 2000; Spence and Voskuhl

2012).
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E2 may also control GFAP concentrations through either or both of these pathways.
Astrocytes express both classical and non-classical ERs (Milner et al. 2005; Kim et al. 2007;
Mermelstein and Micevych 2008; Carbonaro et al. 2009; Heron et al. 2009; Sakuma et al. 2009;
Micevych et al. 2010). After injury, ER expression increases in astrocytes which may vary
regionally and in different types of astrocytes (Kim et al. 2007; Carbonaro et al. 2009; Sakuma
et al. 2009; Giraud et al. 2010). Knock-out of ERa specifically in astrocytes reduces ERa
agonist protective effects in EAE mice (Spence et al. 2011), suggesting E2 neuroprotection and
GFAP regulation may be mediated by ERs in astrocytes. Additionally, previous studies indicate
ERa but not ERp is important for GFAP regulation and negative correlates to GFAP
concentrations (Dubal et al. 2001; Kim et al. 2007; Crawford et al. 2010; Giraud et al. 2010;
Spence et al. 2011). Together, these results indicate E2 treatment may reduce GFAP

concentrations possibly through ERs, suggesting E2 might be a good treatment for AxD.

Chapter Overviews

In the second chapter, we explored Gfap promoter activity using a luciferase reporter
and GFAP in CSF to determine their potential as biomarkers in the brains of mouse models of
AxD. Firefly luciferase activity accurately reflects Gfap promoter activity, mMRNA and protein
levels in wild-type mice. In the Gfap~?**"* mice, Gfap promoter activity has an early, sustained
increase which mimics Gfap mRNA and varies regionally. GFAP protein levels in Gfap?*¢"*
mice varies regionally with higher fold increases compared with both luciferase and mRNA fold
increases in most brain regions. GFAP protein in mouse CSF significantly increased in all
mouse models of AxD tested (Gfap~"®"*, Gfap™?**"* and GFAP') in a manner corresponding
to concentrations of GFAP seen in the brain. Overall, these data showed Gfap promoter activity

and GFAP in CSF have a sustained increase in mouse models of AxD which could be exploited

for use as a biomarker during studies of potential therapies.
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In the third chapter, we determined the efficacy of GFAP as a biomarker for human AxD
patients by quantifying GFAP in plasma and CSF of AxD patients compared with controls.
GFAP was detectable in most of the control CSF samples and was elevated in almost all the
CSF samples from individuals with AxD. For the plasma samples, GFAP was detectable in
approximately 60% of the control plasma samples and elevated in most of the AxD patients. No
correlation between GFAP concentrations and the age at collection was found in CSF or
plasma. Overall, this study showed detectable and elevated GFAP concentrations in AxD
patients both in CSF and plasma which may be sites where we can monitor GFAP changes for
future drug studies in humans.

In the fourth chapter, we wanted to explore whether E2 treatment decreased GFAP

R236H/+

concentrations in the Gfap mouse model of AxD, providing a potential treatment for AxD.

E2 treatment did not alter GFAP mRNA or protein concentrations in both control and Gfap~?**"*
mice. Gonadectomy also did not increase GFAP concentrations in mice of the B6 background,
but did significantly increase GFAP in FVB/N mice, suggesting strain effects in GFAP regulation.
During the various stages of estrus, quantification of GFAP revealed no changes in mRNA or
protein. These results suggest caution in the implementation of E2 treatment for AxD due to
inconsistent results in mice.

Overall, analysis of luciferase activity as an indirect monitor of Gfap promoter activity
reveals a useful biomarker candidate for longitudinal studies of drug effects in mouse models of
AxD. Quantification of GFAP in CSF and blood reveals increased GFAP in AxD patients and
mouse models of AXD compared with controls. In mice, the increase of GFAP in CSF was
similar to brain GFAP concentrations, suggesting GFAP in CSF reflects brain levels and may be

a good biomarker for AxD. Finally, E2 revealed minimal effects on GFAP, indicating caution in

the implementation of estrogen-based treatments for AxD. Overall, the conclusions from these
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studies reveal GFAP is a useful biomarker for AxD which can be utilized in future clinical trials to

determine drug efficacy.
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Figure 1.1: Features of Alexander disease. (A) MRI image showing extensive white matter
deficits (*) in an AxD patient. Rosenthal fibers located in AxD patients are eosinophilic (B) and
electron dense (C) structures. Here RFs are shown surrounding blood vessels (V). Previously

published as Fig. 1 inQuinlan et al. (2007).



29

infantile N and adult
K63 @
R70
OO m73 M73 2000
DO L7 M74 @
DOO N77 s ©
[LIsTcclclclc e e ClC CIC IHAH HIH HIH HIH I V(] R79
o vss |1 K86_V87delinsEF
(ver JALVET O
0000 Rss " R88 C]
@ Lo /T a3
@0 L7
| R126_L127dupRL
D128 ©
1
B
E205 QK]
E207
r E210 Q
23 @
009000000@00000@6@0@00000008 R239 == R239
Y242 J2a| A244
(G Azssﬁ
y257 @
(& R258 A267
s 8
® infantile ¥349_Q350insHL— = 331 . [R330G; E332K]
juvenile L352 | 2
@ adult ‘ o Sggg Blisseg @
[] asymptomatic 06 naet E362
©0) Y366
© E371 o
OORR0 373 R3T6
© E374
s393 ©
@ N386 S398
D0 R4 R416 WwIwwj
R417fsX431 C



30
Figure 1.2: Known mutations within GFAP from AxD Patients. Mutations in AxD patients
can occur throughout GFAP. Each circle represents the form of AxD (infantile — blue; juvenile —
yellow; adult — red) and its associated mutation at various locations in the GFAP protein.
Asymptomatic patients (o) contain mutations in GFAP, but have none of the symptoms of AxD

Previously published as Fig. 24.4 in Brenner et al. (2009).
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Figure 1.3: Estrogen response elements in the Gfap promoter and hormonal fluctuations
during the estrus cycle. (A) Estradiol (E2) regulation of GFAP after wound injury in culture.
Astrocytes were transfected with rat Gfap promoter which was either full length (WT), contained
mutations in estrogen response element 1 (MERE1), or where estrogen response element 2
was removed (A7). E2 significantly reduced astrocyte response to injury. Mutation or removal
of either estrogen response element reduced astrocytic response to E2. *, p<0.05 compared
with control levels. Previously published as Fig. 3 in Rozovsky et al. (2002). (B) Hormonal
concentrations during a 4-day estrus cycle in rat serum. Shaded blocks indicate dark portions

of a 14:10 hour light:dark day. Previously published as Fig. 3 in Goldman et al. (2007).
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Table 1.1: GFAP regulation by E2 treatment. GFAP response to gonadectomy (Gdx) and estrogen treatment (E2) both with

and without injury. Arrows indicate GFAP response (T, GFAP increase; l GFAP decrease; =, GFAP unaltered). Brain region for

observations (X). If injury field is blank, then there was no injury. E2 treatment method indicates the type of treatment used in each
study (s.c., subcutaneous injection; pel., pellet implantation from Innovative Research of America; implt, silastic implant created by
researcher; IP, intraperitoneal injection). EAE, experimental autoimmune encephalomyelitis; ECL, entorhinal cortex lesion; MCAO,

middle cerebral artery occlusion; SCI, spinal cord injury.
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ABSTRACT

Alexander Disease (AxD) is a rare disorder caused by heterozygous mutations in glial
fibrillary acidic protein (GFAP) resulting in accumulation of the GFAP protein and elevation of
Gfap mRNA. To test whether GFAP itself can serve as a biomarker of disease status or
progression, we investigated two independent measures of GFAP expression in AxD mouse
models, one using a genetic reporter of promoter activity and the other quantifying GFAP
protein directly in a manner that could also be employed in human studies. Using a transgenic
reporter line that expresses firefly luciferase under the control of the murine Gfap promoter
(Gfap-luc), we found that luciferase activity reflected the regional CNS variability of Gfap mRNA
in Gfap™* mice, and increased in mice containing a point mutation in Gfap that mimics a
common human mutation in AxD (R239H in the human sequence, and R236H in the murine
sequence). In a second set of studies, we quantified GFAP protein in CSF taken from three
different AxD mouse models and littermate controls. GFAP levels in CSF were increased in all
three AxD models, in a manner corresponding to the concentrations of GFAP in brain. These
studies demonstrate that transactivation of the Gfap promoter is an early and sustained
indicator of the disease process in the mouse. Furthermore, GFAP in CSF serves as a potential

biomarker that is comparable between mouse models and human patients.
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INTRODUCTION

Alexander disease (AxD) is a rare neurodegenerative disorder caused by heterozygous
mutations in the gene encoding glial fibrillary acidic protein (GFAP), the major intermediate
filament protein of astrocytes (Brenner et al. 2001). The mutations appear to act in a gain-of-
function fashion, with a rise in GFAP levels above a toxic threshold serving as a key step in
pathogenesis (Brenner et al. 2009). However, the mechanisms underlying the accumulation of
GFAP are not completely understood. Studies from cell culture models implicate impaired
degradation through the proteasomal pathway as one cause of GFAP increase, despite a near
simultaneous increase in autophagy (Tang et al. 2006; Tang et al. 2008). In addition, analysis
of both human tissues and mouse models reveal increases in GFAP mRNA (Hagemann et al.
2005; Hagemann et al. 2006), suggesting that increased synthesis could also contribute to an
accumulation of GFAP protein. Given the very slow turnover rate for GFAP protein (Chiu and
Goldman 1984; Morrison et al. 1985; DeArmond et al. 1986; Price et al. 2010), any changes in
GFAP promoter activity and increased synthesis would have long-lasting effects. GFAP
accumulation may also exacerbate pathology through the formation of positive feedback loops
that impact both synthesis and degradation (Messing et al. 2012).

Regulation of GFAP expression occurs primarily at the level of GFAP transcription,
rather than through alterations in mMRNA stability or translational efficiency (Brenner 1994).
Whether the changes in GFAP mRNA noted above reflect feedback stimulation of Gfap
promoter activity is not known. Methods for investigating promoter activity in vivo have been
greatly facilitated by the development of transgenic models that carry reporter genes under the
control of cell-specific regulatory elements (Cui et al. 1994). One such reporter is the Gfap-luc
mouse, which expresses the firefly luciferase gene under the control of a 12kb 5’ flanking region
from the murine Gfap gene (Zhu et al. 2004). These mice have previously been shown to

exhibit increases in luciferase activity in response to a variety of insults or diseases that also
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result in astrogliosis and raised levels of GFAP mRNA, including kainic acid-induced seizures
(Zhu et al. 2004), bacterial infection (Kadurugamuwa et al. 2005), inflammation (Luo et al.
2008), stroke (Cordeau et al. 2008), scrapie (Tamguney et al. 2009), motor neuron
degeneration (Keller et al. 2009), and expression of mutant amyloid precursor protein (Watts et
al. 2011).

With the goal of identifying indicators of disease severity and progression that could be
easily monitored in mouse models of AxD, we sought to test whether the Gfap-luc reporter is
responsive to the novel genetic injury represented by the expression of mutant GFAP. We also
tested the hypothesis that the elevations in GFAP protein previously detected in brain
parenchyma are also reflected at the level of cerebrospinal fluid (CSF), a site that is readily
amenable to biopsy in human patients and in which increased GFAP has been observed in
Alexander disease patients (Kyllerman et al. 2005). We found distinct variations in GFAP
expression and response to AxD mutations in different brain regions of the mouse models.
Increased activity from the Gfap-luc reporter is evident at the whole brain level as soon as 14
days after birth, and this increase is sustained through at least 6 months of age. We also found
that GFAP is detectable at low levels in the CSF of control mice, but is elevated in three

different AXxD models to degrees corresponding to the amount of GFAP accumulation in brain.

MATERIALS AND METHODS
Mice

The experiments described here were approved by the Animal Care and Use Committee

R236H/+ R76H/+

for the Graduate School at the University of Wisconsin, Madison. The Gfap and Gfap
lines of mice contain knock-in mutations at the endogenous Gfap locus that are homologous to
common human Alexander disease-associated mutations (R239H and R79H respectively)

(Hagemann et al. 2006). The GFAP™ mice are a transgenic line (Tg73.7) that over-expresses
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wild-type human GFAP (Messing et al. 1998). The Gfap-luc mice are a transgenic line that
expresses firefly luciferase under the control of a 12 kb murine Gfap promoter (Zhu et al. 2004).
Gfap™™#s mice carry a null mutation at the Gfap locus (McCall et al. 1996), and were used as
negative controls in the validation of the GFAP ELISA (see below). All mice were maintained in
the FVB/N background and were housed under a 14-10 light-dark cycle with ad libitum access
to food. Samples were collected from mice at 8 weeks of age. Brains were either divided
sagittally into two equal halves, or dissected into individual regions (olfactory bulb, frontal cortex
[anterior to Bregma, dorsal gray matter containing little or no white matter], hippocampus,
cerebellum, and brain stem) along with cervical spinal cord. Tissues were immediately frozen in

liquid nitrogen and stored at -80° C until further processing.

Quantitation of Gfap promoter activity

Gfap-luc transgenic mice were used as indirect reporters of Gfap promoter activity.
Firefly luciferase activity was quantified using the Dual-Glo luciferase kit (Promega), according
to the manufacturer's directions. Briefly, tissues were homogenized in reporter lysis buffer (125
mg tissue per mL buffer), centrifuged at 17,500 x g for 20 minutes at 4° C, and the supernatant
taken for analysis. An aliquot of this supernatant (40 L for half brains, 20 uL for smaller
pieces) was diluted 1:1 in firefly luciferase reagent and allowed to incubate at room temperature
(20-25°C) for 12 minutes. The signal intensity was then determined with a GloRunner
Microplate Luminometer (Turner Biosystems). A separate aliquot was assayed for total protein
using a BCA Protein Assay kit with bovine serum albumin (BSA) as a standard (Thermo

Scientific). Values are expressed in arbitrary firefly luminescent units (fLuc) per mg protein.

Quantitation of Gfap mRNA

Tissues were homogenized in TRIzol Reagent (Invitrogen) according to the

manufacturer's directions. cDNA was synthesized using Superscript lll (Invitrogen) according to
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the manufacturer's protocol. Specific transcripts were then quantified by real time PCR using
Power SYBR Green Master Mix and an Applied Biosystem 7500 Real-Time PCR system as
described previously (Hagemann et al. 2005). Primer sets were the following: Gfap (forward: 5°
CAA CGT TAA GCT AGC CCT GGA CAT 3', reverse: 5 CTC ACC ATC CCG CAT CTC CAC
AGT), 18S ribosomal RNA (forward: 5° CGC CGC TAG AGG TGA AAT TCT 3’, reverse: 5 CGA
ACC TCC GAC TTT CGT TCT 3’), and TATA-binding protein (forward 5° GCA CAG GAG CCA
AGA GTG A3, reverse 5 CCC ACCATG TTC TGG ATC TT 3’). Gfap transcript levels were
normalized to both the 18S ribosomal and TATA-binding protein RNA’s. Both normalizations

yielded similar results. Data shown was normalized to the 18S ribosomal RNA.

Collection of Cerebrospinal Fluid

CSF was collected from mice according to the method of DeMattos et al. (2002). Briefly,
mice were anesthetized with avertin (400-600 mg/kg i.p.). A midline sagittal incision was made
over the dorsal aspect of the hindbrain and three muscle layers carefully peeled back to expose
the cisterna magna. The membrane covering the cisterna magna was pierced with a 30 gauge
needle, and CSF collected immediately using a flexible plastic pipette. Approximately 10 uL of

CSF was collected per animal, and stored at -80° C until further processing.

Quantitation of GFAP protein

Brain samples were homogenized (w/v 1:16) in 2% SDS, 50mM Tris-HCI (pH 7.4), 5mM
EDTA (pH 7.4), 1mM PefablocSC (Sigma-Aldrich), and 1x Complete Proteinase Inhibitor
(Roche) using a Geno/Grinder tissue homogenizer (SPEX CertiPrep). After homogenization,
samples were boiled for 15 minutes. Samples were then diluted in phosphate buffered saline
(Fisher, #BP399-4) and protein concentration determined using a BCA Protein Assay kit with
BSA as a standard (Pierce). This same diluted sample was then used for the GFAP ELISA as

described below.



67

GFAP protein was quantitated using a sandwich ELISA as previously described (Petzold
et al. 2004; Hagemann et al. 2009), with minor modifications. Briefly, a microtiter plate (Nunc
MaxiSorp) was coated with a cocktail of monoclonal antibodies (Covance, SMI-26R) diluted in
PBS (Fisher). Plates were blocked with 5% milk in PBS before addition of samples or standards
diluted in PBS with 0.05% Tween 20 (Tw20) and 1% bovine albumin serum (BSA) (Sigma,
#A7030). Antibody incubation steps were performed in 5% milk-PBS, and washing steps were
performed in PBS-Tw20 (without BSA). Standard curves were generated using bovine GFAP
(Fitzgerald Industries International, # RDI-PRO62007) diluted in PBS-1% BSA. Assay volumes
consisted of 100 yL/well when analyzing brain samples or 50 pL/well when analyzing CSF.
Samples were diluted with PBS-Tw20-BSA as needed to bring their GFAP values within the
linear range of the standard curve.

In the case of CSF samples from controls, which typically had low levels of GFAP, the
dilutions required to bring the reaction volume up to the minimum 100 pL for duplicate wells
often meant that the values fell below the biological limit of detection (see below). We therefore
used pooled samples for controls, replicated as four independent sets derived from 3-4 animals
per group, and diluted a minimal amount (36 uyL CSF + 64 pyL ELISA buffer). Mice from the AxD
models had high enough levels of GFAP to allow dilutions from individual samples, typically
1:16-1:120. After washing, a rabbit polyclonal antibody (Dako, # Z334) was used to detect the
GFAP followed by a peroxidase conjugated anti-rabbit IgG secondary antibody (Sigma, #
A6154). The peroxidase activity was detected with SuperSignal ELISA Pico Chemiluminescent
Substrate (Pierce, Thermo Scientific) and quantified with a GloRunner Microplate Luminometer
(Turner Biosystems). GFAP values for brain samples were expressed per mg total protein, and
for CSF samples as ng/L.

Under these conditions the lower limit of detection (defined as 3 standard deviations

above the mean of replicate blank samples) was 11 ng/L, and the biological limit of detection
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(BLD) (defined as the lower limit of detection plus 3 standard deviations of a known low
concentration sample) (Westgard and Barry 2008) was 21 ng/L for a 50 uL reaction volume.
The intra-assay coefficient of variation (COV), determined using the bovine GFAP standard at
33 ng/L in 10 sets of triplicate wells, was 13%. The inter-assay COV, determined from pooled
CSF samples taken from GFAP'™ mice (with values higher on the standard curve) divided into
multiple identical aliquots to allow 10 independent assays on different days, was 11%. Samples
from Gfap-null mice give readings that are below the BLD in this assay (data not shown), thus

validating its specificity.

Statistical Analysis

For the comparisons of Gfap promoter activity, mMRNA, and protein shown in Figure 2.2,
the data was first log transformed [Y = log(Y)] to equalize the standard deviations (figure shows
the original untransformed data) and then analyzed using a 2-way ANOVA with post Bonferonni-

corrected t-tests. All other data analyses used a 1-way ANOVA with post Bonferonni-corrected

R236H/+ +H+

t-tests between Gfap and Gfap™". The error shown for the fold-changes between
Gfap™?**""* and Gfap** mice in Figure 2.2 is the calculated propagated error for each data point.
The CSF analysis also required log transformation of the data to equalize the standard

deviations and was then analyzed using a 1-way ANOVA with post Bonferonni-corrected t-tests.
RESULTS

Gfap promoter activity, mRNA, and protein vary by brain regions in Gfap** mice.

We sought to test whether Gfap-luc transgenic reporter mice, which express the firefly
luciferase under the control of the murine Gfap promoter, thus serving as an indirect monitor of
promoter activity, faithfully reflect the regional variation in GFAP expression that is known to

exist in the rodent central nervous system. In Gfap-luc transgenics that are wild-type at the
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+/+

Gfap locus (Gfap™), luciferase activity was highest in the spinal cord, intermediate in olfactory
bulb, hippocampus and brain stem, and lowest in cerebral cortex and cerebellum (Fig. 2.1A).
For comparison, we measured Gfap mRNA levels in these same regions, and found that spinal
cord and brain stem had the highest levels, and cerebellum and cerebral cortex the lowest (Fig.
2.1B). Total GFAP protein levels, as measured by ELISA, followed essentially the same

pattern as mRNA (Fig. 2.1C). Hence, luciferase activity from the reporter mice mirrored relative

mRNA and protein levels for all regions that were examined, with the exception of brain stem.

R236H/+ mice

Regional Gfap gene activity in Gfap
Mice carrying point mutations at the Gfap locus mimicking those found in Alexander
disease patients have elevated levels of Gfap mRNA and protein (Hagemann et al. 2006;
LaPash Daniels et al. 2012), although not uniformly in all regions of the CNS. To test whether
these changes in GFAP expression are mirrored by the Gfap-luc reporter, we crossed the

R236H/+ )

reporter with a knock-in of the R236H mutation (Gfap , and examined all three measures

of GFAP expression in various CNS regions of 8 week old mice (Fig. 2.2).

Gfap promoter activity significantly increased in all six regions of Gfap-luc;Gfap™?*¢"*

+/+

mice compared to Gfap-luc;Gfap™" littermates. The largest fold-increase of Gfap promoter
activity was in the olfactory bulb (7.6 + 1.2), and the smallest in cerebellum (2.1 £ 0.4), with
intermediate changes for the other regions. Quantitation of Gfap mRNA levels in the same mice
revealed fold changes similar to those found for promoter activity in olfactory bulb,
hippocampus, cerebral cortex, and cerebellum, and more modest increases in brain stem and
spinal cord.

We then measured total GFAP protein levels in the same brain regions from Gfap

mutant vs. wild type mice. As previously described (Hagemann et al. 2006; LaPash Daniels et

al. 2012), both olfactory bulb and hippocampus displayed substantially increased levels of
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GFAP (40-fold + 5 for olfactory bulb; 30 £ 3 for hippocampus), but well beyond the fold changes
observed for promoter activity and mRNA. Cerebellar GFAP increased a modest amount,
commensurate with the changes in promoter activity and mRNA. Interestingly, the two regions
of the CNS with the highest basal levels of GFAP protein in wild type mice, brain stem and
spinal cord (see Fig. 2.1C), displayed marked discrepancies between promoter activity/mRNA

levels and protein levels when evaluated in the Gfap™**°"*

mutants. Although promoter activity
increased ~5-fold in both brain stem and spinal cord, mMRNA levels increased a lesser amount,
and protein remained unchanged in brain stem and actually decreased in spinal cord. Hence,
when examined in the context of the injury response associated with expression of mutant

GFAP, the precise relationships between promoter activity, transcription, and protein

accumulation is complex and varies considerably between different regions of the CNS.

Induction of Gfap promoter and increase in mRNA is not affected by gender

Previous studies have implicated estrogens in the hormonal regulation of GFAP
expression (Laping et al. 1994; Stone et al. 1998; Levin-Allerhand et al. 2001; McAsey et al.
2006; Cho et al. 2010). We therefore tested whether the changes in Gfap promoter activity and
MRNA observed in the context of the R236H point mutation were influenced by gender.
However, none of the regions examined showed any differences between males and females

(olfactory bulb illustrated in Fig. 2.3, other regions — data not shown).

R236H/+

Time course of induction of Gfap promoter activity in Gfap** and Gfap mice

To determine when Gfap promoter activity becomes elevated in Gfap mutant mice

during development, we analyzed luciferase activity in whole brains (including olfactory bulbs)

R236H/+

from Gfap-luc;Gfap mice compared to Gfap-luc littermate controls at various ages

beginning at post-natal day 1 (p1). Luciferase activity displayed a ~4-fold increase in Gfap”?**"*

mice as early as p14, and remained significantly elevated through 8 weeks of age (Fig. 2.4).
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Using a different luciferase assay we examined mice at 6 months of age, and found that

elevated promoter activity was still evident (data not shown).

GFAP in CSF of Gfap mutant and GFAP transgenic mice

In pilot studies of CSF from individual control mice using standard dilutions required to
reach minimal assay reaction volumes (see Methods), one third of the samples yielded values
that were below the biological limit of detection (BLD) of the assay. To permit an accurate
determination of the values in controls, we therefore created four separate sets of pooled
samples, each composed of CSF taken from 3-4 Gfap **mice. In this manner the volume of
CSF was sufficient for use with minimal dilution in the GFAP ELISA, thus increasing the
sensitivity for detection. We then measured GFAP in CSF from individual mice of three AxD

models that have previously been found to have varying levels of GFAP accumulation in brain

R236H/+ R76H/+

parenchyma: the Gfap mice described above, the Gfap knock-in model (homologous
to the human R79H mutation and intermediate in levels of GFAP between control and
Gfap~?**"* mice), and the transgenic that over-expresses human wild type GFAP to very high
levels (Hagemann et al., 2006). We found that GFAP in the CSF of Gfap™* mice was detectable
in all four pooled samples (354 + 217 ng/L, mean + SD), whereas GFAP in the CSF of all three
AxD models was significantly elevated compared to controls, and in the same rank order as
expected from brain (1264 + 596 for Gfap™"®"*; 2637 + 1001 for Gfap~?**"*; 46,676 + 40,533 for
GFAP™ mice; n = 9-14 in each group). In addition, the differences in CSF levels between the
AxD model groups were statistically significant in all pair-wise comparisons (Fig. 2.5).

Brain levels of GFAP were then determined in each individual from which the CSF

samples were taken in the three AxD models. Although the between-group comparisons

showed distinct differences, within each group the correlation between CSF and brain levels for
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individuals was not significant (Gfap™"®"*, r = 0.27; Gfap"#**"*, r = 0.38; GFAP'Y, r = 0.07;

analyzed by the Spearman’s Rank-Order Correlation) (Fig. 2.6).

DISCUSSION

While mutations in GFAP are clearly the initiating event in AxD, ultimately the total
amount of GFAP rises with secondary consequences for a multitude of astrocyte functions.
What accounts for this increase is not clearly understood, although changes in the rates of both
degradation and synthesis have been proposed (Messing and Brenner 2013). Whether
documented elevations in GFAP mRNA can be accounted for by increased activity of the GFAP
promoter has not previously been addressed, and whether the putative changes in promoter
activity and increases in protein can be exploited for drug discovery and clinical studies is also
not known. Here we demonstrate, using several mouse models of AxD, that the activity of the
murine Gfap promoter is indeed increased as an early and sustained response following
expression of mutant GFAP in vivo. Furthermore, we find that the levels of GFAP in CSF
increase, roughly in parallel with the degree of increase present in brain. These results provide
a foundation on which to build future studies seeking to interfere with the toxic increase in GFAP
as a therapeutic goal (Messing et al. 2010).

Activation of the GFAP promoter with resulting increase in synthesis is considered a
fundamental property of reactive astrocytes. Although the precise mechanisms mediating this
increase are still topics of active investigation, numerous studies suggest that at least some of
the regulatory elements for the reactive response lie within a 2.2 kb fragment of the 5' region of
the gene (Brenner 1994). Previous studies from our lab utilized this 2.2 kb human GFAP
promoter construct to create dual luciferase reporter mice for monitoring of GFAP promoter

R236H/+

activity, and in crosses of these luciferase reporters to the Gfap mutants we found only a

modest increase in luciferase activity which disappeared by 8 weeks of age (Cho et al. 2009).
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In contrast, the Gfap-luc mouse utilized in the present study, which differs from our dual
luciferase mouse in several respects, reports a much larger and sustained increase in promoter
activity. In addition, the fold-increase in luciferase activity more closely resembles the fold
change in mMRNA levels, suggesting as well that the predominant regulation of GFAP expression
occurs at the level of transcriptional activation.

The degree to which elevated levels of GFAP protein per se provide the initial stimulus
leading to promoter activation is not yet clear. Future studies will examine the response of the
Gfap-luc reporter in transgenic lines that over-express wild-type rather than mutant GFAP,
although it will be important to closely match the levels of GFAP protein between lines. Itis
possible that mutant GFAP acts in essentially the same manner as wild-type, but more
efficiently and at lower levels of over-expression.

That expression of GFAP varies considerably in different regions of the central nervous
system and in different populations of astrocytes is well known. For instance, both mouse and
human data reveal the highest levels of both mRNA and protein in spinal cord and brain stem,
followed in descending order by hippocampus, olfactory bulb, cerebellum, and cerebral cortex
(Palfreyman et al. 1979; Chen et al. 1993; Martin and O'Callaghan 1995; Lein et al. 2007). In
contrast, one study of rats found cerebellum to be higher than hippocampus (Martin and
O'Callaghan 1995). The reasons for these differences are not clear, but could reflect variations
in either the number or composition of astrocyte sub-types among regions. Recent studies of
human astrocytes differentiated in vitro from embryonic stem cells reveal that those induced to a
“caudalized” phenotype through exposure to retinoic acid express higher levels of GFAP than
those following the default rostral pathway of differentiation (Krencik et al. 2011). Our studies
support the idea that regulation of GFAP levels occurs primarily at the level of transcription, as
originally proposed by Brenner (1994), with a notable exception being spinal cord of the GFAP

mutants. It is interesting that while the infantile form of Alexander disease is characterized by
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predominance of forebrain lesions, the adult form shifts to a hindbrain distribution, with many
adult-onset patients experiencing atrophy of the medulla and cervical spinal cord (Prust et al.
2011; Messing et al. 2012).

Why GFAP should appear in the CSF is not at all clear. Studies in a wide variety of
human disorders document elevations of GFAP that are typically attributed to cell death,
although most of these studies also find detectable levels even in healthy controls (Liem and
Messing 2009). One possibility is that GFAP, despite being a cytoskeletal protein, is normally
secreted from astrocytes, as has been found to occur for vimentin from macrophages (Mor-
Vaknin et al. 2003). Studies of the astrocyte secretome have largely utilized cell cultures and
are complicated by the problem of correcting for contamination by cytoplasmic contents — most
report finding vimentin but not GFAP is secreted (Delcourt et al. 2005; Keene et al. 2009; Greco
et al. 2010). Dowell et al. (2009) did find GFAP in the supernatant from cultured mouse
astrocytes, but considered it a contaminant. Moore et al. (2009), in a study using rat astrocyte
cultures, found neither vimentin nor GFAP. Whether the GFAP mutations and brain over-
expression that have been found in Alexander disease lead to astrocyte death, with consequent
release of cytoplasmic contents into the extracellular space and eventually CSF, is also not
known. Evidence for an increase in cell death following expression of mutant GFAP has been
obtained from cell culture models (Mignot et al. 2007; Cho and Messing 2009), but no similar
data have been obtained from the in vivo models of disease (Hagemann et al. 2006; Tanaka et
al. 2007). The amount of GFAP present in the CSF of GFAP'® mice is sufficiently high as to be
detectable by mass spectrometry, thus opening new possibilities for methods of quantitation and
characterization (Cunningham et al. 2013).

A major problem facing therapeutic research is the identification of suitable biomarkers
that reflect key pathways of disease and could be responsive to drugs or other types of

treatment. The response of the Gfap-luc reporter mouse clearly demonstrates transactivation of
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the Gfap promoter, perhaps as a final common pathway in the putative positive feedback loops
that lead to toxic accumulation of GFAP (Messing et al. 2012). Activation of the Gfap promoter
may also represent a step in pathogenesis that is amenable to drug discovery or screening
efforts (Cho et al. 2010; Messing et al. 2010). In addition, the elevation of GFAP that occurs in
CSF may prove useful as a biomarker of disease severity or progression in clinical studies of
Alexander disease. Indeed, Kyllerman et al. (2005) studied three patients, each of whom
exhibited markedly elevated levels in their CSF compared to controls. A study of CSF levels of
GFAP in a larger cohort of AxD patients is currently underway, along with an evaluation of blood
levels. The validation of biomarkers that occur both in human patients as well as animal models

will greatly facilitate the evaluation of candidate therapies in the future.
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Figure 2.1: Gfap promoter activity, mRNA, and protein in Gfap** mice. Gfap promoter
activity (A), mRNA (B), and protein (C) concentrations vary among regions, with the highest
levels in spinal cord for all three measures of Gfap. Presented as mean + 1 standard

deviation (SD) (n=3-6, males). fLuc, firefly luciferase.
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Figure 2.2: Levels of Gfap promoter activity, mRNA, and protein in Gfap*?**"* mice
compared to Gfap** mice. A comparison of the fold changes seen in Gfap promoter
activity, mRNA, and protein shows that all three are reflective of the other except in spinal
cord and brain stem (2-way ANOVA with post-hoc Bonferroni t-test; ns, not significant;
**p<0.01;*** p<0.001 compared to wild-type). Presented as average fold-change £ 1 SD on

log 2 scale (n=3-6 per genotype, males).
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Figure 2.3: Gfap promoter and mRNA levels by gender. While Gfap promoter activity (A)

+/+

and mRNA (B) are elevated in Gfap®?**** mice compared to Gfap™*, the effect is similar in
males and females in olfactory bulb (illustrated) as well as in other brain regions (data not
shown). (One-way ANOVA with post-hoc Bonferroni t-test; *** p<0.001). Presented as mean

+ 1 SD (n=6 male and 6 female mice per genotype).
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R236H/+

Figure 2.4: Developmental time course of Gfap promoter activity in Gfap brain.

R236H"* mice over Gfap™* controls as

Gfap promoter activity is significantly elevated in Gfap
early as postnatal day 14 (p14) and remains elevated through 8 weeks of age (p56). (One-
way ANOVA with post-hoc Bonferroni t-test; *** p<0.001). Presented as mean £ 1 SD (n=12-

25).
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Figure 2.5: GFAP protein in CSF of mouse models of AxD. GFAP is elevated in CSF of
all three mouse models of AxD (Gfap~""* Gfap~?**"*, and GFAP™) compared to Gfap™*
controls. (One-way ANOVA with post-hoc Bonferroni t-test; ** p<0.01; *** p<0.001).

Presented as mean = 1 SD on a split linear scale (n=9-14, males).
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Figure 2.6: Correlation between GFAP levels in CSF and GFAP levels in the brain.

Within each of the AxD mouse model groups, there was no correlation between the
concentration of GFAP in CSF (ng/L GFAP) and in the brain (hg GFAP/mg protein) in
individual mice. (A) Gfap™"®"* (n=14), (B) Gfap™?**""* (n=12), or (C) GFAP'® (n=9).

(Spearman’s Rank-Order Correlation). Each data point represents one mouse.

88
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ABSTRACT

Alexander disease (AxD) is a rare and usually fatal disease caused by mutations in glial
fibrillary acidic protein (GFAP). While there is no treatment for AxD, current strategies for
potential treatments focus on reducing GFAP concentrations below its toxic threshold or
interfering with other downstream effects of GFAP toxicity. In anticipation of experimental
therapies, we need to identify and evaluate suitable biomarkers which can act as indicators of
the potential response to therapy. One potential biomarker is GFAP itself, which is normally
present in both cerebrospinal fluid (CSF) and plasma at low levels and elevated after injury or in
neurological diseases. While GFAP has not been quantified in plasma from AxD patients, a
recent study did evaluate GFAP concentrations in AXD patient CSF. In the previous study,
GFAP concentrations were significantly elevated in the CSF of all three AxD patients tested,
though these results need to be confirmed in a larger cohort. In the current study, we analyzed
GFAP concentrations in CSF and plasma from AxD patients compared with controls. We found
GFAP was significantly elevated in both CSF and plasma from AxD patients, suggesting GFAP

is a reliable biomarker and may be utilized in future clinical trials.
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INTRODUCTION

Alexander disease (AxD) is a progressive and generally fatal neurogenetic disorder with
ages of onset ranging from fetal through late adulthood. The hallmark feature of the pathology
is cytoplasmic aggregates known as Rosenthal fibers (RFs) within astrocytes of the central
nervous system (CNS). These aggregates are composed primarily of the astrocyte-specific
intermediate filament, glial fibrillary acidic protein (GFAP), along with several small stress
proteins. In 2001, we reported the discovery that heterozygous missense mutations in GFAP
itself are responsible for nearly all cases of AxD (Brenner et al. 2001), a finding which has now
been widely replicated and has led to the rapid adoption of GFAP sequencing as the standard
diagnostic test worldwide. Nearly half of all patients carry mutations in either of two amino acids
(R79 or R239), although it appears that mutations distributed throughout the protein produce
essentially identical RFs and similar disease (Li et al. 2005; Messing et al. 2012). Mouse
models have been created via both transgenic and knock-in approaches that reproduce key
aspects of the Alexander phenotype, particularly the formation of RFs identical to those found in
the human disease (Messing et al. 1998) and increased seizure susceptibility (Hagemann et al.
2006; Tanaka et al. 2007). These and other studies point to the idea that the GFAP mutations,
which are genetically dominant, act in a gain-of-function fashion, and that elevations of total
GFAP levels may be a major factor in pathogenesis. Several strategies are now being
discussed as potential treatments for Alexander disease, chief among them being
pharmacologic approaches for suppressing expression of GFAP below its toxic threshold or
interfering with other downstream effects of GFAP toxicity (Messing et al. 2010).

The prospect of experimental therapies now highlights the need to begin planning the

design of clinical trials. The patients can serve as their own controls, by comparing status pre-
and post-treatment. However, though existing MRI criteria are highly reliable as diagnostic

tools, they are not suitable for quantifying disease severity or monitoring disease progression.
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In anticipation of the prospect for any clinical trial (ours or others), there is an urgent need to
identify and evaluate biomarkers that can serve as surrogate indicators of the potential
response to therapy.

One potential biomarker is GFAP itself. GFAP is normally present only at low levels in
plasma and CSF, fluids that are often collected as part of routine diagnostic workups. Increased
levels of GFAP in plasma and CSF have been found in a number of clinical settings (Liem and
Messing 2009). Additionally, quantification of GFAP in CSF from mouse models of AxD
revealed GFAP concentrations in CSF increased in a manner corresponding to brain GFAP
concentrations (Jany et al. 2013), suggesting GFAP concentrations in CSF reflect GFAP
concentrations in the brain. While GFAP has not been quantified in plasma from AxD patients,
a recent study did evaluate GFAP concentrations in AxD patient CSF. Kyllerman et al. (2005)
found that GFAP was elevated in the CSF of AXD patients, though only three patients were
examined and only one determination was made for each patient. These results are in need of
replication in a larger cohort of patients. In the current study, we quantified GFAP in AxD
patient plasma and CSF and found GFAP was significantly elevated in both compared with
controls. These results suggest GFAP is a reliable biomarker in plasma and CSF of AxD

patients.

MATERIALS AND METHODS

AxD patient samples

The sole inclusion criterion for participation in this study was genetic confirmation of the
diagnosis by sequencing of GFAP. Informed consent for studies of CSF was obtained following
protocols approved by the Institutional Review Boards (IRBs) at the University of Wisconsin-
Madison, the Children’s National Medical Center (CNMC), and the Mayo Clinic. Only leftover

samples from a previous clinical use were permitted for study. Informed consent for studies of
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blood was obtained following protocols approved by IRB’s at the University of Wisconsin-
Madison, CNMC, Massachusetts General Hospital, Washington University in St. Louis, and
Mayo Clinic. Again, consents were obtained either through in-person interview or by telephone,
with written confirmation. For samples collected in The Netherlands, Italy, and Germany, the

principles outlined in the Declaration of Helsinki were followed.

Control samples

Controls for CSF studies consisted of 24 de-identified samples collected by lumbar
puncture (LP) at CNMC for various purposes but were considered within the range of normal for
protein, glucose, and cell counts. The CSF controls were exempted from the requirement for
consent. Additional information about the CSF control group (age, sex, reason for LP) is given
in Table 3.1. Controls for blood were obtained from apparently healthy adults of both sexes
who were asked to exclude themselves if they had specific conditions (neurologic or psychiatric
disorders, head or brain trauma within the past 12 months, type | diabetes, inflammatory bowel
disease) or were taking specific medications within the past 3 months (clomipramine,
amitriptyline, prednisone, dexamethasone, or tamoxifen). The exclusion criteria for plasma
controls were based on a literature review of conditions known to influence GFAP levels in CSF
and blood (Liem and Messing 2009), and a study specifically aimed at identifying

pharmacological modifiers of GFAP expression (Cho et al. 2010).

Plasma preparation

Fresh samples of venous blood were collected into lavender-topped tubes that contained
K,-EDTA as anti-coagulant to allow preparation of plasma. The samples were centrifuged
within 60 min of collection at 2500 rcf for 15 min at room temperature (RT), and the supernatant

immediately placed in a polypropylene tube and stored either on dry ice for shipping or in a
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-20°C freezer until shipping could be arranged. In Wisconsin, the samples were then thawed,

divided into aliquots, and stored at -80°C until further analysis.

Quantitation of GFAP protein

GFAP protein levels in CSF and plasma were quantitated using a sandwich ELISA as
previously described (Jany et al. 2013). The capture antibodies consisted of a cocktail of
monoclonal antibodies (Covance, SMI-26R) diluted in phosphate buffered saline (PBS) (Fisher,
# BP3994). Plates were blocked with 5% milk in PBS before addition of samples or standards
diluted in PBS with 0.05% Tween 20 (Tw20) and 1% bovine albumin serum (BSA) (Sigma,

# A7030), with each sample analyzed in triplicate. Antibody incubation steps were performed in
5% milk-PBS, and washing steps were performed in PBS-Tw20. Standard curves were
generated using bovine GFAP (Fitzgerald Industries International, # RDI-PR0O62007), and
reaction volumes consisted of 100 yL/well for both CSF and plasma. CSF and plasma samples
were initially diluted 1:1 with ELISA buffer, though in some cases higher dilutions were
necessary to bring the values within the linear range of the assay. GFAP values were
expressed as ng/L. Under these conditions the lower limit of detection was 11 ng/L, and the
biological limit of detection (BLD) (after accounting for the minimum 1:1 dilution with reaction
buffer) was 46 ng/L. Any samples below the BLD were given a value of 46 ng/L for all statistical
analysis. The intra-assay coefficient of variation (COV), determined using the bovine GFAP
standard at 33 ng/L in 10 sets of triplicate wells, was 13%. The inter-assay COV, determined
using pooled CSF samples taken from GFAP™ mice that over-express wild type human GFAP,
was 11%. CSF and plasma samples from Gfap-null mice give readings that are below the BLD
in this assay (data not shown), thus validating its specificity. In addition, plasma samples from

Gfap-null mice were spiked with known concentrations of purified bovine GFAP to verify that the
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1:1 dilutions of plasma used here did not interfere with the sensitivity of the assay (data not

shown).

RESULTS

Patient Population

Samples were collected from AxD patients with confirmed mutations in GFAP. Those for
whom leftover clinical CSF samples were available included 4 females and 6 males, ranging in
age from 2 to 46. Those for whom plasma samples were collected included 19 females and 14
males, ranging in age from 1 to 65. Both plasma and CSF samples were available for 8 of
these patients. Information for each patient regarding gender, specific mutation, age of first

symptom, age at collection of samples, and age at death (if applicable) is provided in Table 3.2.

GFAP levels in Cerebrospinal Fluid

We established a reference range for controls in our assay using a set of 24 samples
obtained at the Children’s National Medical Center, and found the mean GFAP level to be 249 +
316 ng/L (range = 46 to 1386 ng/L)(see Table 3.1 and Fig. 3.1 for additional data including
GFAP in relation to age). CSF samples were available for 10 AxD patients, and in a single
assay, all of the AxD samples were run alongside 12 of the controls (Fig. 3.1) Considered as a
group, GFAP levels in the AXD patients were significantly elevated compared with the controls
(p<0.001). Considered as individuals, ten of the eleven AxD samples were elevated compared
to the control population. Because of the paucity of samples, this experiment was replicated
once, with similar results. Individual GFAP values for each AxD patient in relation to age,

gender, genotype, and category of disease are shown in Table 3.3.
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GFAP levels in Blood

For plasma GFAP concentrations, we established a reference range for controls using a
set of 111 samples obtained from healthy volunteers. We found GFAP concentrations ranged
from 46 to 1118 ng/L with an average of 155 * 200 ng/L (see Fig. 3.2 for comparisons between
GFAP in age or gender). Plasma samples were available from 33 AxD patients. In a single
assay, all of the AxD samples were run alongside a subset of 12 controls. GFAP concentrations
in the subset compared to the full 111 plasma control samples revealed no statically significant
differences (data not shown). As a group, AxD patient GFAP concentrations in plasma were
significantly elevated compared with controls (Fig. 3.3). These results were confirmed with two
replicate assays. In some AxD patients, both plasma and CSF samples were collected.
Comparison of GFAP concentrations in CSF and plasma from the same individual revealed
GFAP concentrations were significantly higher in CSF compared with plasma (p=0.0002, data
not shown). Correlation analysis between CSF and plasma revealed a positive correlation,

though it did not reach statistical significance (r=0.68, p=0.0503) (Fig. 3.4).

DISCUSSION

AxD is caused by mutations in GFAP which lead to protein upregulation above an
unknown toxic threshold. While there is no cure for AXD, reduction of GFAP concentrations
may alleviate AxD patient symptoms. Drug studies are currently underway in mouse models of
AxD to determine potential therapies which may be translated to AxD patients. In anticipation of
clinical trials, we analyzed GFAP as a biomarker in CSF and plasma of AxD patients compared
with controls. We found GFAP was significantly elevated in both CSF and plasma of AxD
patients, suggesting GFAP is a reliable biomarker for AxD. These results indicate GFAP may

be a useful tool for analyzing drug efficacy during future clinical trials.
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GFAP has been analyzed as a biomarker in CSF and plasma for several diseases and
injuries (Liem and Messing 2009). After brain ischemic injury, GFAP concentrations in CSF and
plasma correlate with infarct size and clinical classification (Aurell et al. 1991; Herrmann et al.
2000; Wunderlich et al. 2006), suggesting GFAP may correlate with severity and/or progression
in AxD patients. In a preliminary study of three AxD patients, GFAP concentrations in CSF were
significantly elevated compared with control CSF, though no correlation was found between
GFAP and disease severity (Kyllerman et al. 2005).

We analyzed GFAP in CSF from a larger cohort of AxD patients (n=11) to determine if
GFAP is increased in all AxD patients and elucidate the range of GFAP concentrations in CSF.
In addition, we quantified GFAP in AxD patient plasma (n=33). We found GFAP was
significantly elevated in AxD patient CSF and plasma compared with controls. There are
conflicting results on the correlation between GFAP in CSF and age (Table 3.4) (Rosengren et
al. 1992; Ahlsen et al. 1993; Rosengren et al. 1994; Fukuyama et al. 2001; Petzold et al. 2004;
Axelsson et al. 2011). We found no correlation between age and GFAP concentration in
plasma in our control samples, similar to previous studies (Herrmann et al. 2000; Vos et al.
2006; Dvorak et al. 2009). However, a negative correlation was found between age and GFAP
concentration in AxD patient plasma samples, which likely reflects disease severity rather than a
change in GFAP concentration with age. While we have not finished the correlation analyses
between GFAP concentrations and disease severity or progression, we did find a significant
difference in plasma GFAP concentrations when comparing infantile to adult forms of AxD (Fig.
3.5), suggesting GFAP will correlate to disease severity.

In the current study, comparisons of GFAP concentrations between AxD patients and
controls were complicated by the lack of age matched healthy controls. Control patient CSF
samples were de-identified samples from CNMC who were considered to have normal protein,

glucose, and cell counts in CSF. GFAP concentrations were detectable but low in
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approximately 90% of the control patients and were comparable to previous reports (Jesse et al.
2009; Misu et al. 2009; Axelsson et al. 2011), suggesting the current CSF controls are sufficient
for analysis. For plasma samples, AxD ages ranged from less than one year to 65 years of age
with a median age of 15. Conversely, control plasma samples were from volunteers aged 18 or
older with a median age of 30. While the absence of age-matched controls may be a caveat,
the current and previous studies reveal no correlation between GFAP and age in control plasma
samples (Herrmann et al. 2000; Vos et al. 2006; Dvorak et al. 2009). This lack of correlation
between GFAP and age suggests the addition of age matched plasma controls samples may
not alter the results seen in this study.

For the few AxD patients where both CSF and plasma were collected, comparison of
GFAP concentrations in plasma and CSF samples from the same individuals revealed a positive
correlation. GFAP concentrations in CSF were also higher than plasma, similar to previous
reports (Beems et al. 2003; Steiner et al. 2006; Kwon et al. 2010). Since GFAP concentrations
are lower in plasma samples, further analysis of plasma GFAP concentrations in AxD patients is
required to elucidate the sensitivity of GFAP as a biomarker in plasma.

Overall, we found GFAP concentrations were significantly elevated in AxD patient CSF
and plasma compared with controls. Similarly, mouse models of AxD have elevated GFAP
concentrations in CSF which reflect brain GFAP concentrations (Jany et al. 2013). Together,
these results suggest GFAP may be a reliable biomarker for analysis of severity and/or
progression in AXD patients as well as drug effects during future therapies. In future studies,
detailed clinical information will be obtained from AxD patients to allow correlation analysis

between GFAP and disease severity and/or progression.
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Table 3.1 - Control CSF samples (sorted by age at collection)

age at
collection | sex | reason for lumbar puncture
0.08 M | RSV bronchiolitis
0.08 F | acute respiratory failure
0.12 F | Acute life-threatening event
0.66 M | Vomiting
2.16 F | Gastrointestinal virus
2.25 M | Lymphoma
3.08 M | DiGeorge syndrome
3.75 F | acute lymphocytic leukemia/chemotherapy evaluation
3.92 M | acute lymphocytic leukemia/chemotherapy evaluation
4.08 M | acute lymphocytic leukemia/chemotherapy evaluation
4.33 M | acute lymphocytic leukemia/chemotherapy evaluation
5.25 M | acute lymphocytic leukemia/chemotherapy evaluation
5.33 M | acute lymphocytic leukemia
5.75 M | acute lymphocytic leukemia/chemotherapy evaluation
6.92 F | acute lymphocytic leukemia/chemotherapy evaluation
9.25 M | acute lymphocytic leukemia/chemotherapy evaluation
9.58 F | Ehlers-Danlos syndrome, mental status change
12.33 M | acute lymphocytic leukemia/chemotherapy evaluation
14.16 F | acute lymphocytic leukemia/chemotherapy evaluation
14.75 F | acute lymphocytic leukemia/chemotherapy evaluation
15.33 F | idiopathic intracranial hypertension
16.66 M | acute lymphocytic leukemia/chemotherapy evaluation
17.33 M | acute lymphocytic leukemia/chemotherapy evaluation
19.00 M | acute lymphocytic leukemia/chemotherapy evaluation
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Table 3.1: Control CSF Samples. Control CSF samples were de-identified from individuals
requiring CSF evaluation. Age at collection is given in years. Abbreviations: RSV, respiratory

syncytial virus.



Table 3.2 — Alexander disease patient samples

mutation
(blocked for
privacy age of age at CSF | age at blood | age of
ID# | reasons) ex | onset collection collection death
1 F 40.5 44.67
2 M 0.16 1.75
3 F 1 3.26
4 F 0.58 19.19
5 M 0.5 17.28 20.84
6 M 0.25 6.20
7 F 4* 4*
8 F 0.5 2.02
9 F 0.29 2.25 2.65
10 F 0.58 6.27 7.11
11 F 0.5 1.92
12 F 1.25 10.51
13 F 0 3.07
14 M 0.5 4.65 4.65
15 M 4 13.36
16 M 0.75 2.24
17 M 2 5.77
18 M 10 15.78 17.87
19 F 10 40.95
20 M 10 17.32 21.62
21 F 6 15.74
22 M 50 56.72
23 M 10.5 22.11 22.52
24 M 50 64.88
25 M N/A 34.85
26 M 0.5 2.50
27 F 15 2.10
28 F 7.00 9.20
29 F 1.67 1.90
30 F 0.29 0.72 1.14
31 F 0 0.96 1.00
32 M 2 23.85 23.85
33 M 15 3.25
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age of age at CSF | age at blood | age of
ID# sex onset collection collection death
34 M 10 36.68
35 M 0 2.61
36 F 0.25* 3.93
37 F 12 13.82
38 F 5 20.52
39 M <1* 9.78
40 F 34 36.60
41 F 0 1.91 12.82
42 F 45 45.59 45.84
43 F 51* 56.67
44 F 40 52.22
45 F 4.00 19.46
46 M 14 31.47 31.19 33.63
47 M 13 31.68
48 M 6 8.14
49 F 16 25.93
50 F 30 44,15 44,15

* Estimated age of onset
Unsure if mutation is disease causing/pathogenic

0
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Table 3.2: Alexander disease patient samples. CSF and blood samples from Alexander
disease (AxD) patients were obtained with consent from patients containing a mutation within
their GFAP sequence. All blood samples are plasma, except for 9, 16, and 50 which are serum.
ID is the unique ID number used in the current study. For some patients, age of onset was
estimated (*) or the patient was asymptomatic but had familial history of AxD (N/A). If no age of
collection is identified, then CSF or plasma was not collected from that individual. All ages are

given in years. Abbreviations: CSF, cerebrospinal fluid.
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Figure 3.1: GFAP levels in CSF of both control and AxD patients. (A) GFAP is significantly
elevated in AxD patient CSF compared with controls. (Wilcoxon Rank Sum test, *** p<0.001).
Presented as mean * 1 standard deviation (SD) on a split linear scale. (B) GFAP
concentrations in CSF do not correlate with age of collection. (Spearman’s Rank-Order
Correlation). Each data point represents one patient (n=77, 59 controls and 67, 49 AxD

patients).



Table 3.3 - GFAP concentrations in CSF and plasma in AxD patients.
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mutation
(blocked for duration | duration
privacy CSF blood disease of illness | of iliness
ID# reasons) sex | (ng/L) | (ng/L) | classification (CSF) (blood)
1 F 64 Adult 4.17
2 M 1640 Infantile 1.59
3 F 802 Infantile 2.26
4 F 480 Infantile 18.61
5 M 5803 256 Infantile 16.78 20.34
6 M 1864 Infantile 5.95
7 F 3489 Juvenile 0.10
8 F 426 Infantile 1.52
9 F 1201 Infantile 1.96
10 F 14290 | 1154 Infantile 5.69 6.53
11 F 255 Infantile 1.42
12 F 302 Infantile 9.26
13 F 572 Infantile 3.07
14 M 20355 | 1925 Infantile 4.15 4.15
15 M 238 Juvenile 9.36
16 M 46 Infantile 1.49
17 M 329 Infantile 3.77
18 M 5095 132 Juvenile 5.78 7.87
19 F 1068 Juvenile 30.95
20 M 2493 122 Juvenile 7.32 11.62
21 F 105 Juvenile 9.74
22 M 219 Adult 6.72
23 M 751 Juvenile 11.61
24 M 95 Adult 14.88
25 M 243 N/A
26 M 1007 Infantile 2.00
27 F 791 Infantile 0.60
28 F 504 Juvenile 2.20
29 F 237 Infantile 0.23
30 F 169 Infantile 0.43
31 F 711 Infantile 0.96
32 M 24272 713 Infantile 21.85 21.85
33 M 461 Infantile 1.75
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Table 3.3 continued - GFAP concentrations in CSF and plasma in AxD patients.

duration | duration

CSF blood disease of illness | of illness
ID# mutation sex | (ng/L) | (ng/L) | classification (CSF) (blood)
34 M 248 Juvenile 26.68
35 M 750 Infantile 2.61
36 F 1314 Infantile 3.68"
37 F 446 Juvenile 1.82
38 F 322 Juvenile 15.52
39 M 704 Infantile 8.88"
40 F 187 Adult 2.60
41 F 387 Infantile 1.91
42 F 1402 505 Adult 0.59 0.84
43 F 112 Adult 5.67"
44 F 46 Adult 12.22
45 F 571 Juvenile 15.46
46 M 2478 62 Adult 17.47 17.19
47 M 545 Adult 18.68
48 M 712 Juvenile 2.14
49 F 64 Adult 9.93
50 F 1749 114 Adult 14.15 14.15

T Estimate duration of illness

Duration of iliness is the age of onset subtracted from the age at collection (see Table 3.2)
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Table 3.3: GFAP concentrations in CSF and plasma in AxD patients. GFAP concentrations
(ng/L) in CSF and plasma of individual AxD patients. Patient 25 was asymptomatic at the time
of collection (N/A). Disease classification refers to the form of AxD: Infantile, Juvenile, or Adult.

Duration of illness is defined as the age at onset subtracted from age at collection.



1200~ A
A A
8004 A
3, 4001 2a a A A
£ 400 A
o AA A A A
0 AAm A A
O 200+ A A A
A A A
IRIVRN A AA
ol - AAA: AMAAAA-A--A---B| D
15 25 35 45 55 65
Age (at Collection)
1200
OOo
__800- p
34001 oo 0000
€ 400 —a
~— o o
o 300 3¢
< omo 008
L(_Irj 200+ (]
. & o? o0
108 o AR --BLD
100 é 2
' & &

116



117

Figure 3.2: Comparison of GFAP concentrations to age and gender in all plasma control
samples. (A) GFAP concentrations in plasma control samples do not correlate with age at

collection. (Spearman’s Rank-Order Correlation). Each data point represents one patient. (B)
There are no differences in GFAP concentration between male and female controls. (Wilcoxon

Rank Sum test). Presented as mean + 1 SD on a split linear scale (n=111).
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Figure 3.3: AxD patient and control plasma GFAP concentrations and its correlation with
age. (A) In AxD patient plasma, GFAP concentrations are significantly elevated compared with
control plasma. (Kruskal-Wallis One-way ANOVA with Dunns multiple comparison, * p<0.05).
Presented as mean £ 1 SD. (B) No correlation between GFAP and age at collection was found
in controls. In AxD patients, GFAP negatively correlated with age. (Spearman’s Rank-Order
Correlation, r=-0.38, p=0.0281). Each data point represents one patient (n=12 controls, 19 AxD

males, and 14 AxD females).
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Figure 3.4: A direct comparison of GFAP concentrations in CSF and plasma of AxD
patients. In AxD patients where both CSF and plasma were collected (n=8), there was a non-
significant positive correlation between GFAP concentrations in plasma and CSF. (Spearman’s

Rank-Order Correlation, p=0.0503). Each data point represents one patient.
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Figure 3.5: Correlation between GFAP levels in CSF and blood and the disease category
of AxD in patients. (A) GFAP concentrations in CSF do not correlate with the AxD disease
category (Infantile, Juvenile, Adult). All three disease categories of AxD showed GFAP
concentrations which were significantly elevated compared with controls (only adult compared
with control shown) (n=12 controls and 3 adult, 3 juvenile, and 4 infantile AxD patients). (B)
Infantile AxD patients have GFAP concentrations in blood which are significantly elevated
compared with adult AXD patients. Juvenile AxD patients have intermediate values of GFAP in
blood which are not significantly different from either infantile or adult AxD patients. GFAP
concentrations in adult AxD patients were not significantly elevated compared with controls
(n=12 controls and 7 adult, 11 juvenile, and 18 infantile AXD patients). (Data was first log
transformed [Y = log(Y)] to equalize the standard deviations (figure shows the original
untransformed data) and then analyzed using a 2-way ANOVA with post Bonferonni-corrected t-

tests, * p<0.05; ** p<0.01). Presented as mean + 1 SD.



Table 3.4 - GFAP correlation with age in control CSF.

correlation
reference | control population age n GFAP (ng/L) with age
(Ahisen et | individuals undergoing elective hon-neurological 10.8 (1.3-18) 10 61 + 17 (SEM) ns, r=0.50
al. 1993) surgery
(Axelsson et | volunteers, collected at 2 different time points i a x e
al. 2011) | approximately 9 years apart 33 (18-53) 28 358 + 122 , 1=0.50
(Fuk i dividuals with b | biochemical ytological 14 (1-25) 13 2960 + 1040 ns
ukuyama | individuals with no abnormal biochemical or cytologica
etal. 2001) | CSF analyses 41.6 (26-55) 9 2800 + 1460 ns
65.4 (56+) 8 3990 + 1550 ns
(Petzold et from sample library of neurologic patients undergoing 443+ 15.9 315 <9 ns, r=-0.02
al. 2004) routine lumbar puncture
(Rosengren | volunteers/individuals undergoing elective non- <20 (16-77) 25 <200 o
etal. 1994) | neurological surgery 75+ (16-77) 500-1300
(Rosengren | individuals undergoing elective non-neurological 1.3-18 10 .
etal. 1992) | surgery 28-29 3 66.6 + 17.2 (SEM)

& saw 6.5 + 5.9 annual increase in GFAP

12
44



Table 3.4: GFAP correlation with age in control CSF. Literature comparison of the correlation between GFAP (ng/L) in CSF and
age. Age is given as the mean age in years with the range in parentheses. GFAP is given as the average + 1 SD (unless otherwise

indicated). (Correlation Analysis, ** p<0.01; *** p<0.001). Abbreviations: CSF, cerebrospinal fluid; n, number of patients in that

study.
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Chapter 4:

Estrogens and GFAP expression in a mouse model of Alexander Disease

This chapter is derived from:
Jany, P.L. and A. Messing, Estrogens and GFAP expression in a mouse model of Alexander

Disease. In Preparation, 2013.
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ABSTRACT
Alexander disease (AxD) is a rare neurodegenerative disorder caused by mutations

within glial fibrillary acidic protein (GFAP). These mutations lead to upregulation of GFAP
through unknown mechanisms. There is no cure for AxD, but reducing GFAP protein levels
through drug treatments may alleviate AxD symptoms. A previous in vitro drug screen of FDA-
approved drugs identified estradiol (E2) as a potential treatment for AxD. To determine if E2
decreases GFAP levels in vivo, we investigated GFAP concentrations during hormone
deprivation through ovariectomy (OVX), E2 treatment, and the estrus cycle in a mouse model of
AxD, Gfap"?**"* We found that E2 had minimal effects on GFAP in mice. E2 treatment
decreased GFAP after OVX in the olfactory bulb and hippocampus of wild-type mice and the

R236H/+

hippocampus and brain of Gfap mice, but not in any of the brain regions of sham-operated

mice. Gfap mRNA was unaltered by surgical procedures or treatment in all mice. We also

R236H* mice. The

found GFAP response to OVX varied in different background strains of Gfap
FVB/N background strain increased GFAP concentrations after OVX, while mice of the B6 strain
had no change in GFAP concentrations. In addition, GFAP protein and mRNA were unaltered

by the stage of estrus in Gfap~?*"*

mice of the FVB/N background. Overall, these results
indicate E2 regulation of GFAP may vary with brain region, stress, and mouse background

strain, indicating caution in the implementation of estrogen-based treatments for AxD.
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INTRODUCTION

Alexander Disease (AxD) is a rare and generally fatal neurodegenerative disorder
caused by mutations within the gene encoding glial fibrillary acidic protein (GFAP), the major
intermediate filament of astrocytes (Brenner et al. 2001). These mutations, which occur at
multiple sites throughout the central rod domain and tail domains, activate multiple pathways
that converge on one or more positive feedback loops leading to accumulation of GFAP in
nearly all regions of the central nervous system (CNS). The increased levels of GFAP are
hypothesized to be toxic for astrocytes, and contribute in some as yet undefined fashion to
astrocyte dysfunction (Messing et al. 2012).

One approach proposed as a therapeutic strategy for Alexander disease is to suppress
the expression of GFAP, thereby reducing levels below the toxic threshold. Using primary
cultures of cerebral cortical astrocytes, Cho et al. (2010) screened libraries of FDA-approved
drugs in search of compounds that reduced either promoter activity (monitored through a GFAP-
luciferase reporter) or protein. One compound identified through this screen was estradiol
benzoate. Astrocytes do express estrogen receptors, both of the a and 3 type, though with
variations based on particular location and degree of reactivity in response to injury or disease
(Carbonaro et al. 2009; Sakuma et al. 2009; Giraud et al. 2010). In addition, estrogens are
neuroprotective in several models of neurological disease (Dhandapani and Brann 2007;
Arevalo et al. 2013). In experimental autoimmune encephalomyelitis, the protective effects of
estrogens in spinal cord were shown to be mediated primarily through the ERa receptors
(Spence et al. 2011).

Previous studies both in cell culture and in vivo have implicated gonadal hormones in the
regulation of GFAP expression, although often with conflicting conclusions. For instance, Stone
et al. (1998) found that primary rat astrocytes in culture respond to estradiol (E2) by decreasing

their expression of GFAP, but only when co-cultured with neurons, though the same group later
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found that scratch-wound stimulation of GFAP transcription was suppressed even in the
absence of neurons (Rozovsky et al. 2002). In vivo, McAsey et al. (2006) found that depletion
of endogenous estrogens through ovariectomy (OVX) led to an increase in GFAP protein at 7
weeks post-surgery, an effect that was suppressed by supplementation with exogenous E2.
Similarly, treatment with E2 suppressed the GFAP increase seen in hippocampus following
lesioning of the entorhinal cortex (Rozovsky et al. 2002). In contrast, Levin-Allerhand et al.
(2001) found that E2 treatment following OVX further increased GFAP levels in hippocampus.
Hence, the GFAP response to OVX and hormone replacement remains a matter of debate.

We therefore sought to test whether gonadal hormones regulate the expression of GFAP
in the context of disease, specifically missense mutations in GFAP that cause AxD and that
spontaneously lead to excessive accumulation of GFAP protein. Mouse models have been
engineered to carry point mutations in the endogenous Gfap gene that are identical to common
and severe mutations found in human patients (Hagemann et al. 2006). These mice exhibit
several features similar to AxD patients, including increased expression of GFAP that is
manifest in multiple brain regions as well as the CSF (Jany et al. 2013). We hypothesized that
depletion of gonadal hormones through ovariectomy would increase expression of GFAP and
exacerbate disease, whereas hormonal replacement or supplementation via administration of
17B-estradiol would mitigate these effects. However, we found minimal changes in GFAP
expression resulting from either surgical or pharmacological manipulation of estradiol levels. In
addition, no fluctuation in GFAP expression was evident during the natural variations in
endogenous estrogens occurring during the estrous cycle of female mice. These results

suggest caution in the implementation of estrogen-based treatments for AxD.
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MATERIALS AND METHODS

Mice

Gfap™?**"* mice carry a point mutation homologous to a common mutation site in
Alexander disease patients (R239H in the human sequence) (Hagemann et al. 2006). Mice
were maintained as heterozygotes, congenic in either FVB/N and C57BL/6J (B6) backgrounds,
and housed under a 14-10 light-dark cycle with ad libitum access to food (LabDiet 5015) and
water. All mice were allowed to acclimate to a 12-12 light-dark cycle one week before surgery
(described below). All experiments were approved by the Institutional Animal Care and Use

Committee of the Graduate School of the University of Wisconsin-Madison.

Ovariectomy

At 8-9 weeks of age, female mice underwent either a bilateral ovariectomy (OVX) or
sham surgery under sterile conditions. A flank incision was used to expose each ovary, the
oviduct was cauterized, and the ovary removed. The abdominal wall was sutured and the skin
incision closed with wound clips that were removed ten days after surgery. In sham-operated
mice, the same procedures were performed without cauterization or removal of the ovaries. At
the same time, mice were implanted with either one estradiol 60-day release pellet (0.36
mg)(E2) or a placebo pellet (PL)(Innovative Research of America, SE-121 and SC-111
respectively) subcutaneously via a trochar. Pellet implantation did not require antibiotics or
sutures. After surgery, mice were given metacam (150mg/kg) for analgesia. In the first set of

R236H/+

experiments, Gfap** and Gfap mice that were congenic in the B6 background underwent

either OVX or sham surgeries and were given either placebo or estrogen-containing pellets. In

R236H/+

the second set of experiments, Gfap mice that were congenic in the FVB/N background

underwent either OVX or sham surgeries only, without pellet implantation. At seven weeks
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post-surgery, mice were euthanized for collection of tissues, CSF, and plasma (as described

below).

Stages of Estrus

Stages of estrus were determined by vaginal cytology (Allen 1922; Laboratory and
Green 1966; Byers et al. 2012) in a cohort of Gfap™?*** mice congenic in the FVB/N
background. To establish the normal cycle length, mice were first monitored for at least one
month with daily scoring, beginning at 8-9 weeks of age. The vaginal lavage was performed
between 8 and 9 am each morning. Mice were restrained in a supine position while
approximately 40 pL of sterile saline (0.9% NaCl filtered) was gently flushed into the vaginal
orifice via disposable transfer pipettes (Fisher, # 13-711-9AM). The lavage solution was
withdrawn and transferred to a glass slide for viewing. The stages of estrus were defined using
the following criteria: proestrus (PE) consisting mainly of nucleated epithelial cells, estrus (E)
containing anucleated cornified cells with jagged irregular edges, and diestrus (DE) primarily
consisting of leukocytes (Laboratory and Green 1966; Byers et al. 2012). Mice were euthanized
for collection of tissues (CNS and CSF, see below) between 8 am-12 pm for the PE am, E, and

DE stages of estrus, and between 8-9 pm for the PE pm stage.

Collection of cerebrospinal fluid (CSF), plasma, and tissues

CSF was collected according to the method of DeMattos et al. (2002). Briefly, mice
were anesthetized with avertin (400-600 mg/kg i.p.) and a midline sagittal incision made over
the dorsal aspect of the hindbrain. After three muscle layers were carefully peeled back, the
cisterna magna was exposed and pierced with a 30 gauge needle. CSF was collected
immediately using a flexible plastic pipette with approximately 10 uL of CSF collected per
animal, and stored at -80°C until further processing. For some mice, after CSF taps,

approximately 0.5 ml of blood was collected from the axillary plexus using disposable transfer
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pipettes and placed into K,-EDTA coated tubes (BD Diagnostic, # 365974). Within 60 minutes
of collection, samples were centrifuged for 15 minutes at 2500 x g at room temperature (22-
24°C). Plasma was transferred into clean low retention tubes (Fisher, # 02-681-311) and stored
at -20°C until analysis. After collection of fluids, mice were euthanized and the brains were
removed and bisected sagitally into two equal halves, in some cases with further dissection into
individual regions (olfactory bulb, hippocampus, parietal cortex, cerebellum, and brain stem).
Cervical spinal cord was collected as well. Samples of brain and spinal cord were immediately

frozen in liquid nitrogen and stored at -80°C until further processing.

Plasma estrogen determinations

E2 levels in plasma samples were determined at the Ligand Assay and Analysis Core at
the University of Virginia using an ELISA (Calbiotech), following the manufacturer’s procedures.

Results are expressed as pg/ml.

GFAP protein and mRNA guantification

Quantitation of GFAP protein was performed essentially as previously described (Jany et
al. 2013). Briefly, brain or spinal cord samples were homogenized in a 2% SDS buffer, diluted,
and evaluated using a sandwich ELISA. CSF samples were diluted directly in ELISA buffer.
Results were expressed as ng/mg total protein for brain and spinal cord, and ng/L for CSF,
using purified bovine GFAP as a standard. Quantitation of MRNA was performed as described
previously (Hagemann et al. 2005). In this case, samples were homogenized in TRIzol Reagent
(Invitrogen) and analyzed by RT-PCR. Results for Gfap were normalized to both the 18S
ribosomal RNA and TATA-binding protein. Both normalizations yielded similar results. Data as

shown was normalized to the 18S ribosomal RNA.
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RESULTS

GFAP protein and mRNA after OVX and estradiol replacement or supplementation

We sought to test whether estrogen, either through addition or removal, regulates GFAP
expression or levels in female mice. We initially attempted to replicate the study of McAsey et
al. (2006), performing ovariectomy (OVX) or sham surgeries in B6 females and then treating
these mice with either placebo (PL) or estrogen (E2) pellets. A comparison of the OVX and
sham-operated mice with PL treatments showed no change in GFAP concentrations in any of
the brain regions examined. When OVX mice were treated with the E2 pellet, GFAP
concentrations decreased in the hippocampus and olfactory bulb, but E2 supplementation did
not reduce GFAP concentrations in sham-operated mice (Fig. 4.1A-B). Since GFAP protein has
a slow turnover rate in vivo (Chiu and Goldman 1984; DeArmond et al. 1986; Price et al. 2010),
we considered the possibility that estrogen regulation may be more apparent at the level of Gfap
mRNA. However, Gfap transcript levels did not change following any of the surgical or pellet

treatments (hippocampus and olfactory bulb are shown in Fig. 4.1C-D — other data not shown).

R236H* mutant mice

Response to OVX in Gfap
We considered whether E2 might influence GFAP levels in the context of mutations
associated with AxD, where GFAP levels spontaneously rise (Hagemann et al. 2006). We

R236H* mutant mice, and then treated

therefore performed OVX and sham surgeries on Gfap
each group with either E2 or PL pellets (all in the B6 background). PL treatment caused no
change in GFAP concentrations, either in OVX or sham-operated mice. In contrast, E2
treatment did reduce GFAP, at the level of either whole brain or hippocampus, but only in mice
that had undergone OVX (Fig. 4.2A-B). E2 treatment had no effect on GFAP concentrations in

sham-operated mice in any of the brain regions tested. These results again indicate that E2

treatment only alters GFAP concentrations in mice that have experienced OVX.
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To test for potential effects of genetic background on the response to OVX, we repeated

these experiments using Gfap***"*

mice that were congenic in the FVB/N strain. In this
background, OVX caused a significant increase in GFAP levels in the hippocampus, cortex, and
brain stem, and a trend towards an increase that did not reach statistical significance in the
olfactory bulb (Fig. 4.3A). Considering GFAP levels as measured in whole brain rather than in

specific regions, OVX did cause a significant increase, but this was not manifested in the levels

of GFAP in CSF (likely due to higher variability in the CSF)(Fig. 4.3B).

Validation of surgical and treatment procedures

Given the minor effects noted above, we sought independent validation of the surgical
and treatment procedures employed in these experiments, by directly measuring E2 levels in
plasma, and monitoring body weight, a property known to be sensitive to estrogen
manipulations. Plasma E2 levels derived from endogenous stores did not show a statistically
significant change following ovariectomy (Fig. 4.4A, compare sham+PL vs. OVX+PL) , which is
not surprising given previous studies using gas chromatography/tandem mass spectrometry
(the gold standard for E2 blood analysis) and this ELISA in mice (Haisenleder et al. 2011).
Nevertheless, mice subjected to OVX did display an increase in body weight compared to mice
given sham-surgeries (Fig. 4.4B, compare sham+PL vs. OVX+PL), as predicted for depletion of
endogenous E2 (Witte et al. 2010). Treatment with E2-pellets caused a significant increase in
plasma E2 levels, but this only reached statistical significance in mice subjected to OVX (Fig.
4 4A, compare OVX+PL vs. OVX+E2), and mitigated the increase in body weight (Fig 4.4B).
Similar results were obtained in Gfap~?**** mutants congenic in both the B6 and FVB/N

backgrounds (B6 data illustrated, FVB/N data not shown).
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R236H* mutant mice

GFAP and the stages of estrus in Gfap

Previous studies in mice and rats have shown that GFAP protein and mRNA levels are
affected by the stage of estrus (Stone et al. 1998; Struble et al. 2006; Cordeau et al. 2008). In
particular, a mouse stroke model showed decreased Gfap promoter activity when mice were in
proestrus (PE) and estrus (E) compared to mice in metestrus (ME) and diestrus (DE) (Cordeau
et al. 2008). To test whether estrus impacts GFAP expression and levels in the Gfap”#**"*
mutants, a genetic model of injury, we measured GFAP protein and mRNA in various brain
regions of mice classified by vaginal cytology as being either in PE, E or DE. In addition, since
E2 concentrations are known to increase on the morning of PE and reduce to baseline levels by
the same evening, we divided PE into both morning (PE am) and evening (PE pm) categories
(Goldman et al. 2007; Christian and Moenter 2010). Neither GFAP protein (Fig. 4.5A-B) nor
mRNA (Fig. 4.5C-D) showed any change during the various stages of estrus in all brain regions
examined (hippocampus and olfactory bulb shown — other data not shown). The stages of
estrus also did not impact the levels of GFAP protein detected in CSF from the same mice (Fig.
4 5E), where such levels have been proposed as a biomarker applicable for clinical studies.
Thus, normal physiological variations in endogenous E2 do not appear to regulate the

R236H/+

spontaneously elevated levels of GFAP expression observed in the Gfap mutants.

DISCUSSION

While estrogenic effects on GFAP have been shown by several researchers (Day et al.
1993; Levin-Allerhand et al. 2001; Martinez et al. 2006; McAsey et al. 2006), we found E2 had
minimal effects on GFAP in mouse models of AxD. After OVX, E2 decreased GFAP

concentrations in some brain regions both in wild-type and Gfap®#**"**

mice. Conversely, E2
had no effects on GFAP protein or mRNA in sham-operated mice. GFAP response to OVX in

Gfap~?**""* mice also differed by mouse background strain with the B6 background showing no
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change in GFAP and the FVB/N background increasing GFAP after OVX. Analysis of GFAP
protein and mRNA during the different stages of estrus revealed no changes in GFAP in any of
the observed brain regions. Overall, these results indicate E2 regulation of GFAP may vary with
brain region, stress, and mouse background strain, and thus E2 may not be a reliable treatment
for AxD.

In Gfap** and Gfap™?**"* mice, GFAP concentrations were unaltered by E2 treatment
after the sham operation. After OVX, E2 treatment decreased GFAP concentrations in the
olfactory bulb and hippocampus of Gfap** mice and the hippocampus and whole brain of
Gfap~?**"* mice. These results suggest OVX may indirectly regulate GFAP concentrations
possibly through inducing stress and activating inflammatory pathways. E2 reduces
inflammatory cytokine and chemokine expression such as nuclear factor-kappa B (NFkB),
tumor necrosis factor alpha (TNFa), and transforming growth factor beta 1 (TGFB1) both in
astrocytes and microglia (Arevalo et al. 2012; Giatti et al. 2012). E2 also alters mitochondrial
responses to injury by reducing reactive oxygen species, cell death, and altering ATP response
in primary astrocytic cultures (Guo et al. 2012). GFAP is regulated by similar stress pathways
(Zhang et al. 2000; Makwana et al. 2007; Hwang et al. 2010; Kang and Hebert 2011),
suggesting E2 may indirectly alter GFAP after injury or in neurodegenerative diseases. Analysis
of stress pathways in AxD revealed several pathways are activated which may act to
exacerbate GFAP accumulation (Brenner et al. 2009). Comparison of stress pathways
mediated by E2 and active in AxD reveal little overlap, suggesting E2 does not mediate the
stress pathways activated in AxD.

Interestingly, stress pathways activated by OVX may vary in different mouse background

R236H% mice. While removal of ovaries did not increase GFAP within the B6

strains in Gfap
background strain, GFAP in the FVB/N background increased significantly in response to OVX.

Previous studies indicate hormone concentrations differ between mouse strains (Phan et al.
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2002; Tagawa et al. 2006; Lee et al. 2007), though no comparison of E2 in B6 and FVB/N mice
has been documented. Comparison of mating schedules, litter size, and maternal instincts
between B6 and FVB/N mice reveal drastic differences (Mouse Phenome Project,
http://[phenome.jax.org/), suggesting hormonal regulation varies in the different mouse strains.
These hormonal differences may be important not only for breeding but also for E2
neuroprotective actions and stress pathway regulation.

While OVX increased GFAP concentrations in Gfap™?**"* mice of the FVB/N strain, the
stage of estrus did not alter GFAP concentrations. During the different stages of estrus, E2
plasma levels fluctuate with a peak in E2 concentrations on the morning of PE (Goldman et al.
2007). In the brain, it is unknown if E2 concentrations reflect plasma E2 fluctuations. E2 is
synthesized in ovaries and the brain (Hojo et al. 2008; Konkle and McCarthy 2011). The
neuroactive form of E2 (neuroestrogen) is synthesized by aromatase in neurons and astrocytes
and may not be regulated by the estrus cycle (Duncan et al. 2013). Previous studies indicate
brain E2 concentrations do not correlate with blood E2 levels in rodents (Tagawa et al. 2006;
Konkle and McCarthy 2011) and song birds (Schlinger and Remage-Healey 2012). If
neuroestrogen is regulating GFAP concentrations and is not controlled by the estrus cycle,
GFAP concentrations in the brain may not fluctuate during the estrus cycle. Analysis of brain
E2 concentrations during the different stages of estrus may reveal a role for neuroestrogen in
regulating GFAP.

A caveat to these experiments may be the method of E2 treatment. The E2 pellet
(Innovative Research of America) steadily releases E2 over 60 days after pellet implantation.
Conversely, Ingberg et al. (2012) found the E2 blood concentrations from the pellets (Innovative
Research of America) peak early after implantation and then gradually drop off by the end of the

60 day release cycle. Analysis of plasma E2 concentrations in our samples indicate E2 levels
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are elevated but variable after 49 days of E2 treatment, suggesting the lack of E2 effects on
GFAP are not caused by diminished E2 concentrations.

Overall, we found minimal changes in GFAP expression with surgical or pharmacological
manipulations of E2 and no response of GFAP to natural E2 fluctuations seen during the estrus
cycle. E2 regulation of GFAP may involve regulation of stress pathways which indirectly act on
GFAP. In AxD, a positive feedback loop is proposed between stress pathways and GFAP,
which may exacerbate GFAP accumulation (Brenner et al. 2009; Messing and Brenner 2013).
The results from the current study suggest E2 does not regulate stress pathways active in AxD,

and thus is not a suitable treatment for AxD patients.
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Figure 4.1: GFAP protein and mRNA response to OVX and E2 treatment in wild type mice.
GFAP protein levels in B6 mice subjected to OVX decreased in response to estrogen (E2)
treatment compared to placebo-treated OVX mice in the hippocampus (A) and olfactory bulb
(B), while sham-operated mice showed no change in any of the brain regions examined. None
of the brain regions showed a change in Gfap mRNA levels with any treatment conditions (C, D
- hippocampus and olfactory bulb, other data not shown). (One-way ANOVA with post-hoc
Bonferroni t-test; * p<0.05). Presented as average * standard deviation (SD) (n=5-6 per

procedure). PL, placebo; E2, estrogen; OVX, ovariectomy.
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Figure 4.2: E2 effects on GFAP after OVX in Gfap®?**"* mice (B6 background). In
Gfap~?**""* mice subjected to OVX, E2 significantly decreased GFAP concentrations in the
hippocampus (A) and half-brain (B) compared to placebo-treated OVX mice. E2 did not alter
GFAP concentrations in sham-operated mice in any brain regions tested. (One-way ANOVA
with post-hoc Bonferroni t-test; ** p<0.01). Presented as average + SD (n=5-6 per procedure).

PL, placebo; E2, estrogen; OVX, ovariectomy.
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Figure 4.3: GFAP concentrations in response to OVX in Gfap*?***"* mice (FVBIN
background). (A) GFAP protein levels significantly increased in Gfap™?**** mice (FVB/N
background) subjected to OVX in the hippocampus, parietal cortex, and brain stem, while
olfactory bulb showed a trend towards an increase. (B) GFAP concentrations also increased
following OVX when measured at the level of whole brain, but CSF levels did not change.
(Student’s t-test; * p<0.05; ** p<0.01). Presented as average + SD (n=5-6 per procedure).

OVX, ovariectomy.
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RZ36H mice following OVX and pellet

Figure 4.4: Plasma E2 and body weight in Gfap
implantation. (A) E2 plasma levels significantly increased with treatment only in mice
subjected to OVX (OVX+E2 vs OVX+PL, * p<0.05). (B) Body weight significantly increased
after OVX (sham+PL vs OVX+PL, ** p<0.01). (One-way ANOVA with post-hoc Bonferroni t-
test). Presented as average + SD (n=5-6 per group). PL, placebo; E2, estradiol; OVX,

ovariectomy.
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Figure 4.5: The impact of estrus cycle on GFAP expression in Gfap®?**"* mice (FVBIN
background). GFAP protein levels showed no significant changes as a function of the stages
of estrus in either hippocampus (A) or olfactory bulb (B). Levels of Gfap mRNA (C-D) in these
same regions, as well as in CSF (E), also showed no change. (One-way ANOVA with post-hoc
Bonferroni t-test). Presented as average + SD (n=4-5 in A-D, n=8-9 in E). PE, proestrus; E,

estrus; DE, diestrus.
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Chapter 5:

Discussion and future directions
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In Alexander disease (AxD), mutations in glial fibrillary acidic protein (GFAP) lead to
GFAP accumulation above an unknown toxic threshold possibly through positive feedback loops
(Tang et al. 2006; Tang et al. 2010; Jany et al. 2013; Messing and Brenner 2013). There is
currently no cure for AxD, but reduction of GFAP protein levels may alleviate AxD symptoms.
For analysis of drug effects in both human patients and mouse models of AxD, we need reliable
biomarkers. Quantification of Gfap promoter activity in mice and protein in cerebrospinal fluid
(CSF) and plasma of mice and humans may provide reliable biomarkers for analysis of drug
effects on GFAP. From the previous chapters, we have shown luciferase activity accurately
monitors Gfap promoter activity providing a biomarker for longitudinal studies in mice. We also
found GFAP is detectable and elevated in CSF of mouse models of AxD and in plasma and
CSF of AxD patients. In addition, GFAP in CSF of mice mimics brain concentration of GFAP,
suggesting GFAP in CSF and possibly plasma may give an indirect indication of GFAP in the
brain. Analysis of GFAP in CSF and plasma may therefore be utilized during future drug
treatments to determine drug effects on GFAP in the brain. We also analyzed estradiol (E2)
effects on GFAP. In a previous drug screen of FDA-approved drugs, E2 decreased human
GFAP promoter activity by 26% in primary astrocyte cultures (Cho et al. 2010). Quantification of
E2 effects on GFAP in vivo revealed E2 regulation varies with stress, brain region, and mouse
background strain, suggesting caution in the implementation of estrogen-based treatments for
AxD. Taken together, we found E2 may not be an effective treatment for AxD, but we did
identify GFAP as a useful biomarker for AxD which can be utilized in future clinical trials to

determine drug efficacy.

GFAP Promoter Activity
In chapter 2, we analyzed firefly luciferase efficacy as a biomarker for Gfap promoter

activity in mouse models of AxD, through the use of a mouse reporter which expresses firefly
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luciferase under the control of a 12 kilobase (kb) murine Gfap promoter (Gfap-luc) (Zhu et al.
2004). In Gfap™?**""* mice, which contain a heterozygous mutation homologous to a common
mutation seen in AxD patients (R239H), we found luciferase activity increased by postnatal day
14 and remained elevated out to 6 months of age. Analysis of different brain regions at 8 weeks
of age revealed similar increases in both Gfap promoter activity and mRNA concentrations in all
regions. Conversely, GFAP protein showed a greater fold increase in olfactory bulb, cerebral
cortex, and hippocampus when compared with both Gfap promoter activity and mRNA
concentrations. In both the brain stem and spinal cord, GFAP concentrations were unaltered or
decreased while both Gfap promoter activity and mRNA increased compared to wild-type
littermate controls. These results suggest luciferase activity accurately reflects Gfap promoter
activity and mRNA, but further regulation is involved in GFAP protein accumulation in AxD.
Luciferase activity may therefore be utilized for analysis of drug effects of Gfap promoter activity
during future drug studies, but is not a suitable surrogate to evaluate GFAP protein

accumulation in affected tissues.

Regional Activity

+/+ R236H/+

We first analyzed luciferase activity in Gfap™" littermate controls and Gfap mice to
discern if luciferase activity mimicked Gfap mRNA and protein levels in various brain regions.
Previous studies revealed regional variability in GFAP protein and mRNA concentrations
(Palfreyman et al. 1979; Chen et al. 1993; Martin and O'Callaghan 1995; Lein et al. 2007),
especially when comparing white and gray matter (Lewis and Cowan 1985; Kretzschmar et al.
1986). In mice and humans, both mRNA and protein concentrations of GFAP are highest in the
spinal cord and brain stem, followed in descending order by hippocampus, olfactory bulb,

cerebral cortex, and cerebellum (Palfreyman et al. 1979; Chen et al. 1993; Martin and

O'Callaghan 1995; Lein et al. 2007). Similarly, the current study found regional variations in
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R236H* mice. In Gfap™* mice,

Gfap promoter activity, mRNA, and protein in both Gfap** and Gfap
Gfap promoter activity, mRNA, and protein concentrations were similar to each other in each
individual brain region. Analysis of all three between brain regions revealed the highest
concentrations were in the spinal cord and the lowest concentrations were observed in the
cerebral cortex and cerebellum (Fig. 2.1). These results suggest luciferase activity not only
mimics both Gfap mRNA and protein levels in various brain regions of Gfap** mice, but also
confirms regional variability of Gfap mRNA and protein levels found in previous studies
(Palfreyman et al. 1979; Chen et al. 1993; Martin and O'Callaghan 1995; Lein et al. 2007).

R236H/+

In Gfap mice, analysis of the fold increases of Gfap promoter activity and mRNA
compared with wild-type littermates revealed similar fold increases for both in all of the
examined brain regions (Fig. 2.2). This is consistent with previous studies showing that both
luciferase activity and Gfap mRNA increases are similar in Gfap-luc mice after injury (Zhu et al.
2004; Kadurugamuwa et al. 2005; Cordeau et al. 2008) or in neurological disease (Luo et al.
2008; Keller et al. 2009; Tamguney et al. 2009; Watts et al. 2011). Conversely, the fold
increase of GFAP protein compared with both Gfap promoter activity and mRNA was greater in
olfactory bulb, hippocampus and cerebral cortex. In addition, GFAP protein concentrations
were unaltered in the brain stem and decreased in the spinal cord compared with Gfap™* mice
while the fold increases for both Gfap promoter activity and mRNA were significantly elevated
(Fig. 2.2).

The differences seen in Gfap expression and accumulation may reflect astrocyte
heterogeneity. Astrocytes have regional variations in astrocyte sub-type (protoplasmic versus
fibrous), cytokine and protein expression, as well as response to injury (Andriezen 1893;
Hansson 1990; Malhotra et al. 1993; Xu et al. 2001; Geiger et al. 2006; Regan et al. 2007; Yeh
et al. 2009; Fitting et al. 2010). Astrocyte density also varies regionally, though an early study

found no correlation between astrocyte density and GFAP (Martin and O'Callaghan 1995).
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Interestingly, GFAP accumulation in Gfap"?*"*

mice varies regionally with some regions
showing no GFAP accumulation or decreases in GFAP concentrations, suggesting astrocyte
response to disease is also heterogeneous. In primary astrocyte cultures, GFAP mutations alter
degradation machinery activity (Tang et al. 2006; Tang et al. 2008), suggesting in vivo analysis
of degradation machinery in different brain regions may reveal an important mechanism leading
to GFAP accumulation. Additionally, GFAP may be regulated by differential gene expression in
brain regions. Analysis of human astrocyte development in vitro reveals astrocytes with a
“caudalized” phenotype through exposure to retinoic acid express higher concentrations of
GFAP compared to the default rostral pathway of differentiation (Krencik et al. 2011),

suggesting regional variations in GFAP may reflect changes in regulatory signals. Analysis of

gene expression and degradation machinery in different brain regions may reveal important

regulators of Gfap promoter activity, mMRNA, and protein expression in mouse models of AxD.

Time Course

We also wanted to know when elevations in Gfap promoter activity begin in Gfap~?*°"**
mice. During injury, infection, and neurological diseases, astrocytes become reactive resulting
in upregulation of the Gfap promoter (Andriezen 1893; Eng et al. 2000). In mouse models of
AxD, Gfap mRNA and protein levels increase significantly in adult (8 week old) mice compared
with littermate controls (Hagemann et al. 2006). It was previously unclear if Gfap promoter
activity had an early, sustained increase which may contribute to GFAP protein accumulation.
In the current study, we found luciferase activity significantly increased at postnatal day 14 in
Gfap~?**""* mice compared with littermate controls, and this increase was sustained through 6
months of age (Fig. 2.4). These results suggest luciferase activity in Gfap-luc mice mimics the

sustained increase in Gfap mRNA (Hagemann et al. 2006). Conversely, in a previous study

utilizing a mouse reporter line which expresses firefly luciferase under the control of a 2.2 kb
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human GFAP promoter (Cho et al. 2009), we found GFAP promoter activity increased early in
development but was not sustained out to 8 weeks of age. These results indicate the 2.2 kb
human GFAP promoter activity does not accurately reflect the changes in endogenous Gfap

mRNA in adult Gfap™?***"* mice and thus is not a sufficient surrogate for AxD pathogenesis.

Gfap Promoter Regulation

The 2.2 kb human GFAP promoter is known to have several regulatory elements
important for GFAP expression in astrocytes and upregulation of GFAP in response to injury
(Brenner 1994; Brenner et al. 1994; Johnson et al. 1995; Lee et al. 2006; Lee et al. 2008; Cho
et al. 2009). Analysis of the 2.2 kb GFAP promoter reveals a TATA-like sequence required for
transcription located 29 bp upstream of the transcription start site as well as several positive and
negative regulators of transcription (Sarid 1991; Sarkar and Cowan 1991; Brenner 1994;
Kaneko et al. 1994). The GFAP promoter is positively regulated by activator protein 1 (AP-1)
and transcription factor Il D at sites that are essential for transcription (Nakatani et al. 1990;
Brenner 1994; Lee et al. 2008; Middeldorp and Hol 2011) as well as by signal transducer and
activator of transcription 3 (STAT3), transforming growth factor beta (TGF), and tumor necrosis
factor a (TNFa) which induce GFAP upregulation after injury or toxic insult (Galbreath et al.
1995; Zhang et al. 2000; Moon and Fawcett 2001; Takizawa et al. 2001; Herrmann et al. 2008;
Lee et al. 2008; Hwang et al. 2010; Barcia et al. 2011; Kang and Hebert 2011; Shu et al. 2011;
Urayama et al. 2013). Additionally, STAT3, nuclear factor 1 (NF-1), and activator protein 2 (AP-
2) are important for astrocyte differentiation and cell specific expression of GFAP (Miura et al.
1990; Bonni et al. 1997; Nakashima et al. 1999; Cebolla and Vallejo 2006; Middeldorp and Hol
2011; Urayama et al. 2013). Other transcription factors which may also contribute to Gfap
expression include but are not limited to CCAAT/enhancer binding protein, specificity protein 1

(Sp-1), AP-1, and cAMP response element (CRE) (Brenner 1994; Lee et al. 2008). Negative
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regulators of GFAP promoter activity include interferon gamma (IFNy) and 31 integrin (Brenner
1994; Kang and Hebert 2011) as well as nuclear factor kappa B (NFkB) and globin transcription
factor (GATA) which specifically inhibit GFAP expression in neurons (Lee et al. 2008). NFkB
can also induce GFAP expression in astrocytes after injury or insult, suggesting the role of
NFkB may vary in different cell types (Brambilla et al. 2005; Hwang et al. 2010). Additionally,
chromatin accessibility and DNA methylation in the 2.2 kb GFAP promoter have been shown to
alter GFAP transcription rates in astrocytoma cell lines (Restrepo et al. 2011) and embryonic
stem cells (Urayama et al. 2013). In fact, few studies have looked for regulatory elements
outside the 2.2 kb GFAP promoter. In one study using a 10.8 kb rat Gfap promoter, progressive
deletion of the promoter lead to a gradual decline in luciferase activity in vitro, but direct
comparison of a 2 kb section of the Gfap promoter to the 10.8 kb Gfap promoter revealed only a
slight decrease in luciferase activity (Kaneko et al. 1994). While it is unclear what additional
regulatory elements are located in the 12 kb Gfap promoter, the results from our current study
suggest they are important for maintained upregulation of Gfap promoter activity in mouse
models of AxD. Analysis of these regulatory elements may elucidate mechanisms important for
Gfap promoter upregulation both after injury and in mouse models of AxD.

In addition, differences seen between Gfap promoter activity and Gfap mRNA
specifically in the brain stem of wild-type mice may be due to regulatory elements outside of the
12 kb Gfap promoter (Fig. 2.1). Nestin promoter activity is regulated by introns in the nestin
gene known as intragenic regulatory sequences (Zimmerman et al. 1994). These intragenic
regulatory sequences control and enhance nestin cell-specific gene expression (Zimmerman et
al. 1994). Additionally, promoter activity can be regulated by distal transcriptional regulators
which are located far from the promoter which they regulate (Heintzman and Ren 2009;
Natarajan et al. 2012; Nora et al. 2012). While no studies have looked at distal transcriptional

regulators of the Gfap promoter, two studies did look at intragenic regulatory sequences which
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may alter Gfap promoter activity (Sarkar and Cowan 1991; Johnson et al. 1995). Johnson et al.
(1995) analyzed the effects of intragenic regulatory sequences on a 2 kb murine Gfap promoter
by ligating the promoter to the murine Gfap gene and comparing the promoter activity between
the ligated and non-ligated form of the Gfap promoter. They found no change in Gfap promoter
activity between the ligated and non-ligated forms both with and without injury. In another
study, Sarkar and Cowan (1991) identified a negative regulatory sequence in the first intron of
the Gfap gene which is important for cell type-specific expression. This intragenic regulatory
sequence suppresses Gfap promoter activity in non-astrocytic cells, but does not alter Gfap
promoter activity in astrocytes. In the current study, Gfap promoter activity in the brain stem is
decreased compared with Gfap mRNA concentrations (Fig. 2.1). If the lack of intragenic
regulator sequences is altering Gfap promoter activity in Gfap-luc mice, we would expect to see
increased Gfap promoter activity compared with Gfap mRNA concentrations. Therefore, it is
unlikely that the differences seen when comparing Gfap promoter activity and mRNA are due to
intragenic regulatory sequences.

The experiments from the current study reveal that luciferase activity from the Gfap-luc
transgene may be a good biomarker in mouse models of AxD for analysis of Gfap promoter
activity changes throughout disease and in response to drug treatments. Analysis of Gfap
promoter activity, mRNA, and protein in Gfap™* mice reveal regional variations in all three which
agree with previous literature for Gfap mRNA and protein expression in both mice and humans
(Palfreyman et al. 1979; Chen et al. 1993; Martin and O'Callaghan 1995; Lein et al. 2007). In
Gfap~?**"* mice, both Gfap promoter activity and mRNA have similar fold increases in all
observed brain regions. Conversely, GFAP protein fold increases vary in different brain regions
compared with Gfap promoter activity and mRNA, suggesting GFAP mutations alter protein
accumulation through additional mechanisms. Furthermore, the differences seen in luciferase

activity between the 12 kb murine Gfap promoter and the 2.2 kb human GFAP promoter provide
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insight into regulatory mechanisms important for the sustained increase of Gfap promoter

activity in Gfap~?*¢"*

mice. Overall, these results indicate luciferase activity in Gfap-luc reporter
mice accurately mimics Gfap promoter activity which can be utilized as a biomarker for future

analyses.

GFAP in Mouse Cerebrospinal Fluid

While brain concentrations of GFAP increase significantly in mouse models of AxD as
well as AxD patients, no biomarker is currently available to monitor AxD severity or changes
during future drug treatments which directly translate to human applications. GFAP is
detectable in human cerebrospinal fluid (CSF) and elevated after injury (Aurell et al. 1991; Kwon
et al. 2010; Ahmed et al. 2012; Zoltewicz et al. 2012) and in neurological diseases (Norgren et
al. 2004; Kyllerman et al. 2005; Jesse et al. 2009; Takano et al. 2010; Axelsson et al. 2011),
suggesting quantification of GFAP in CSF may be a reliable biomarker. In the second part of
chapter 2, we quantified GFAP in CSF of three different mouse models of AxD; Gfap~°"*,
Gfap™?**"* and GFAP'® mice compared with wild-type littermate controls. These three mouse
models of AxD have varying severities which include differences in GFAP accumulation and
Rosenthal fiber (RF) density. The Gfap~"®"* mice are the least severely affected and have the
lowest GFAP concentrations while GFAP'™ are the most severely affected with the highest
GFAP concentration (Messing et al. 1998; Hagemann et al. 2006; Hagemann et al. 2009).
Quantification of GFAP in mouse CSF revealed GFAP was detectable in wild-type mice at low
levels and elevated in all three mouse models of AxD in a manner corresponding to brain GFAP
concentrations (Fig. 2.5), though no direct correlation was found between brain and CSF GFAP
concentrations (Fig. 2.6). These results suggest GFAP is a reliable biomarker which might be

useful for analysis of drug effects on GFAP in mouse models of AxD and eventually human AxD

patients.
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GFAP Secretion

It is well established that GFAP is detectable in human CSF and the current study
confirmed GFAP is present in mouse CSF as well, but the reason GFAP is detectable in CSF is
unclear. Several possible explanations for GFAP presence in CSF include astrocyte turnover,
death, or secretion of GFAP. In the adult mouse central nervous system (CNS), astrocytes
have a slow but constant turnover of approximately 0.4% of cells per day (McCarthy and
Leblond 1988). In AxD, GFAP mutations result in increased GFAP accumulation in astrocytes
and as astrocytes are recycled during the turnover process a greater concentration of GFAP
may be released from the dying astrocytes into the CSF, indicating increased GFAP in mouse
CSF may reflect astrocyte turnover. This scenario seems unlikely due to the slow turnover and
the lack of direct correlation with brain levels of GFAP (Fig. 2.6). Another explanation may be
increased astrocytic death. In primary astrocyte cultures containing GFAP mutations, astrocyte
death is increased (Tang et al. 2006; Cho and Messing 2009) though these results have not
been confirmed in mouse models of AxD (Hagemann et al. 2005; Hagemann et al. 2006;
Tanaka et al. 2007). Analysis of astrocyte death in mouse models of AxD may reveal increases
which could correlate with GFAP concentrations in CSF, though preliminary experiments
suggest little to no change in astrocyte death in mouse models of AxD (unpublished
observation, T.L. Hagemann; C. LaPash Daniels).

Another possibility is secretion of GFAP from astrocytes. Using primary astrocyte
cultures, previous studies analyzed astrocyte secretion products and found little evidence GFAP
is secreted, though quantification is complicated by cell death (Lafon-Cazal et al. 2003; Delcourt
et al. 2005; Dowell et al. 2009; Keene et al. 2009; Greco et al. 2010). One study found
increased GFAP in media after treatment with TNFa (Edwards and Robinson 2006), but these
results have not been replicated by other researchers. A different type Ill intermediate filament,

vimentin, is secreted by macrophages (Mor-Vaknin et al. 2003). Vimentin is also expressed in
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astrocytes. Analysis of astrocyte conditioned media reveals vimentin concentrations increase
after lipopolysaccharide (LPS) or cytokine stimulation (Delcourt et al. 2005; Keene et al. 2009)
and are enriched in astrocyte conditioned media compared with cell lysates (Greco et al. 2010),
suggesting astrocytes secrete vimentin. Secretion of vimentin both in macrophages and

astrocytes suggests GFAP may also be secreted by astrocytes but further studies are required.

Variability of GFAP in CSF

Quantification of GFAP in mouse CSF reveals high variability in GFAP concentrations
from individual mice (Fig. 2.5) for reasons that are unclear. In human CSF, GFAP may be
highly variable due to genetic diversity and differences in gene expression. Conversely, mice
are congenic in the FVB/N background and should have little variability in Gfap gene or protein
expression. Quantification of GFAP in the brains of mouse models of AxD reveal little inter-
mouse variability with a coefficient of variation ranging from 15-27% (Fig. 2.6, coefficient of
variation unpublished) (Hagemann et al. 2006; LaPash Daniels et al. 2012), suggesting GFAP
concentrations in mouse CSF should be similar. In the same mice, we found CSF
concentrations of GFAP were highly variable with a coefficient of variation ranging from 38-87%
(Fig. 2.6, coefficient of variation unpublished), suggesting other factors may be influencing
GFAP concentrations in mouse CSF.

The high variability of GFAP in mouse CSF may be due to blood contamination, stress
from the collection process, time of collection, and variations in volume of CSF collected.
Quantification of GFAP in plasma (see Appendix 2) reveals GFAP is undetectable in wild-type
mice, low in Gfap™?**"* mice, and elevated in GFAP™ mice (Fig. 6.1A). Comparison of GFAP in
plasma and CSF both in this study and a previous study (Kwon et al. 2010) reveals GFAP
concentrations are significantly lower in plasma compared with GFAP concentrations in CSF

(Fig. 6.1B), suggesting blood contamination plays little role in GFAP variability in CSF from
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mouse models of AxD (see Appendix 2). Stress due to the collection process may also
contribute to GFAP variability in mouse CSF. After injury or invasive procedures, such as those
employed during CSF collection, GFAP concentration in CSF increases within six hours of injury
(Ahmed et al. 2012). In the current study, CSF is collected from mice within 5 to 10 minutes
after surgery, suggesting GFAP upregulation due to stress should be minimal. Time of day may
also alter GFAP concentration in CSF. GFAP immunoreactivity increases at night compared
with day in the visual cortex and thalamus but not in the hippocampus (Hajos 2008), suggesting
time of collection may alter GFAP concentrations in mouse CSF. Conversely, GFAP has a slow
turnover of several days, indicating time of collection may only minimally contribute to GFAP
variability in CSF (Chiu and Goldman 1984; Morrison et al. 1985; DeArmond et al. 1986;
Rolland et al. 1990; Price et al. 2010). In the current study, CSF collections occurred
throughout the day (9am-5pm). In future studies, comparison of GFAP concentration in CSF at
various time points throughout both the day and night may elucidate the contribution of
collection time to GFAP variability in CSF.

Volume of CSF collected from the mice may also contribute to the variability of GFAP
concentrations seen in CSF. Proteins within CSF have a rostrocaudal concentration gradient
which alters protein concentration depending upon the collection volume (Wurster 1988; Martino
et al. 1990; Blennow et al. 1993; Teunissen et al. 2009). Martino et al. (1990) monitored protein
concentrations in the first and last one milliliter (mL) fractions of a 10 mL CSF collection and
found protein concentrations were altered when compared the two fractions of CSF.
Immunoglobulin G (IgG) and albumin concentrations in CSF also decline in a linear fashion
when comparing CSF from six successive fractions containing 2.5 mL per fraction (Wurster
1988). Blennow et al. (1993) found similar results when comparing six successive fractions
containing 4 mL each, revealing protein concentrations are altered by the volume of CSF

collected. To prevent alterations in human CSF protein concentration, a defined volume is
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collected from the same location (Teunissen et al. 2009). Due to variations in CSF collection
success in mice, the total volume collected from each mouse varied from 5 L to 20 pL with an
average of 10 pL, which may contribute to the variability in GFAP concentrations seen between
mouse CSF samples. Analysis of volume collected versus GFAP protein concentration may
provide insight into this phenomenon.

Overall, these experiments indicate detection of GFAP in mouse CSF may effectively
monitor changes in brain GFAP concentration though the variability of GFAP in CSF may mask
small changes in brain GFAP concentrations. We found GFAP is not only detectable in mouse
CSF but is also elevated in all three mouse models of AxD in a manner corresponding to the
concentrations of GFAP in brain. These results suggest GFAP in CSF is a useful biomarker for
AxD which may be utilized for determination of drug efficacy during clinical trials of potential

therapies.

GFAP in Human AxD CSF

In Chapter 3, we measured the levels of GFAP in CSF of human AxD patients to
determine if GFAP is elevated in all AxD patients and elucidate the range of GFAP
concentrations in AxD patients. We found GFAP was significantly elevated in greater than 90%
of the AxD patients compared with controls. While there are conflicting results on the
correlation between GFAP in CSF and age (Table 3.4) (Rosengren et al. 1992; Ahlsen et al.
1993; Rosengren et al. 1994; Fukuyama et al. 2001; Petzold et al. 2004; Axelsson et al. 2011),
we found no correlation between GFAP and age in CSF samples from control and AxD patients.
Overall, these results show GFAP is detectable and upregulated in AxD patient CSF samples,
which may provide a biomarker for disease severity as well as a way to monitor future drug

studies in AxD patients.



171

GFAP has been analyzed as a biomarker in CSF for several diseases and injuries
(Aurell et al. 1991; Rosengren et al. 1994; Norgren et al. 2004; Petzold et al. 2004; Notturno et
al. 2008; Misu et al. 2009; Kwon et al. 2010; Axelsson et al. 2011; Zoltewicz et al. 2012). After
injury or in neurological diseases, GFAP concentrations in CSF are elevated compared to
control patients. Additionally, GFAP concentrations in CSF correlate with infarct size and
clinical classification after brain ischemic injury (Aurell et al. 1991) as well as to severity and
progression rate of multiple sclerosis (MS) (Norgren et al. 2004), suggesting GFAP may
correlate with severity in AxD patients. In a preliminary study of three AxD patients, GFAP
concentrations in CSF were significantly higher compared with control CSF (Kyllerman et al.
2005). Though no correlation was found between GFAP and disease severity, the individual
with rapid deterioration had the highest concentration of GFAP, consistent with the possibility
that GFAP in CSF may correlate with disease severity.

We analyzed GFAP in CSF from a larger cohort of AxD patients (n=11) to determine if
GFAP was increased in all AxD patients and elucidate the range of GFAP concentrations in
CSF (Tables 3.2 and 3.3). We found GFAP was significantly elevated in AxD patients
compared with controls with no correlation between age and GFAP concentrations (Fig. 3.1).
We have not finished the correlation analysis between GFAP concentrations and severity,
though GFAP concentrations were not significantly different when comparing the different forms
of AxD (Fig. 3.5). Future analyses will provide insight into the correlation between GFAP and
AxD severity.

A caveat to the current study is the limited clinical information on AxD patients and the
lack of healthy control patients. Control patient CSF samples were from the Children’s National
Medical Center and were from individuals requiring CSF analysis to rule out neurological
disorder or infection (Table 3.1), but were considered within the range of normal for protein,

glucose, and cell counts. We obtained limited clinical information from these individuals, but



172
found GFAP concentrations were detectable but low in approximately 90% of the control
patients. Comparisons of GFAP concentrations in CSF from the current and previous studies
reveal similar concentrations (Jesse et al. 2009; Misu et al. 2009; Axelsson et al. 2011),
suggesting the current CSF control are sufficient for analysis.

Overall, we found GFAP concentrations were significantly higher in AxD patient CSF
compared with control CSF, suggesting GFAP may be a reliable biomarker of drug effects
during future therapies. Additionally, while GFAP concentrations in CSF did not correlate to the
form of AxD, GFAP concentrations may correlate to disease severity once an analysis of
disease severity is completed. In future studies, an increased population of AxD patients as
well as analysis of GFAP changes during future drug therapies will provide further insight into

GFAP and its potential as a biomarker in AxD patient CSF.

GFAP in Human AxD Blood

In the second part of Chapter 3, we analyzed GFAP concentrations in plasma from AxD
patients and healthy human controls to determine if GFAP is elevated in the plasma of AxD
patients. Analysis of GFAP in plasma is preferable to CSF since blood collection is less
invasive than CSF collections and may be easier for young patients. Similar to CSF results,
plasma concentrations of GFAP were significantly elevated in AxD patients compared with
healthy controls with no correlation between GFAP and age.

Quantification of GFAP in blood samples such as serum or plasma is another highly
analyzed biomarker for brain and spinal injuries as well as neurodegenerative diseases (Missler
et al. 1999; Herrmann et al. 2000; Vos et al. 2004; Nylen et al. 2006; Wunderlich et al. 2006;
Jung et al. 2007; Notturno et al. 2008; Axelsson et al. 2011). After injury, GFAP in blood
samples positively correlate with outcome of ischemic stroke patients (Herrmann et al. 2000;

Wunderlich et al. 2006) as well as in traumatic brain injury patients (Vos et al. 2004; Nylen et al.
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2006; Vos et al. 2010), suggesting blood sample concentrations of GFAP may correlate with
AxD severity in patients. Again, we have not completed correlation analysis between GFAP and
disease severity. No correlation was seen between age and GFAP concentration when
comparing control samples (Fig. 3.2), similar to previous studies (Herrmann et al. 2000; Vos et
al. 2006; Dvorak et al. 2009). In the current study, a negative correlation was found between
age and GFAP concentration in AxD patient plasma samples (Fig. 3.3), which likely reflects
disease severity rather than a change in GFAP concentration with age. Specific analysis of
disease severity and GFAP concentrations may confirm these results in future analyses.

In the current study, comparisons of GFAP concentrations between AxD patients and
controls were complicated by the lack of age matched healthy controls. The AxD patient
plasma samples ranged in age from less than one year to 65 years of age with a median age of
15 (Table 3.2). Conversely, control plasma samples were from volunteers aged 18 or older with
a median age of 30. While the absence of age-matched controls may be a caveat, the current
and previous studies reveal no correlation between GFAP and age in control samples in the
current study or in previous studies (Herrmann et al. 2000; Vos et al. 2006; Dvorak et al. 2009).
This lack of correlation between GFAP and age suggests the addition of age matched plasma
controls samples may not alter the results seen in this study, which will be confirmed in future
experiments.

Overall, we found GFAP concentrations in both plasma and CSF samples from AxD
patients were significantly elevated compared with control. For the few AxD patients where both
CSF and plasma were collected, comparison of GFAP concentrations in plasma and CSF
samples from the same individuals revealed a non-significant positive correlation (Fig. 3.4).
GFAP concentrations in CSF were also higher than plasma, similar to previous reports (Beems
et al. 2003; Steiner et al. 2006; Kwon et al. 2010). Use of GFAP in plasma is preferable to CSF

due to the ease of collection especially in young children, the largest demographic of AxD
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sufferers. Since GFAP concentrations are lower in plasma samples, further analysis of plasma
GFAP concentrations in mouse models of AxD as well as AxD patients will elucidate the

sensitivity of GFAP as a biomarker in plasma.

Estradiol Treatment in Mouse Models of AxD

In Chapter 4, we analyzed estradiol (E2) regulatory effects on GFAP to elucidate the
potential of E2 as a treatment for AxD through hormone depletion by ovariectomy (OVX),
treatment with E2 or placebo (PL) pellets, and monitoring GFAP during the stages of estrus in

R236H* mice. There is no cure for AxD, but since mutations in GFAP result in

wild-type and Gfap
GFAP upregulation in AxD drugs which decrease GFAP concentration may alleviate AxD
symptoms. A screen of FDA-approved drugs revealed E2 decreased GFAP promoter activity by
26% in vitro (Cho et al. 2010). EZ2, a naturally occurring hormone, has neuroprotective qualities
and may regulate GFAP protein concentrations (Table 1.1) (Dubal et al. 1998; McAsey et al.
2006; Wise et al. 2009; Arevalo et al. 2010; Raval et al. 2011). In the current study, following
the same methods as McAsey et al. (2006), we performed OVX and sham surgeries on
C57BL/6J (B6) mice and treated with either E2 or PL subcutaneous pellet implants. McAsey et
al. (2006) found GFAP significantly increased after OVX but E2 treatment prevented this
increase. Conversely, we found GFAP concentrations were comparable in OVX mice treated
with both E2 and PL (Fig. 4.1). E2 did reduce GFAP concentrations significantly after OVX in
the olfactory bulb and hippocampus of Gfap** mice (Fig. 4.1) and in the hippocampus and brain
of Gfap™®**"* mice (Fig. 4.2). E2 treatment in sham-operated mice in both Gfap** and
Gfap~?**"* mice had no effect on GFAP concentrations. Gfap mRNA concentrations were also
unaltered by E2 or OVX, suggesting E2 may decrease GFAP after injury or stress such as OVX

but does not directly regulate GFAP in mouse models of AxD. Interestingly, GFAP response to

OVX varied in FVB/N and B6 mouse background strains, with GFAP concentrations increasing
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in the FVB/N strain after OVX (Fig. 4.3) while GFAP concentrations in the B6 strain were
unaltered by OVX (Fig. 4.2), indicating E2 effects on GFAP may be altered by stress and mouse
background strain. Analysis of GFAP concentrations during the different stages of estrus
revealed no changes (Fig. 4.5). Overall, these results suggest E2 regulation of GFAP is
complex and may vary with brain region, stress, and mouse background strain.

While previous studies agree E2 is neuroprotective in rodents after injury (Lu et al. 2002;
Suzuki et al. 2007; Raval et al. 2011) and in neurological diseases (Bebo et al. 2001; Morales et
al. 2006; Offner and Polanczyk 2006; Lelu et al. 2010; Baraka et al. 2011; Cizas et al. 2011;
MacKenzie-Graham et al. 2012), E2 regulation of GFAP is unclear. The Gfap promoter
contains two estrogen response elements (EREs) which regulate GFAP expression in vitro
(Stone et al. 1998; Rozovsky et al. 2002). Mutations within either of the estrogen response
elements prevent E2 downregulation of Gfap expression after injury in vitro (Rozovsky et al.
2002). Interestingly, in vivo analysis of E2 treatments revealed both increases and decreases in
GFAP concentration which may vary by injury or brain region (Table 1.1) (Day et al. 1993;
Levin-Allerhand et al. 2001; Rozovsky et al. 2002; Lei et al. 2003; Martinez et al. 2006; Cordeau
et al. 2008; Ritz and Hausmann 2008; Barreto et al. 2009; Giraud et al. 2010; Camacho-Arroyo
et al. 2011).

In the current study, we found regulation of GFAP through E2 treatment varied by brain

region in both Gfap™* and Gfap~?*"*

mice (B6 strain) after OVX, but E2 treatment was unable
to alter GFAP concentrations in sham-operated mice. The presence of E2 effects on GFAP
after OVX but not in sham-operated mice may suggest E2 is acting to reduce stress and
inflammatory pathways triggered by OVX which indirectly act to reduce GFAP concentrations.
In addition, the differential regulation of GFAP by OVX in the two different mouse background

strains may indicate E2 hormonal or estrogen receptor (ER) concentrations vary by mouse

background strain. Finally, the lack of E2 effects on GFAP in sham-operated mice may indicate
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the E2 concentrations used in the current study are not sufficient for GFAP regulation. Though
we found E2 treatment did not downregulate GFAP in mouse models of AxD, we did find E2
regulation of GFAP is altered by stress (caused by OVX) and mouse background strain. Further
characterization of E2 effects on GFAP may elucidate other mechanisms and pathways

important for GFAP regulation.

Estrogen Response Elements and Receptors

E2 acts on ERs, both ERa and ER, to regulate gene transcription (Roepke et al. 2011;
Foster 2012; Yakimchuk et al. in press). After E2 binds to the ligand binding domain (LBD),
ERs dimerize and then bind estrogen response elements (EREs) located in the promoter
regions of various genes (Foster 2012; Yakimchuk et al. in press). The Gfap promoter contains
two EREs, ERE-1 (-149 bp) and ERE-2 (-1817 bp) (Laping et al. 1994; Stone et al. 1998;
Rozovsky et al. 2002), which are conserved among mouse, rat, and human GFAP promoters
(Laping et al. 1994). These two EREs have been shown to decrease rat Gfap promoter activity
and GFAP concentrations after wounding in both primary rat cortical astrocyte cultures and
astrocyte-neuron co-cultures (Rozovsky et al. 2002). Conversely, Stone et al. (1998) found E2
treatment increased Gfap mRNA in primary cortical astrocyte cultures, but decreased Gfap
MRNA concentrations when astrocytes were co-cultured with neurons. In addition, Stone et al.
(1998) found ERE-2 may inhibit ERE-1 activity, while Rozovsky et al. (2002) found both EREs
worked synergistically to decrease Gfap promoter activity and protein levels after wounding in
both primary and co-cultures. The reason for these discrepancies may be differences in
wounding and stress to the primary astrocyte cultures. This agrees with the results from the
current study showing E2 treatment does not alter GFAP concentrations until after the OVX

induced stress.
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Interestingly, E2 effects on GFAP also differed by brain region which may reflect ER
anatomical distributions. ER concentrations and ERa/ER ratios change in different brain
regions (Table 5.1) (Kuiper et al. 1997; Shughrue et al. 1997; Osterlund et al. 2000; Taylor and
Al-Azzawi 2000; Mitra et al. 2003; Perez et al. 2003; Milner et al. 2005; Gonzalez et al. 2007;
Mitterling et al. 2010). Additionally, ER distribution in the brain varies in different species with
both humans and rats showing a predominance of ERB in the hippocampus (Shughrue et al.
1997; Gonzalez et al. 2007; Foster 2012) where mice have a predominance of ERa (Mitra et al.
2003; Foster 2012). ER expression may also be altered by injury or disease. Sakuma et al.
(2009) and Carbonaro et al. (2009) both found that astrocyte expression of ERa and ERf
increase after injury in the hippocampus and spinal cord respectively.

Comparisons of the effects of E2 on different regions in the current study are difficult to
reconcile with the known distribution of ER’s. For instance, E2 treatment decreased GFAP
concentrations in the hippocampus and olfactory bulb of Gfap™* mice. In the mouse
hippocampus, ERa is predominant but in the olfactory bulb ERP is higher (Mitra et al. 2003),
suggesting ER contribution to GFAP regulation may depend on the brain region. In previous
studies comparing ERa and ERp effects on GFAP, it was found that ERa specifically acts to
reduce GFAP concentrations after injury with little contribution by ER (Carbonaro et al. 2009;
Crawford et al. 2010; Spence et al. 2011). ERa and ER are also known to moderate the
activity of each other, which may mask E2 effects on GFAP (Wang et al. 2006; Gottfried-
Blackmore et al. 2007; Gonzales et al. 2008; Minutolo et al. 2011; Foster 2012).

Future analysis of ERa and ER distribution and specific contributions could be
addressed through the use of ER specific agonists (Table 5.2)(Shiau et al. 1998; Acarin et al.
2000; Stauffer et al. 2000; Meyers et al. 2001; Nilsson et al. 2001; Harrington et al. 2003; Harris
et al. 2003; Morales et al. 2006; Wang et al. 2006; Lewis et al. 2008; Crawford et al. 2010;

Leitman et al. 2010; Ma et al. 2010; Baraka et al. 2011; Das et al. 2011; Minutolo et al. 2011;
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Sarvari et al. 2011; Yakimchuk et al. 2011; Carroll et al. 2012; Foster 2012; MacKenzie-Graham
et al. 2012; Yakimchuk et al. in press). ERa and ERB agonists have gained a lot of attention in
the past few years for potential treatments of cancer, injury, and aging effects (Harris et al.
2003; Cvoro et al. 2007; Lewis et al. 2008; Leitman et al. 2010; Sarvari et al. 2010; Minutolo et
al. 2011; Sarvari et al. 2011; Yakimchuk et al. 2011; Yakimchuk et al. in press), however due to
the similarities in the LBD, finding ERa or ER specific agonists which do not affect the other
ER is difficult. Since ERa and ER[ can have opposing effects on proliferation, apoptosis,
inflammatory responses, as well as other mechanisms important for cell survival and response
to injury, finding ERa and ERp specific agonists to elucidate the role of both ERs is important
(Harris et al. 2003; Cvoro et al. 2007; Lewis et al. 2008; Leitman et al. 2010; Sarvari et al. 2010;
Minutolo et al. 2011; Sarvari et al. 2011; Yakimchuk et al. 2011; Yakimchuk et al. in press).
Some ERa and ERf agonists have dual function. For example, 2,2-bis(p-hydroxyphenyl)-1,1,1-
trichloroethane (HPTE) and R,R-tetrahydrochrysene (R,R-THC) can act both as an ERa agonist
and as an ERp antagonist (Sun et al. 1999; Harrington et al. 2003; Lewis et al. 2008). While
several ERa and ERp agonists are synthetic, current research has found several ERp specific
agonists which are plant based. These include plant extracts such as genistein, MF101,
liquiritigenin (L1Q), and coumestrol (Nilsson et al. 2001; Cvoro et al. 2007; Mersereau et al.
2008; Leitman et al. 2010; Minutolo et al. 2011). Currently, the most commonly used and well
characterized ER specific agonists are propyl-pyrazole-triol (PPT) (a specifc ERa agonist) and
diarylpropionitrile (DPN) (a specific ERB agonist) (Harrington et al. 2003; Wang et al. 2006;
Lewis et al. 2008; Leitman et al. 2010; Ma et al. 2010; Baraka et al. 2011; Das et al. 2011;
Minutolo et al. 2011; MacKenzie-Graham et al. 2012). Use of any of these ER agonists in future

experiments will elucidate the role of either ERa or ERP in the regulation of GFAP.
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E2 Regulation of Stress Pathways

GFAP concentrations decrease with E2 treatment after OVX but not in sham-operated
mice, suggesting E2 may activate different mechanisms dependent on the type of stress or
injury. E2 activation of stress pathways is important for E2 neuroprotection. NFkB, an
important protein in regulating cell response to stress, is decreased by E2 treatment after LPS
or amyloid beta insults in vitro (Dodel et al. 1999) and in mouse models of MS (Giraud et al.
2010). E2 also decreases TNFa, a cytokine involved in inflammation (Drew and Chavis 2000;
Matejuk et al. 2001; Taylor et al. 2010), and upregulates other cytokines such as TGF1, which
induces apoptosis or suppresses proliferation of cells (Dhandapani et al. 2005; Son et al. 2005;
Kumar et al. 2012; Taylor et al. 2012). E2 treatment also may reduce reactive oxygen species
in vitro through activation of mitogen-activated protein kinase (MAPK) (Numakawa et al. 2007;
Razmara et al. 2007; Numakawa et al. 2011).

These same stress response pathways alter GFAP concentrations. Inhibition of NFkB
decreases glial reactivity after spinal cord injury and LPS insult (Brambilla et al. 2005; Hwang et
al. 2010; Wu et al. 2012). TNFa induces upregulation of GFAP protein expression in vitro
(Zhang et al. 2000), and inhibition prevents glial response and GFAP upregulation in
experimental models of Parkinson’s disease (Barcia et al. 2011). For TGFB1, knock-out
increases GFAP exacerbating injury response (Makwana et al. 2007), and inhibition of TGF1
decreases GFAP response to injury (Lindholm et al. 1992; Vergeli et al. 1995; Moon and
Fawcett 2001), suggesting E2 regulation of stress pathways may indirectly regulate GFAP
concentrations. In AxD, GFAP mutations activate several stress pathways including c-Jun N-
terminal kinase (JNK), heat shock proteins, and oxidative stress (Head et al. 1993; Hagemann
et al. 2005; Tang et al. 2006; Wang et al. 2007; Tang et al. 2008; Hagemann et al. 2009; Wang
et al. 2011), which may alter GFAP accumulation (Tang et al. 2006; Cho and Messing 2009).

While E2 regulation of stress pathways may alter GFAP concentration, E2 appears to have
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minimal effects on stress pathways induced in AxD, suggesting activation of different stress
pathways may explain the difference in GFAP response to E2 treatment in OVX and sham-
operated mice. Future analysis of stress pathway activation in mouse models of AxD after OVX
and/or E2 treatment might reveal which stress pathways are involved in E2 regulation of GFAP,

providing insight into E2 effects on GFAP.

E2 Hormonal Regulation

Variations in GFAP response to E2 in different mouse background strains may indicate
hormone concentration changes in different strains of mice. GFAP response to OVX varies by
the different background strains of Gfap™?*** mice (Fig. 4.2 and 4.3), with GFAP increasing
significantly in the FVB/N strain after OVX, but not after OVX in the B6 strain. In mouse models
of AxD, background strain alters body weight and Rosenthal fiber concentration (unpublished
observation, T.L. Hagemann; P.L. Jany; C. LaPash Daniels). The variations seen in GFAP
concentration and promoter activity in different mouse strains in this and previous studies
(Fernandes et al. 2004; Hovatta et al. 2007; Sun et al. 2012; Bai et al. in press) may be the
result of hormone changes. Hormone concentrations are known to vary between mouse strains
(Phan et al. 2002; Tagawa et al. 2006; Lee et al. 2007), though no comparison of E2 values in
FVB/N and B6 mice have been made. Comparison of mating schedules, litter size, and
maternal instincts between B6 and FVB/N mice reveal drastic differences (Mouse Phenome
Project, http://phenome.jax.org/), suggesting hormonal regulation varies in the different mouse
strains. These hormonal differences may be important not only for breeding but also for E2
neuroprotective actions.

Hormone variations due to stage of estrus have also been shown to regulate GFAP
concentrations. During proestrus (PE), high E2 levels increase GFAP in the hippocampus

(Arias et al. 2009), hypothalamus (Garcia-Segura et al. 1994; Kohama et al. 1995; Stone et al.
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1998), and amygdala (Stone et al. 1998; Martinez et al. 2006) compared with other stages of
estrus when E2 levels are low, including metestrus (ME) and diestrus (DE). After middle
cerebral arterial occlusion, GFAP concentrations were significantly reduced during PE and
estrus (E) compared with ME and DE (Cordeau et al. 2008), suggesting the stage of estrus may
also be important after injury or neurological disease. We observed no changes in Gfap mRNA
and protein during the different stages of estrus in hippocampus, olfactory bulb, cerebellum,
brain stem, or spinal cord (Fig. 4.5). While we saw no hormonal regulation of GFAP with the
stage of estrus, future analysis of GFAP in other brain regions used in previous studies (Garcia-
Segura et al. 1994; Kohama et al. 1995; Stone et al. 1998; Martinez et al. 2006) may reveal

regional variations in GFAP regulation by the estrus cycle.

E2 Concentrations

The lack of E2 regulation on GFAP both during treatment and OVX may reflect
insufficient E2 concentrations. To validate surgical and treatment procedures, we quantified E2
plasma concentration and monitored body weight, a property known to be sensitive to E2
manipulation (Witte et al. 2010; Eckel 2011). The E2 pellet (Innovative Research of America) is
reported to steadily release E2 over 60 to 90 days after implantation, depending upon the
release rate of the pellet. Conversely, Ingberg et al. (2012) found the E2 pellets produced high
E2 blood values shortly after administration with a steady decline during the next 60 days. E2
concentrations also had high variability especially in the 90 day release pellet (Ingberg et al.
2012). Measurement of E2 plasma concentrations in our experiments revealed a significant
increase in E2 concentrations with E2 treatment in OVX mice (Fig. 4.4). Sham-operated mice
treated with E2 pellets had increased E2 blood concentrations though it was not statistically
significant compared to PL treated mice. E2 concentrations were also highly variable in E2

implanted mice, suggesting E2 release from these pellets may not be uniform either due to
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pellet implantation procedures or pellet composition. E2 plasma concentrations were similar
between OVX and sham mice which confirms results from a previous study (Haisenleder et al.
2011). Analysis of weight revealed OVX mice weighed significantly more compared to sham-
operated mice as predicted for ovary removal (Witte et al. 2010; Eckel 2011). E2 treatment
reduced the weight gain apparent in OVX mice, though the reduction was not statistically
significant. Therefore, E2 concentrations in blood, while variable, were elevated through the 49
days of E2 treatment, suggesting E2 levels were not diminished and were not responsible for
the lack of E2 regulation of GFAP.

Additionally, regulation of GFAP by E2 may be masked by the soy-based food product
used throughout the experiments. Soy beans contain isoflavones such as genistein which are
phytoestrogens, or compounds with E2 functions. After ischemic injury, genistein decreases
production of reactive oxygen species and downregulates NFkB activation (Qian et al. 2012)
similar to E2 treatment (Numakawa et al. 2007; Razmara et al. 2007; Numakawa et al. 2011),
suggesting the soy-based food product may be masking E2 treatment effects. Quantification of
GFAP changes with OVX and E2 treatment reveals GFAP is altered by OVX in FVB/N mouse
strains and by E2 treatment after OVX in B6 mouse strains. Detection of changes in GFAP with
E2 treatment suggests minimal contribution of genistein estrogenic regulation of GFAP in the
current study.

E2 concentration may also vary in the brain which may alter E2 regulation of GFAP. E2
is synthesized in the brain (neuroestrogen) as well as in the ovaries. Neuroestrogen synthesis
may be regulated by the estrus cycle or independently within the brain. Comparison of
neuroestrogen concentrations to blood E2 reveals no correlation in rodents (Tagawa et al. 2006;
Konkle and McCarthy 2011) and song birds (Schlinger and Remage-Healey 2012), suggesting
neuroestrogen concentration may not be regulated by the estrus cycle. Neuroestrogen

synthesis is regulated by cytochrome P450 aromatase activity (Veyrac and Bakker 2011; Toda
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et al. 2012). After injury, cytochrome P450 aromatase levels are increased especially in
astrocytes (Garcia-Segura et al. 1999; Peterson et al. 2004), suggesting neuroestrogen
synthesis may increase immediately following injury. Knock-out of cytochrome P450 aromatase
or aromatase inhibition exacerbates ischemic injury (McCullough et al. 2003), suggesting
neuroestrogen may be neuroprotective after injury. Measurement of E2 in the brain in future
experiments may reveal neuroestrogen regulation is independent of the estrus cycle and may
change with signals, conditions, injury, or mouse background strain, suggesting neuroestrogen
concentrations could be important for GFAP regulation normally and in mouse models of AxD.

Overall, these results indicate E2 regulation of GFAP may change with stress and brain
region. Interestingly, E2 effects on GFAP were also altered by the background strain of the
mouse, implicating the importance of strain during future drug testing and stress experiments,
especially for E2 pathways. While E2 might not have an important regulatory role in AxD, it may

have neuroprotective functions in other neurodegenerative diseases or injuries.

Future Directions

Drug Targets of AxD Treatment

There is currently no cure for AxD, only treatment of symptoms. Discovery of drugs
which directly or indirectly decrease GFAP levels in the brain may cure or decrease debilitating
symptoms of AxD patients (Messing et al. 2010). A previous drug screen of FDA-approved
drugs yielded several possible drug candidates which decreased human GFAP promoter activity
in primary cortical astrocytes (Cho et al. 2010). Future and ongoing studies (Cho et al. 2010;
Hagemann et al. 2012; LaPash Daniels et al. 2012) are using genetic modifications and
candidate drugs in mouse models of AxD to analyze how these modifications and/or drugs
effect GFAP concentrations in vivo. Over-expression of nuclear factor (erythroid-derived 2)-like

2 (Nrf2), a transcription factor which mediates antioxidant responses, reduces Gfap mRNA and



184
protein levels as well as RF quantity (LaPash Daniels et al. 2012), though not uniformly in all of
the observed brain regions. The regional differences in GFAP and RF concentrations both in
mouse models of AxD and after Nrf2 over-expression may be due to astrocyte heterogeneity
which varies in astrocyte activity (Hansson 1990; Regan et al. 2007; Yeh et al. 2009; Fitting et
al. 2010) and GFAP expression (Palfreyman et al. 1979; Chen et al. 1993; Martin and
O'Callaghan 1995; Lein et al. 2007). In addition, regional differences may be due to differences
in degradation machinery. Both proteasome function and autophagy are altered by GFAP
mutations in vitro and have feedback loops which alter GFAP accumulation, suggesting
degradation machinery may be an important mediator of astrocyte and GFAP regional diversity.
Comparison of gene expression profiles and degradation machinery in various brain regions of
mouse models of AxD might reveal other potential drug targets for AxD and elucidate
mechanisms leading to GFAP accumulation.

To elucidate differences in gene expression which may be important for mouse models
of AxD and possibly identify important drug targets, microarray analysis of gene expression
profiles may be done in the different brain regions. Microarray analysis of olfactory bulb in
GFAP'™ mice revealed altered expression of genes involved in stress response, immune
response, vesicular trafficking, neurogenesis, myelination, and neurotransmitter expression as
well as cytoskeletal proteins (Hagemann et al. 2005). Comparison of expression profiles
between brain regions with large protein fold increases in GFAP (olfactory bulb and
hippocampus), moderate fold increases (cerebellum), and no increase (brain stem and spinal
cord) (Fig. 2.2) (LaPash Daniels et al. 2012) may provide further insight into AxD and the
mechanisms controlling GFAP protein accumulation and Gfap promoter activation.

Differences in protein degradation machinery, such as proteasome function and
autophagy, may also yield potential drug targets and elucidate mechanisms involved in GFAP

accumulation in mouse models of AxD. Proteasomes function to degrade proteins which are
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identified by ubiquitin attachment (Kunjappu and Hochstrasser in press; Teixeira and Reed in
press). In AxD, ubiquitin is found in RFs (Goldman and Corbin 1988; Lowe et al. 1989;
Tomokane et al. 1991; Hagemann et al. 2006; Mignot et al. 2007), suggesting proteins such as
mutant GFAP may be ubiquitinated but are sequestered into RFs before degradation can occur.
Lack of degradation through sequestration of ubiquitinated GFAP into RFs may lead to elevated
GFAP concentrations. Quantification of RF per area in different brain regions revealed RF
density varies with corpus callosum and olfactory bulb having a high density of RFs and brain
stem containing a low number of RFs (LaPash Daniels et al. 2012). Similarly, GFAP protein

levels in Gfap/?*0H*

mice are highest in the olfactory bulb and lower in the brain stem,
suggesting RF sequestration may be an important mechanism leading to GFAP accumulation
which may vary regionally. Further analysis of RF density and GFAP accumulation as well as
mechanisms leading to RF formation in different brain regions may reveal potential drug targets
and elucidate mechanisms behind GFAP accumulation.

In addition, proteasome function may play a key role in GFAP protein accumulation
which can be utilized for drug therapies of AxD patients. Mutations in GFAP in vitro decrease
proteasome function resulting in increased GFAP concentrations (Tang et al. 2006; Cho and
Messing 2009). In mouse models of AxD, analysis of proteasome function in different brain
regions may indicate proteasome impairment varies regionally. Proteasome function is
measured by quantification of proteasomal subunits (McNaught et al. 2003; Tang et al. 2008;
Liggett et al. 2010; Um et al. 2010), proteasomic cleavage of a fluorgenic peptide substrate
(Rivett et al. 2002; Rodgers and Dean 2003; Liggett et al. 2010), and ELISAs for proteasome
core components (Wada et al. 1993; Majetschak and Sorell 2008; Liggett et al. 2010). Using
these identified methods, we may be able to compare GFAP accumulation and proteasome

function and find a positive correlation between the two, indicating drugs which enhance

proteasome function as a useful treatment for AxD.
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Autophagy is also an important pathway for protein degradation which is altered by
mutant GFAP (Tang et al. 2008; Wang et al. 2011), and might be an important drug target for
treatment of AxD. Autophagy clears proteins and organelles from cells through the use of
lysosomes (Mortimore and Schworer 1977; Neely et al. 1977; Schworer et al. 1979; Schreiber
and Peter in press). Once the desired protein is engulfed by the lysosome and fuses with the
autophagosome, hydrolase enzymes degrade or recycle the protein. In AxD, autophagy
pathways are induced indirectly through mutant GFAP (Tang et al. 2008; Wang et al. 2011),
which act to inhibit mammalian target of rapamycin (mTOR), a negative regulator of autophagy.
Inhibition of autophagy pathways increase GFAP protein accumulation (Tang et al. 2008)
suggesting autophagy function is also an important regulator of GFAP accumulation. Monitoring
proteins involved in autophagy such as LC3-1l, a protein found in the autophagosomal
membrane, may reveal regional differences especially in the brain stem and spinal cord where
GFAP accumulation is lowest and thus potential targets for AxD treatment. In addition,
increasing autophagy further through drugs may decrease GFAP protein concentrations (Tang
et al. 2008) in mouse models of AxD, providing a potential therapy for AxD patients. Overall,
analysis of mechanisms involved in protein degradation in various brain regions may elucidate
mechanisms leading to differential GFAP accumulation in mouse models of AxD and provide

other candidate drug targets.

Luciferase Activity as a Biomarker of Drug Efficacy

Analysis of the Gfap-luc reporter mouse line identified luciferase activity as a good
biomarker for Gfap promoter activity, which may be useful during future drug studies in mouse
models of AxD. Previous studies of Gfap-luc mice utilized in vivo imaging of luciferase signal to
monitor Gfap promoter activity changes over time after infection or injury (Kadurugamuwa et al.

2005; Cordeau et al. 2008; Luo et al. 2008) and found activity correlated with mRNA (Tamguney
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et al. 2009). These results suggest visualization of luciferase activity in Gfap"?**** and GFAP'™
mice is possible. In preliminary experiments of mouse models of AxD, no increase in luciferase
activity was detectable in GFAP™ mice, though these results were complicated by luciferase
signal expression in the ears and feet (unpublished data, Elizabeth Austin). For future
experiments, the ears and feet will be obscured with black marker or black construction paper,
though other methods of optimization may be necessary. Quantification of luciferase activity in
vivo will provide longitudinal analysis of drug effects on Gfap promoter activity and may
determine direct or indirect regulation, with indirect regulation of the Gfap promoter resulting in
decreases in luciferase activity which occur after several days of treatment. Detection of
luciferase activity in different brain regions may reveal region specific alteration in Gfap
promoter activity, which could manifest into overt changes such as sensitivity to kainic acid
induced seizures or behavior changes and which can then be tested for in mouse models of
AxD.

Analysis of Gfap promoter activity should also be combined with protein quantification.
Changes in promoter activity due to drug effects may not reflect changes in GFAP. Several
proteins, cytokines, chemokines, and transcription factors regulate GFAP expression both
during synthesis and breakdown (Eddleston and Mucke 1993; Eng et al. 2000; Edwards and
Robinson 2006; Romao et al. 2008; Hwang et al. 2010; Kang and Hebert 2011). Drug actions
on Gfap promoter may not immediately translate to decreases in protein concentrations
especially given the slow turnover rate of GFAP (Chiu and Goldman 1984; DeArmond et al.
1986; Price et al. 2010), suggesting caution in Gfap promoter activity analysis, especially during

short-term treatments.
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GFAP in CSF and Blood

GFAP concentrations in CSF reveal similar concentrations to brain GFAP in mouse
models of AxD, suggesting GFAP may be a useful biomarker for determination of severity of
AxD. The mouse models of AxD used for the current study display varying severities of disease
based on GFAP concentration, RF density, lethality, and reduction in body weight (Messing et
al. 1998; Hagemann et al. 2006). Further characterization of severity and prognosis in mouse
models of AxD may reveal a correlation between severity and GFAP in CSF of mice. The
current human studies also had limited clinical information but revealed high variability in GFAP
concentrations in CSF and blood of AxD patients. Future clinical trials may correlate GFAP in
CSF or blood to severity.

Measurement of GFAP in CSF and blood, while reflecting brain concentrations of GFAP
in mice, may not accurately reflect drug effects on GFAP in the brain. We found GFAP was
detectable in both wild-type mice and all three different mouse models of AxD, with GFAP in
CSF showing similar elevations as GFAP in brain. When treating mouse models of AxD with
drug therapies, GFAP may decrease in the brain but remain unchanged or increase in CSF and
blood, suggesting analysis of GFAP in CSF, blood, and brain during drug treatments is required.
Small changes in GFAP levels in the brain may not be reflected immediately in CSF, as seen
after OVX in Gfap™*""* mice (Fig. 4.3), especially give the slow turnover rate of GFAP (Chiu
and Goldman 1984; DeArmond et al. 1986; Price et al. 2010). It is also possible GFAP levels
may increase in CSF while decreasing in the brain if RFs begin to breakdown during drug

treatment. Over-expression of Nrf2 in Gfap™?*°"*

mice significantly reduced the number of RFs
present in various brain regions (LaPash Daniels et al. 2012). Since RFs are composed of
GFAP as well as other proteins (lwaki et al. 1992; Head et al. 1993; Tang et al. 2006), GFAP

concentrations may initially increase in CSF during drug treatment before eventually decreasing.

Monitoring changes in RF density and GFAP concentrations in CSF at several time points
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throughout the drug treatments may elucidate the contribution of RF degradation to GFAP in
CSF. Overall, measurement of RF density as well as GFAP in CSF, blood, and brain may

determine the efficacy of GFAP as a biomarker during drug treatments.

Other Biomarkers

Combining other biomarkers with GFAP may also provide improved diagnostic
information both in analysis of severity and in future drug treatments. To identify other potential
biomarkers of AxD, Cunningham, et al. (2012) performed mass spectrometry analysis on CSF
from GFAP'™ mice, revealing several upregulated and downregulated proteins in GFAP™ CSF
compared to wild-type. Cathepsins B, S, and L1, peroxiredoxin-6, complement C4-B, and
serine protease inhibitor A3N are upregulated, while contactin-1 and carboxypeptidase E are
downregulated in CSF compared to wild-type mice (Cunningham et al. 2013), agreeing with a
previous study in olfactory bulbs of GFAP™ mice (Hagemann et al. 2005). These seven
proteins may elucidate mechanisms leading to AxD presentation and GFAP accumulation. In
addition, if these seven proteins are detectable and altered in CSF and blood of both human
and mouse models of AxD compared with controls, they may be candidate biomarkers which
may be combined with GFAP to increase the sensitivity of the biomarkers for analysis of

severity or drug efficacy.

GFAP Presence in CSF and Blood

While the current and previous studies confirm GFAP is detectable in CSF and blood
and elevated after injury or neurological disease (Notturno et al. 2008; Axelsson et al. 2011), the
process leading to GFAP presence in CSF and blood is unknown. Two main possibilities for
GFAP presence in CSF and blood are astrocytic secretion of GFAP breakdown products or
increased astrocytic death/turnover. To determine how GFAP is released into CSF, we can

analyze GFAP breakdown products present in CSF and blood through western blots. Full
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length, unmodified GFAP produces an approximate 50 kilodalton (kDa) band on a western blot
(Eng 1985). Analysis of GFAP in CSF and serum after traumatic brain injury in human patients
revealed a 38 kDa band corresponding to the calpain cleavage product of GFAP (Papa et al.
2012; Zoltewicz et al. 2012). Calpain is a cysteine protease important for regulation of
apoptosis (Zatz and Starling 2005; Liu et al. 2011). Cathepsins B, L1, and S are also cysteine
proteases (Turk et al. 2000; Cirman et al. 2004; Lamparska-Przybysz et al. 2005; Biniossek et
al. 2011) and are upregulated in CSF and olfactory bulbs of GFAP™® mice (Hagemann et al.
2005; Cunningham et al. 2013). After spinal cord injury, cysteine proteases such as calpain,
caspases, and cathepsin B activate and degrade cytoskeleton proteins as well as other proteins
important for preventing death in neurons and glial cells (Ray et al. 2011). Preliminary
experiments of CSF from GFAP'® mice (Fig. 6.3) reveal an approximate 37 kDa band but no
full-length GFAP band. In future experiments, optimization of protein precipitation techniques,
increased GFAP concentrations, and use of antibodies specific for breakdown products of
GFAP may reveal further information about GFAP release into CSF from astrocytes, which

might elucidate mechanisms involved in AxD.

Conclusion
Overall, the current study showed luciferase activity under the control of a 12 kb mouse

Gfap promoter reliably reflects Gfap promoter activity in Gfap~#*°"*

mice, both early in
development and through 6 months of age as well as in different brain regions. Interestingly,
Gfap promoter activity does not mimic protein accumulation in all brain regions, suggesting a
complex interaction between protein synthesis and degradation in mouse models of AxD. We
also found GFAP is detectable and elevated in CSF from mouse models of AxD as well as CSF

and blood of human AxD patients compared with controls. Analysis of GFAP concentration in

CSF of mouse models of AxD reveals a similar increase in CSF and brain GFAP concentration,
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suggesting GFAP may be a good biomarker for AxD and useful for determination of drug
efficacy during future treatments. Finally, we monitored E2 regulation of GFAP in mouse
models of AxD and found E2 regulation varied with stress, brain region, and mouse background
strain, suggesting caution for E2 treatment in AxD. Overall, the conclusions of the work
described in this report reveal GFAP is a useful biomarker for AxD and can be utilized in future

clinical trials to determine drug efficacy.
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Table 5.1: Estrogen receptor anatomical distribution in the brain. a indicates ERa is
predominant while B indicates ER is predominant in that brain region. af indicates both ERa
and ER are present in the brain region in almost equal concentrations. — indicates ER gas not

measured in that particular brain region.



Table 5.2 — Estrogen receptor specific agonists.
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Chemical name

Abbreviation | Full Agonist Activity References
160-LE2 16a-lactone-estradiol ERa agonist (Sarvari et al. 2011)
chalcone ERa agonist (Leitman et al. 2010)
coumestrol ERB agonist (Kuiper et al. 1998; Minutolo et al. 2011)
DES disethylstibestrol ERa agonist (Shiau et al. 1998; Nilsson et al. 2001)
(Meyers et al. 2001; Harrington et al.
2003; Wang et al. 2006; Lewis et al.
2008; Crawford et al. 2010; Leitman et
. T . al. 2010; Ma et al. 2010; Baraka et al.
DPN diarylpropionitrile ERB agonist 2011; Das et al. 2011; Minutolo et al.
2011; Sarvari et al. 2011; Yakimchuk et
al. 2011; Carroll et al. 2012; MacKenzie-
Graham et al. 2012)
ERB-041 ERB agonist (Harris et al. 2003; Minutolo et al. 2011)
. . . . (Kuiper et al. 1998; Nilsson et al. 2001;
Genistein ERB agonist, partial Minutolo et al. 2011)
2,2-bis(p- :
’ ER nist )
HPTE hydroxyphenyl)-1,1,1- a-agonist (Lewis et al. 2008)
. ERP antagonist
trichloroethane
LIQ quuiritigenin ERB agonist (2I\(/)I<19(r)s)ereau et al. 2008; Leitman et al.
MF101 ERB agonist (Cvoro et al. 2007; Leitman et al. 2010)
(Stauffer et al. 2000; Harrington et al.
2003; Morales et al. 2006; Wang et al.
. . 2006; Lewis et al. 2008; Leitman et al.
PPT propyl-pyrazole-triol ERa agonist 2010: Ma et al. 2010: Baraka et al.
2011; Das et al. 2011; Minutolo et al.
2011; MacKenzie-Graham et al. 2012)
R,R-THC R,R- ERa agonists (Sun et al. 1999; Harrington et al. 2003)

tetrahydrochrysene

ERp antagonist
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Table 5.2: Estrogen receptor specific agonists. List of known estrogen receptor (ER)
agonists. ERa agonists specifically activate ERa while ERB agonists specifically activate ER.
Antagonists specifically inhibit the identified ER. “Agonist, partial” indicates the identified

agonist partially activates the ER.
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ABSTRACT
Mutations in glial fibrillary acidic protein (GFAP) result in accumulation of the protein

above a toxic threshold in Alexander disease (AxD), a rare neurodegenerative disease. There
is no cure for AxD, but reduction of GFAP concentrations may alleviate symptoms or treat AxD.
Analysis of GFAP in biological fluids such as cerebrospinal fluid (CSF) and plasma may provide
a biomarker for analysis of GFAP changes during drug treatments for AxD, but require a
sensitive assay for detection. In this study, we optimized the enzyme-linked immuno sorbent
assay (ELISA) to decrease the inter-assay variability from 43% to 11-19% for biological fluids

through changes to antibody reaction volumes, plate brand, detergent, and antibody diluents.
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INTRODUCTION

Glial fibrillary acidic protein (GFAP), the main intermediate filament in astrocytes,
increases in Alexander disease (AxD) patients and in mouse models of AxD. There is no cure
for AxD, but reducing GFAP concentrations may help alleviate symptoms. A screen of FDA-
approved drugs found several candidates which reduce GFAP promoter activity and protein
levels (Cho et al. 2010). In mice, drug effects on GFAP can be determined by quantification of
GFAP in brain homogenates via an enzyme-linked immuno sorbent assay (ELISA) (Petzold et
al. 2004; Hagemann et al. 2006; LaPash Daniels et al. 2012). Measurement of GFAP in
biological samples such as cerebrospinal fluid (CSF) and plasma may also be useful and are
directly applicable to future human clinical trials. Using the original ELISA which effectively
measures GFAP in brain homogenates, we found GFAP concentrations varied daily with an
inter-assay variability of 43% for biological fluids but an inter-assay variability of 25% for mouse
tissue samples. For analysis of biological fluids from both human and mouse following drug
treatments, a sensitive ELISA is required which has a low inter-assay variability. By optimizing
the ELISA through changes to antibody volume per well, plate brand, and detergent
concentration, we established a modified GFAP ELISA with an inter-assay variability of 11-19%

as well as high sensitivity.

METHODS AND RESULTS

The original ELISA procedures followed those outlined in Hagemann et al. (2009).
Briefly, flat-bottom 96-well microtiter plates (Corning) were coated overnight at 4°C with a
cocktail of monoclonal antibodies (Covance, SMI-26R) diluted in phosphate buffered saline
(PBS). Plates were blocked with 5% milk for 2 hours at room temperature (RT), then washed
with PBS before addition of samples and standards diluted in PBS with 0.5% Triton-X-100 (TX)

and 1% (w/v) bovine serum albumin (BSA). Standard curves were generated using bovine
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GFAP (Fitzgerald Industries International, # RDI-PR0O62007). After sample incubation (2 hours,
RT) and washing (three times with PBS-0.5% TX), a rabbit polyclonal antibody (DAKO, Z334)
used to detect GFAP was added and allowed to incubate overnight at 4°C. Following an
additional washing with PBS-0.5% TX, a peroxidase conjugated anti-rabbit antibody IgG
secondary antibody (Sigma, A6154) was allowed to incubate for 2 hours at RT. The plate was
again washed three times with PBS-0.5% TX followed by two PBS washes before addition of
the SuperSignal ELISA Femto Chemiluminescent Substrate (Pierce, Thermo Scientific) and
quantification of peroxidase activity by a GloRunner Microplate Luminometer (Turner
Biosystems).

Initial analysis of ELISA inter-assay variability with mouse brain tissue samples revealing
25% variability in GFAP concentrations when comparing one brain tissue over ten separate
ELISAs, but a tight intra-assay variability of 10%. The GFAP standard revealed high variability
in assay values over all ten ELISAs (30%). To reduce this variability, we changed the storage
buffer for the GFAP standard. Originally, purified GFAP was stored in the ELISA diluent:
phosphate buffer saline (PBS) with 0.5% TX and 1% BSA. Removing the TX from the 1 ug
stock vial reduced standard variability from 30% to 15% for a 100 pL reaction volume (data not
shown).

We then analyzed the detection limits of the assay using the original ELISA procedure
with the new standard (ELISA B; no TX in 1 ug stock vial). The lower limit of detection (LLD),
defined as the lowest quantity of substance distinguishable from a blank sample, was
determined as 3 standard deviations of the mean of replicate blank samples. The biological
limit of detection (BLD) is the lower limit of detection plus 3 standard deviations of a known low
concentration sample and distinguishes a “spiked” sample from background, preventing the
detection of a false positive. The LLD for ELISA B was 8 ng/L and the BLD was 16 ng/L for a

100 pL volume. Due to the limited volume of mouse CSF, analysis of a 50 yL reaction revealed
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a 15 ng/L LLD and 29 ng/L BLD. We then determined the inter-assay variability of ELISA B
using biological samples. To eliminate variation in GFAP due to freeze-thaw cycles, we used
ten separate aliquots of both human control plasma and CSF from mice which over-express
human wild-type GFAP (GFAP'%). We measured GFAP concentration in human control plasma
sample at 100 uL and GFAP'? samples at a 50 L reaction volumes. The inter-assay variability
of both control human plasma and GFAP'™ was 43% (Fig. 6.1A).

Finding different LLD and BLD for 50 and 100 uL volumes as well as the high inter-assay
variability seen in biological samples suggested further optimization of ELISA procedures were
required. We then began a series of changes to determine optimal assay parameters which
yielded high sensitivity and low variability. We first began shaking the plates at a low speed (75
rpm) during all incubation steps to provide uniform distribution of antibody and sample in the
well. Loading volume of antibody mixture was also increased from 50 pL per well to 100 uL per
well to provide thorough antibody coating.

Next, different assay plates and antibody diluents were compared to determine their
contribution to inter-assay variability. The original ELISA used a Corning Flat-bottom assay
plate, but Nunc Maxisorp™ plates are high protein-binding plates which were thought to
decrease variability. The Maxisorp™ surface is polystyrene which has high affinity for
hydrophilic and hydrophobic domains such as proteins and antibodies (Nunc production
information). In a previous study comparing several different plate types, Maxisorp™ were
found to have high reproducibility and a wide dynamic range (Lu et al. 2012). For antibody
dilutions, the original ELISA used 5% milk with 0.5% TX for all antibody dilutions except SMI-
26R (Covance) which was diluted in PBS. TX concentrations in the original ELISA were high
compared to previous studies (Engvall and Perlmann 1972; Ming and Fan 1988; Steinitz 2000);
therefore we reduced TX concentrations from 0.5% to 0.05% in all mixtures (diluents and

washes). Comparison of milk, milk with 0.05% TX, PBS with 0.05% TX, and PBS alone as
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antibody diluents revealed high background values and low sensitivity for PBS diluents with and
without detergent (Fig. 6.2A-B). These results agree with previous studies which indicate
antibody diluents require detergent or a non-relevant protein such as found in milk to reduce
non-specific binding of antibodies to residual ligand-free surfaces (Engvall and Perlmann 1972;
Steinitz 2000). Milk without TX had the lowest background values (Fig. 6.2B). Using the same
antibody diluents on both the Corning and Nunc plates revealed lower background values using
the Nunc plate (Fig. 6.2A). Other published ELISA procedures also use an alternative non-ionic
detergent, Tween 20 (Tw20), commonly used in immunoassays (Engvall and Perlmann 1972;
Ming and Fan 1988; Steinitz 2000; Cullen et al. 2012; Zhang et al. 2013). Comparison of milk
with 0.05% TX or 0.05% Tw20 revealed Tw20 produced less variability than TX (Fig. 6.2C). We
therefore replaced TX with 0.05% Tw20 in all washes and diluents. Milk without detergent
improved the signal to noise ratio for the GFAP ELISA. The modified ELISA procedures now
included using the Nunc Maxisorp™ plates, diluting all antibodies except SMI-26 in milk, diluting
samples and standards in PBS with 0.05% Tw20 and 1% BSA, washing plates with PBS-Tw20,
increasing antibody volumes from 50 to 100 pL, and using GFAP stocks frozen in 1% BSA for
the standard (Table 6.1).

Analysis of LLD and BLD with the modified ELISA revealed a LLD of 11 ng/L and a BLD
of 23 ng/L for 100 pL reaction volumes and a LLD of 11 ng/L and a BLD of 21 ng/L for a 50 yL
reaction volume, suggesting the new ELISA parameters are preferable compared with the
original ELISA. The inter-assay variability determined with human control plasma and GFAP™

CSF was 19% and 11% respectively (Fig. 6.1B).

DISCUSSION
These results revealed the changes made to the ELISA increased sensitivity and

lowered inter-assay variability providing new, preferable ELISA procedures for detection of
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GFAP in biological fluids and tissues. The plate alteration resulted in increased antibody
binding due to the unique polystyrene structure which is optimized for antibody binding (Nunc,
http://alab.com.pl/public/content/File/do_pobrania/Nunc_Surfaces_for_passive adsorption.pdf).
Additionally, conversion from TX to Tw20 detergent reduced the variability in the ELISA. TX is a
non-ionic polyoxyethylene surfactant and is a mild, non-denaturing detergent (Sigma-Aldrich,
http://www.snowpure.com/docs/triton-x-100-sigma.pdf). Tw20 is a non-ionic polyoxyethylene
sorbitol ester which is a popular detergent used as a blocking agent especially in western blots
(Sigma-Aldrich, http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Product_Information_
Sheet/1/p5927pis.Par.0001.File.tmp/p5927pis.pdf). Interestingly, TX absorbs ultraviolet light
which can interfere with protein quantification (Sigma-Aldrich), and this may be the cause for the
greater variability seen with TX, though other unknown mechanisms could also result in the
variability. Overall, through various changes, we enhanced the ELISA sensitivity and lowered
the inter-assay variability providing ELISA procedures which reliably detect GFAP in biological

fluids.
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Figure 6.1: ELISA inter-assay variability of biological samples. (A) Inter-assay variability
(COV) of human control plasma and GFAP™ CSF using the original ELISA procedures. (B)
Inter-assay variability of human control plasma and GFAP™ CSF using the modified ELISA

procedures. Each data point represents an independent assay. COV, coefficient of variation.
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Figure 6.2: ELISA optimization. For ELISA optimization, different microtiter plates were
compared (A). Comparison of Corning (from the original ELISA) and Nunc Maxisorp™ revealed
Maxisorp plates had lower background values compared with Corning. (B) Comparison of
different antibody diluents revealed lower background signals in samples with milk followed in
increasing order by milk with 0.05% Tw20 (Milk-Tw20), milk with 0.05% TX (Milk-TX), milk with
0.5% TX (Milk-0.5 TX), PBS, and PBS with 0.05% TX (PBS-TX). Presented as mean + 1
standard deviation (SD) on a split linear scale (n=2-3 per procedure). (C) Analysis of the GFAP
standard curve using 5 different antibody diluents revealed low background for the skimmed
milk diluent. TX, Triton X-100; Tw20, Tween 20; PBS, phosphate buffered saline; AU, arbitrary

units.



Original ELISA Modified ELISA
Plate Corning Flat-bottom Nunc Maxisorp™
Antibody Volume 50 uL 100 pL
GFAP stock PBS- 0.5% TX- 1% BSA | PBS- 1% BSA
Diluents
SMI-26 PBS PBS
DAKO, HRP 5% milk- 0.5% TX 5% milk

Sample, Standard

PBS- 0.5% TX- 1% BSA

PBS- 0.05% Tw20- 1% BSA

Wash Mixture

1% Wash PBS PBS
Washes PBS- 0.5% TX PBS- 0.05% Tw20
Inter-assay variability | 43% 11-19%

232
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Table 6.1: Comparison of ELISA methods. For ELISA optimization, several parameters were
changed (Modified ELISA). This table summarizes the various changes made to the ELISA to
increase sensitivity and decrease inter-assay variability. TX, Triton X-100; Tw20, Tween 20;

PBS, phosphate buffered saline; BSA, bovine serum albumin.
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Appendix 2:

GFAP stability and degradation products in mouse CSF and mouse and human plasma

samples
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ABTRACT
Glial fibrillary acidic protein (GFAP) is detectable and elevated in Alexander disease

(AxD) in mouse cerebrospinal fluid (CSF) and human CSF and plasma. To determine if GFAP
is also detectable in mouse plasma, we analyzed GFAP concentrations in plasma from wild-type
mice as well as two mouse models of AxD, Gfap™?**"* and GFAP™. Gfap"?**""* mice contain a
GFAP mutation homologous to a mutation found in AxD (R239H) and GFAP™ mice overexpress
human wild-type GFAP. GFAP was undetectable in plasma from wild-type mice, detectable in
Gfap™?**"* mice, and elevated in all GFAP™ mice. Comparison of GFAP concentration in CSF
and plasma in GFAP™ mice revealed higher concentrations in CSF compared with plasma. We
next characterized GFAP in CSF and plasma by analyzing the stability of GFAP and GFAP
degradation products to elucidate collection and storage condition requirements during future
clinical trials. To examine the stability of GFAP in mouse CSF and human and mouse plasma,
we quantified GFAP after 24 hour incubations at room temperature (RT), 4°C, or -80°C. In CSF
samples, GFAP concentration significantly increased following the RT incubation compared with
-80°C and 4 °C while GFAP in plasma samples from both human and mice were unaltered by
the RT incubation. In another set of experiments, we monitored GFAP degradation products in
CSF from GFAP™ mice and found a 37 kilodalton (kDa) band. Overall, these studies indicate
GFAP is detectable in plasma of mouse models of AxD, unstable in CSF possibly through active
degradation by proteases, but is stable in plasma following a 24 hour RT incubation. These
results suggest further characterization of GFAP is required to understand the collection and

storage conditions necessary for future clinical trials using GFAP as a biomarker.
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INTRODUCTION

Alexander disease (AxD) is a rare, fatal, neurodegenerative disease which has no cure.
The etiology of AxD involves mutations in the main intermediate filament, glial fibrillary acidic
protein (GFAP), which results in GFAP accumulation. In mice, overexpression of GFAP
(GFAP™) induces Rosenthal fiber formation, the pathological hallmark of AxD, increased fatality,
and decreased body weight (Messing et al. 1998; Hagemann et al. 2005), suggesting GFAP
accumulation is an important pathway in AxD. Reducing GFAP accumulation may alleviate AxD
symptoms providing a potential drug treatment (Messing et al. 2010). Analysis of drug effects
on GFAP requires a reliable biomarker which could be GFAP itself. We analyzed GFAP
concentrations in mouse CSF and in human CSF and plasma and found GFAP is detectable in
control samples and elevated in both human and mouse models of AxD (see Chapters 2 and 3),
suggesting GFAP in CSF and plasma may be a reliable biomarker. In the current study, we
analyzed GFAP in mouse plasma, determined the stability of GFAP in biological fluids such as
CSF and plasma, and analyzed GFAP degradation products to further characterize GFAP in
CSF and plasma.

The use of GFAP as a biomarker in biological fluids for future clinical trials of drug
efficacy requires analysis of GFAP stability. Biological fluids will be collected from various
institutions, thus a defined protocol is necessary to reduce inter-facility variations in biological
fluid concentrations of GFAP. If GFAP is unstable in biological fluids and begins to degrade or
breakdown under certain collection or storage conditions such as prolonged exposure to room
temperature (RT), it may result in altered GFAP quantification with an ELISA suggesting a need
to understand and prevent these effects on GFAP. Previous studies have shown GFAP in CSF
is stable at both 4°C and -80°C storage conditions (Petzold et al. 2004). Mouse spinal cord
stored at RT for up to 24 hours resulted in GFAP degradation or breakdown as evidenced by

western blot, but degradation was prevented with the calcium chelator EGTA (DeArmond et al.
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1983). Therefore, we need to evaluate the stability of GFAP in both CSF and plasma to
elucidate the collection and storage conditions necessary for future clinical trials.

In addition, the reason GFAP is detectable in CSF and plasma is unclear. Analysis of
GFAP in CSF and plasma after traumatic brain injury revealed a 37 kilodalton (kDa) band of
GFAP which corresponds to the calpain cleavage product of GFAP (Papa et al. 2012; Zoltewicz
et al. 2012). Calpain is a calcium-dependent cysteine protease involved in cytoskeletal
remodeling, apoptosis, cell cycle regulation, and cell development (Zatz and Starling 2005; Liu
et al. 2011). Other cysteine proteases such as cathepsins B, L1, and S are upregulated in
GFAP™ mouse CSF (Cunningham et al. 2013) and olfactory bulbs (Hagemann et al. 2005) and
may also degrade GFAP. Cathepsins are involved in autophagy and apoptosis pathways and
are upregulated after injury (Turk et al. 2000; Cirman et al. 2004; Lamparska-Przybysz et al.
2005; Biniossek et al. 2011). Other proteases and caspases also cleave GFAP, such as
caspase 3, which cleaves GFAP into 20 and 30 kDa products (Mouser et al. 2006; Acarin et al.
2007) and may actively degrade GFAP in AxD (Cho and Messing 2009; Chen et al. 2011).
Cysteine proteases and caspase are intimately involved in cell death, suggesting GFAP
presence in CSF and plasma may result from GFAP degradation during cell death.

To evaluate GFAP in CSF and plasma, we quantified GFAP in mouse plasma as well as
monitored GFAP stability and degradation products in mouse CSF and mouse and human
plasma. GFAP concentrations in mouse plasma were undetectable in wild-type mice and
detectable and elevated in mouse models of AxD. We also found GFAP in mouse CSF
increased significantly following a RT incubation for 24 hours compared with 4°C and -80°C
incubations, suggesting GFAP is unstable in mouse CSF. Conversely, GFAP concentrations in
human and mouse plasma were unaltered by the RT incubation. These results indicate GFAP
is unstable in CSF but stable in plasma during a 24 hour RT incubation. Analysis of GFAP

degradation products in mouse CSF revealed a 37 kDa band of GFAP, suggesting GFAP in
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CSF may be degraded by the cysteine protease calpain. Overall, we found GFAP is detectable
in plasma from mouse models of AxD, is unstable in CSF possibly due to calpain cleavage, and

is stable in plasma, suggesting further characterization of GFAP in biological fluids in necessary.

RESULTS AND DISCUSSION

We previously found GFAP is detectable and elevated in CSF from mouse models of
AxD and CSF and plasma from AxD patients (see Chapters 2 and 3), but had not measured
GFAP in plasma from mouse models of AxD. We found GFAP is detectable in plasma from all
GFAP™ mice tested, is detectable in Gfap™***"* mice, and is undetectable in Gfap™* mice (Fig.
7.1A). GFAP concentrations were considered undetectable if they were below the biological
limit of detection (BLD) (see methods). In a previous study, GFAP concentrations are greater in
CSF compared with plasma after spinal cord injury (Kwon et al. 2010). Therefore, we compared
GFAP in CSF and plasma of GFAP® mice and found higher concentrations of GFAP in CSF
compared with plasma (Fig. 7.1B). To determine if GFAP is lower in plasma because of plasma
inhibition on GFAP quantification, we spiked plasma from GFAP null mice into the GFAP
standard. We found plasma did not alter GFAP quantification (Fig. 7.2), suggesting GFAP is
detectable in plasma from mouse models of AxD but at lower concentrations than CSF. The
lower concentration of GFAP in plasma seen in both mouse models of AxD (Fig. 7.1B) and
human AxD patients (Fig. 3.4) may suggest GFAP in plasma is a less sensitive biomarker
compared with GFAP in CSF. However, plasma collections are less invasive compared with
CSF collections and may be easier for young patients such as those with AxD, indicating
plasma analysis is preferred to CSF. Further characterization of GFAP in plasma is required to
determine if it will be a suitable, sensitive biomarker in mouse models of AxD and human AxD

patients.
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Next, to elucidate the stability of GFAP in CSF and plasma samples, we analyzed GFAP
concentrations in CSF and plasma after incubations at RT. If GFAP is unstable and begins to
degrade or breakdown in CSF or plasma during certain collection or storage conditions, such as
prolonged storage at RT, it may alter GFAP quantification via ELISA. Comparison of CSF from
GFAP™ and Gfap™®**"* mice stored for 24 hours at RT, 4°C, and -80°C revealed RT incubations
significantly increased GFAP concentrations in CSF compared with 4°C and -80°C incubations
(Fig. 7.3A, 4°C data not shown). The reason GFAP increases during RT incubations is unclear,
but one possibility may be GFAP degradation. Degraded GFAP may increase the amount of
GFAP quantified by ELISA due to less steric hindrance and/or an increase in available binding
sites thus increasing antibody binding. Steric hindrance in an ELISA is caused by large
proteins, such as full length GFAP, binding to a capture antibody (Covance, SMI-26R) and
preventing nearby antibodies from binding other GFAP proteins in the solution. If GFAP is
degraded, the smaller product may not produce as much steric hindrance allowing more GFAP
to bind to the capture antibodies. In addition, more GFAP may be bound by the detection
antibody (DAKO, Z334) if the GFAP is degraded. The detection antibody is a polyclonal
antibody. GFAP degradation into smaller products may increase the number of recognition site
or reveal sites with higher antibody binding affinity, resulting in increased signal from the ELISA.

To determine if the increase in GFAP signal seen in CFS after the RT incubation is due
to GFAP degradation, we prevented GFAP degradation in mouse CSF through spinning and
addition of protease inhibitors (Pl). Spinning the CSF samples removes any cells present in the
CSF which may release degradation enzymes and treating the CSF with the protease inhibitors,
Complete Proteinase Inhibitor Cocktail (Roche) and Pefabloc SC (Sigma-Aldrich), prevents
protease cleavage of GFAP. Pefabloc SC specifically inhibits serine proteases while Complete
Proteinase Inhibitor Cocktail inhibits metalloproteases and serine and cysteine proteases

(Roche and Sigma-Aldrich). Comparison of GFAP concentrations after RT and -80°C



242
incubations revealed RT incubations increased GFAP even with the addition of spinning and/or
inhibitors (Fig. 7.3B). Interestingly, Roche Applied Science found an approximate 20%
reduction in the ability of Complete Proteinase to inhibit papain-like cysteine proteases, such as
cathepsins B, L1, and S after only 60 minutes at RT (Roche, http://sevierlab.vet.cornell.edu/
resources/ProteaselnhibitionGuide.pdf). In addition, while the Complete Proteinase Inhibitor
Cocktail generally inhibits cysteine proteases, it does not contain a specific inhibitor for the
calcium-dependent cysteine protease calpain (Roche). This lack of inhibition by the Complete
Proteinase Inhibitor Cocktail on calpain may indicate GFAP in CSF is degraded by calpain
during the 24 hour RT incubation.

GFAP concentrations were next measured in human and mouse plasma samples stored
at RT or -80°C for 24 hours. Human plasma samples showed no differences in GFAP
concentrations when comparing RT and -80°C incubations (Fig. 7.3C). Mouse plasma levels of
GFAP were also unaltered by RT incubation for 24 hours (Fig. 7.3D). It is unclear why plasma
and CSF responses differ to the RT incubation though a possible reason may be differences in
the activation of proteases such as cathepsin. Cathepsins can act to degrade proteins both
inside and outside the cell in biological fluids, suggesting GFAP may be degraded by cysteine
proteases during the RT incubation. In plasma, proteases may not be active due to the EDTA
used during plasma collection. EDTA is a calcium chelator which may act on cysteine
proteases and inhibit their activity (Seiffert 1996; Wei et al. 2006). GFAP degradation by
cathepsins in CSF may explain the reason GFAP in CSF is more variable compared with
plasma and is degraded during the 24 hour RT incubation (Fig. 7.1B).

Measurement of GFAP in CSF by a GFAP ELISA does not distinguish breakdown
products from full length GFAP. To evaluate breakdown products of GFAP, we precipitated
protein from CSF of GFAP™ mice and analyzed GFAP product size with a western blot. We

identified a 37 kDa product of GFAP, suggesting GFAP present in CSF is a breakdown product
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(Fig. 7.4). Pooled CSF from wild-type mice and individual CSF samples from GFAP™ mice had
no detectable GFAP present, indicating GFAP concentrations in CSF from pooled wild-type and
individual GFAP'™ mice are below the threshold of detection for the western blot. The 37 kDa
band seen in mouse CSF samples may be a product of calpain cleavage (Papa et al. 2012;
Zoltewicz et al. 2012). It is also possible other cysteine proteases such as cathepsins B, L1,
and S, which were upregulated in GFAP™ CSF (Cunningham et al. 2013) and olfactory bulb
(Hagemann et al. 2005), may degrade GFAP.

Overall, we found GFAP is detectable in plasma from mouse models of AxD and is
unstable in CSF but stable in plasma during a 24 hour RT incubation. One reason GFAP may
be degraded in CSF but not plasma could be differences in protease activity. Proteases may
not be active in plasma due to the addition of EDTA, a calcium chelator. Treatment of CSF with
specific calpain or cathepsin inhibitors may elucidate their involvement in GFAP degradation. In
addition, we can analyze GFAP breakdown products in both CSF and plasma samples from
mice and humans. We may also analyze the presence of cysteine proteases in mouse and
human biological fluids to elucidate their role in GFAP degradation both with and without a 24
hour RT incubation. Future analysis and characterization of GFAP and GFAP degradation
products in mouse and human biological fluids may provide further insight into GFAP, the
collection and storage conditions necessary for future clinical trials, and the general reliability of

GFAP as a biomarker for AxD.

MATERIALS AND METHODS

CSF and Plasma Collection and Modification

CSF was collected according to the method of DeMattos et al. (2002). Briefly, mice
were anesthetized with avertin (400-600 mg/kg i.p.) and a midline sagittal incision was made

over the dorsal aspect of the hindbrain. After three muscle layers were carefully peeled back,
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the cisterna magna was exposed and pierced with a 30 gauge needle. CSF was collected
immediately using a flexible plastic pipette with approximately 10 uL of CSF collected per animal
and stored at -80°C until further processing. Some CSF samples were immediately pooled and
half were spun at 2000 x g for 10 minutes at RT. Protease inhibitors Pefabloc SC (1mM)
(Sigma-Aldrich) and Complete Proteinase Inhibitor Cocktail (1x) (Roche) were added to half of
the spun samples and half of the unspun samples before storing at -80°C.

For plasma collection, approximately 0.5 ml of blood was collected from the axillary
plexus using disposable transfer pipettes and placed into K,-EDTA coated tubes (BD
Diagnostic, # 365974). Within 60 minutes of collection, samples were centrifuged for 15
minutes at 2500 x g at room temperature (22-24°C). Plasma was transferred into clean low

retention tubes (Fisher, #02-681-311) and stored at -20°C until analysis.

GFAP protein guantitation

Quantitation of GFAP protein was performed as previously described (Jany et al. 2013).
CSF samples were diluted directly in ELISA buffer and evaluated using a sandwich ELISA.
Results were expressed as ng/L for CSF using purified bovine GFAP as a standard. For room
temperature incubations, samples were thawed in room temperature water for 2 minutes then
allowed to sit undisturbed for 24 hours before quantification of GFAP by ELISA. Under these
conditions the lower limit of detection was 11 ng/L, and the biological limit of detection (BLD)
(after accounting for the minimum 1:1 dilution with reaction buffer) was 46 ng/L. For analysis of
plasma effects on GFAP, plasma from Gfap-null mice was spiked into the GFAP standard at a

ratio of 1:1 (1 part plasma + 1 part GFAP standard) (Fig. 7.2).

Methanol/chloroform protein precipitation and western blot

For methanol/chloroform protein precipitation, CSF samples were thawed at room

temperature then pooled. Four volumes of methanol were added to one volume of CSF sample
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and mixed. One volume chloroform was then added before vortexing the solution. Three
volumes of double distilled water were added and the total mixture was vortexed. The solution
was then centrifuged at 14,000 x g for 2 minutes at room temperature. The aqueous layer was
removed and discarded. To the remaining solution, four volumes of methanol were added,
vortexed, and then centrifuged for 14,000 x g for 15 minutes. Supernatant was removed leaving
the protein pellet, which was air dried and resuspended in 20 yL 1x Laemmli buffer, 0.1% 2-
mercaptoethanol (BioRad).

After the sample is resuspended, samples were incubated at 95°C for 15 minutes.
Standard curves were generated using bovine GFAP (Fitzgerald Industries International, # RDI-
PRO62007) diluted in Laemmli buffer. Samples and Precision Plus protein Dual Color Standard
(BioRad) was loaded (15 and 7pL respectively) into a 10% TGX gel (BioRad) submerged in 1x
Tris/Gly/SDS Running buffer (BioRad) and ran at 125 V for 1.5 hours. Proteins were transferred
from the gel to an Immobilon FL membrane overnight at 4°C in 1x Tris/Gly (BioRad) with 20%
methanol at 30 V. After removing the gel from the membrane, the membrane was blocked for 1
hour in LiCor Odyssey (LI-COR) block then rinse in Tris buffered saline with 0.05% Tween 20
(TBS-Tw20). After washing, a rabbit polyclonal antibody (Dako, Z334) was used to detect
GFAP followed by a Dylight 800 conjugated anti-rabbit IgG secondary antibody (Thermo
Scientific, #35571) diluted in TBS-Tw20. After washing again with TBS-Tw20, fluorescence was

detected and analyzed using the Odyssey Imaging System (LI-COR).
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Figure 7.1: GFAP in plasma and CSF samples from mouse models of AxD. (A) GFAP
concentrations in plasma from wild-type mice (Gfap™*) was undetectable (n=3). GFAP in

R2365 mice and significantly elevated in GFAP'® mice (n=6 per

plasma was detectable in Gfap
genotype). (One-way ANOVA with post-hoc Bonferroni t-test; *** p<0.001). (B) In plasma,
GFAP concentrations were significantly decreased when compared with GFAP in CSF (n=5

plasma and n=9 CSF). (Student’s t-test; *** p<0.001). Presented as mean + 1 standard

deviation (SD). BLD, biological limit of detection.
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Figure 7.2: Plasma effects on GFAP quantification using an ELISA. Spiking plasma (1:1)
from Gfap-null mice into the GFAP standard did not change GFAP quantification when
compared with the GFAP standard diluted with the normal ELISA buffer. Representative of

replicate two experiments.
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Figure 7.3: Room temperature incubation effects on the stability of GFAP in mouse CSF
and mouse and human plasma. (A) After a 24 hour room temperature (RT) incubation, GFAP
concentrations in CSF significantly increased compared with a -80°C incubation (n=12 per
incubation condition). (Student’s t-test; *** p<0.001). (B) To determine if GFAP is increasing
due to degradation, cells which may release degradation enzymes were removed by spinning
the CSF (spun) and treating the CSF with protease inhibitors (Pl). After the RT incubation,
GFAP still increased in all CSF samples (n=3 per condition). (One-way ANOVA with post-hoc
Bonferroni t-test; ns, not significant; ** p<0.01; *** p<0.001 compared with -80°C incubations).
(C and D) In plasma, RT incubations did not alter GFAP concentrations in both human (C) and
mouse (D) plasma samples (n=3-5 per incubation condition). (Student’s t-test). Presented as

mean £ 1 SD. RT, room temperature; Pl, protease inhibitors.
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Figure 7.4: 37 kDa GFAP degradation product in pooled GFAP™ CSF sample. CSF from
an individual GFAP™ mouse and pooled GFAP™ mice was subjected to methanol/cholorform
precipitation followed by GFAP analysis by western blot. GFAP was detectable (0.11 ng) in
pooled, precipitated GFAP™ CSF samples, but undetectable in the individual GFAP™ CSF
sample. Purified bovine GFAP dilutions were used for quantification. kDa, kilodalton; MW,

molecular weight.
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