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GLIAL FIBRILLARY ACIDIC PROTEIN AND GLIOSIS:
IS GFAP MORE THAN A MARKER?

HEATHER RENEE MINKEL
GRADUATE BIOMEDICAL SCIENCES PROGRAM, NEUROSCIENCE THEME
ABSTRACT
Alexander Disease (AxD) is a “‘gliopathy’ caused by toxic, dominant gain-of-
function mutations in the gene encoding glial fibrillary acidic protein (GFAP). Two
distinct types of AxD exist. Type | AxD affected individuals develop cerebral symptoms
by four years of age and generally suffer from macrocephaly, seizures, and physical and
mental delays. As detection and diagnosis have improved, a larger portion, now about
half of all AXD patients diagnosed, have onset >4 years and brainstem/spinal cord
involvement. These type Il AXD patients typically experience ataxia, palatal myoclonus,
dysphagia and dysphonia. To date no study has examined a mechanistic link between the
mutations in GFAP and the more caudal symptoms present in patients with type 11 AxD.
Here we demonstrate that two key astrocytic functions, the ability to regulate both
extracellular K* and glutamate, are compromised in hindbrain regions and spinal cord in
AxD mice. Spinal cord astrocytes in AxD transgenic mice are depolarized relative to
wild type littermates, and have about a three-fold reduction in Ba**-sensitive Kir4.1
mediated currents and six-fold reduction in glutamate uptake currents. The loss of these
two functions is due to significant decreases in Kir4.1 (>70%) and GLT-1 (>60%) protein
expression. The loss of protein is associated with reduced mRNA expression of KCNJ10
and SLC1A2, the genes that code for Kir4.1 and GLT-1, respectively. Gene transcripts
for each gene start to show differences at postnatal day 7 in AXD mice and never reach

adult WT levels. Protein and mRNA reductions for both Kir4.1 and GLT-1 are



exacerbated in AxD models that demonstrate earlier accumulation of GFAP and
increased Rosenthal fiber formation, supporting the notion of GFAP toxicity. We propose
these changes cause chronic dysregulation of K* and glutamate, providing a mechanistic
link between the GFAP mutations/overexpression and the resulting symptoms in those

affected with type 1l AxD.

Keywords: astrocyte, Kir4.1, GLT-1, potassium buffering, glutamate homeostasis, gliosis
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INTRODUCTION

Alexander Disease

The contribution of astrocyte dysfunction to disease processes has received much
attention in the last decade. Astrocytes associated with pathological tissue, often termed
reactive astrocytes, are characterized by profound changes in protein expression leading
to alterations in the funadamental properties of these cells. Whether these changes, which
often persist indefinitely, are beneficial or maladaptive is up for debate. Regardless, the
contribution of astrocyte dysfunction to neurodegenerative disorders such as Parkinson’s,
Alzheimer’s, and Huntington’s diseases (Rempe and Nedergaard, 2010), as well as recent
work in multiple sclerosis (Srivastava et al., 2012) and Amyotrophic Lateral Sclerosis
(ALS) (Kaiser et al., 2006), indicate that changes in astrocyte function contribute to
disease pathology. One commonality consistently observed in astrocytes in each of these
disease processes is an increase in expression of the astrocyte-specific intermediate
filament glial fibrillary acidic protein (GFAP). The cause of increased expression is
unclear; however, elucidating the relationship between GFAP and Alexander Disease
(AxD), the only known disorder to originate in astrocytes, may lead to a clearer
understanding.

Alexander Disease (AxD) is a neurological disorder caused by dominant gain-of-
function mutations in the gene encoding glial fibrillary acidic protein (GFAP) (reviewed

in Brenner et al., 2009 and Flint and Brenner, 2011). Two distinct types, | & Il exist



(Prust et al., 2011). Individuals with type I, or early onset AxD, develop symptoms within
the first few years of life and typically present with macrocephaly, seizures, and physical
and mental delays, and display profound dysmyelination in the frontal lobes. As detection
and diagnosis have improved, about half of AxD patients diagnosed have onset
throughout the lifespan and demonstrate hindbrain involvement. Symptoms of these type
Il AxD patients include ataxia, palatal myoclonus, dysphagia and dysphonia, and
myelination defects may be restricted to more caudal brain regions or absent (Prust et al.,
2011;Graff-Radford et al., 2014). Although first described as a leukodystrophy, a lack of
myelin deficits in type Il AxD suggests that early onset disrupts myelin formation, while
later onset has little or no effect on established myelination. Accordingly, Alexander
disease has more recently been referred to as an astrogliopathy (Flint and Brenner, 2011).
Magnetic resonance imaging (MRI) is a key diagnostic tool for Alexander
disease. “Typical” MRI features, associated with type | AxD, include white matter
changes with frontal predominance, high T1-weighted and low T2-weighted signal in
periventricular rim, basal ganglia and thalami abnormalities, brainstem abnormalities, and
contrast enhancement of the previously listed regions, optic chiasm, fornix, or dentate
nucleus (van der Knaap, 2001). Presence of four of these five findings is clinically
sufficient for type | AxD diagnosis (Figure 1). In contrast, the single consistent diagnostic
MRI feature of later-onset cases is brainstem and spinal cord atrophy (Figure 2) (Balbi et
al., 2008). For patients with classic type I clinical symptoms and MRI features, diagnosis
can be confirmed by GFAP gene sequencing. Less consistent presentation of type 11 AXxD

can sometimes lead to an initial misdiagnosis such as multiple sclerosis. It has been



Figure 1. Imagesof achild with infantile Alexander disease.

This female patient had an R416W mutation (case 10 of Brenner et al., 2001); disease
onset was at 3 months, and death was at 8 years. A. The patient at 22 months illustrating
the frontal bossing and megalencephaly that is often present in infantile cases. B. T1-
weighted MRI of the patient at 7 years showing cystic degeneration in the frontal lobes,
enlarged ventricles, and some atrophy of the vermis.

Note: From Johnson (1996), “Alexander disease,” in: Handbook of Clinical Neurology.
pp 701-710, copyright 2004 by Elsevier. Reprinted with permission.



Figure 2. Representative MR images of characteristic lesions of adult onset
Alexander disease

A. T2-weighted midline sagittal section shows severe atrophy of the medulla oblongata
(arrow) and spinal cord. Moderate cerebellar and cerebral atrophy also present. B. Axial
FLAIR image shows increased signal intensity of the periventricular white matter in
posterior regions. C. Coronal FLAIR shows thin posterior periventricular white matter,
posterior regions. D. Axial T2-weighted section demonstrating signal hyperintensities in
atrophic anterior medulla oblongata (arrow). E. Axial T2-weighted section on cervical
spinal cord shows severe atrophy and signal changes at C1-C2 level.

Note: From Pareyson et al. “Adult-onset Alexander disease: a series of eleven unrelated

cases with review of the literature.” Brain(2008), 131, 2321-2331, copyright 2008 by
Oxford University Press. Reprinted with permission.



suggested that the presence of brainstem or spinal cord atrophy by MRI (Pareyson et al.,
2008; Balbi et al., 2008) or patients exhibiting progressive ataxia and palatal myoclonus
(Balbi et al., 2008;Howard et al., 2008) be considered for type Il Alexander disease
diagnosis, although ruling out more prevalent disorders remains a common diagnostic
route.

Despite large differences in clinical presentation and diagnostic criteria, both
types of AxD are unified in the presence of the hallmark pathological feature: GFAP
protein aggregates, termed Rosenthal fibers (Wippold et al., 2006). Also found in high
abundance within the aggregates are the small heat shock proteins aB-crystallin and
HSP27 (lwaki et al., 1989;Iwaki et al., 1993), and sequestration of phosphorylated c-Jun
N-terminal kinase (JNK) and the 20S proteasomal subunit is associated with Rosenthal
fibers (Tang et al., 2006). These cytoplasmic inclusions, 10-40um wide and up to 100um
in length, are believed to originate perinuclear and extend and migrate toward astrocytic
endfeet (Figure 3A) (Chin and Goldman, 1996). Pathologically they are generally found
in the regions corresponding to observed symptoms: more rostral in type I, and often
restricted more to brainstem, cerebellum, and spinal cord in type Il (Brenner et al., 2009).
Rosenthal fiber formation occurs in areas of highest GFAP expression: the perivascular,
periventricular, and subpial regions (Figure 3B) (Wippold et al., 2006;Rizzuto et al.,
1980). Before identification of GFAP mutations as causal for AxD, autopsy or biopsy
confirmation of Rosenthal fibers was necessary for definitive diagnosis.

Mutations in GFAP have been identified in about 95% of both type I and type Il
Alexander disease cases (Brenner et al., 2001;Rodriguez et al., 2001;Gorospe et al.,

2002;Li et al., 2005). Reviewed in Brenner et al. 2009, locations of mutations include all
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Figure 3. Rosenthal fibersat the light microscopy and electron microscopy level

A. Under EM, Rosenthal fibers appear as membraneless, amorphous osmiophilic
aggregates in a dense meshwork of intermediate filaments. B. Hematoxylin and eosin
staining of the brainstem of a child with R239H mutation reveals Rosenthal fibers as dark
nuggets in astrocytic end-feet surrounding blood vessels (asterisks).

Note: From Eng et al (1998), “Astrocytes cultured from transgenic mice carrying the

added human glial fibrillary acidic protein gene contain Rosenthal fibers.” J Neurosci Res
53:353-360, copyright 1998 by Wiley-Liss. Reprinted with permission.



major functional domains of the protein, most resulting in a single amino acid
substitution (Figure 4). The majority of mutations occur de novo, and nearly all are 100%
penetrant. Two “hot spot” locations, R79 and R239, are most frequently mutated, tend to
present with early onset, and for an R239H exchange in particular, rapid progression of
disease. On the other hand, a region extending from adjacent coils 1B to 2A contains a
number of late-onset inducing mutations. Overall, however, genotype/phenotype
correlations are not present for most mutations. Intriguingly, the same mutation may be

found in patients that present with either type | or type 11 AxD.

Mechanisms of disease pathogenesis

The most common disease-causing locations of mutations in GFAP, R79 and
R236, are homologous to disease-causing mutations in other intermediate filaments (Li et
al., 2002). A single mutated allele leads to AxD, as all identified individuals have had
heterozygous expression of one mutated and one unaffected allele. This dominant effect
of GFAP mutations is in contrast to other cytoplasmic intermediate filament disorders,
many of which have recessive modes of inheritance, are caused by truncated proteins,
and knockout animals exhibit pathology (Li et al., 2002). Here disruption of filament
formation suggests a loss of function is responsible for pathology. In contrast, in the
brains of AxD patients, normal-appearing GFAP filaments are abundant, even
surrounding Rosenthal fibers. In addition, GFAP null mice appear similar to WT
littermates, all suggesting a toxic gain of function rather than a loss of normal function
driving pathogenesis. Another important observation is the ability of mutations

throughout the full length of the protein to result in similar Rosenthal fiber formation in
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Figure 4. Locations of GFAP mutationsin Alexander diseasein relation to the
protein structure. The 4 open rectangular boxes represent the helical coiled-coil rod
domains of GFAP; these structural motifs are highly conserved among most intermediate
filament proteins. The solid lines joining these segments are non-helical linker regions,

and the solid lines at either end are the nonconserved, random coil, N-terminal and C-



terminal regions. The gray box just before segment 1A is a nonconserved pre-helical
sequence important for initiation of rod formation at the start of 1A; the gray box at the
end of 2B represents a highly conserved sequence that includes the end of the coiled coil
2B segment. The wild type amino acid is indicated next to the structure, and amino acid
replacements within symbols on either side. Early onset cases are on the left, shown as
blue circles, and late onset cases are on the right, shown as red circles. Each symbol
represents a single patient, except that familial cases, including identical twins, are
represented by a single symbol coded for the onset type of the proband.

Note: Courtesy of Dr. Michael Brenner.
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the midst of normal GFAP filaments, suggesting interruption of a later-stage of
polymerization involving the whole protein (Li et al., 2002). Reduced solubility and salt
extraction of GFAP from astrocytes suggests stronger self-adherence in mutant protein, a
property that dominantly affects wild type protein when co-expressed, resulting in
identical reductions in solubility (Der et al., 2006). A critical threshold of GFAP seems
to be necessary for aggregate formation and, unlike other intermediate filament disorders;
AXD is confounded by the fact that GFAP itself is upregulated in response to stress in
astrocytes. While an increase in GFAP expression may contribute to the ability of cells to
form normal filaments in the presence of mutated protein, it seems to ultimately underpin
pathology. This creates an opportunity for a toxic, feed-forward pathway of pathological
progression. It also provides one mechanism by which disease severity may be modulated
by other genetic or environmental factors. Although it may be coincidental, a number of
patients have presented clinically following CNS insult including brain trauma or
infection (Brenner et al., 2009), suggesting exacerbation by the typical GFAP protein
increases in response to acute injury.

Mutant GFAP induces gliotic increases in mutated and non-mutated GFAP
expression. As GFAP accumulates, subsequent JNK activation and proteasome
inhibition contribute to a cyclic aggravation of the disease process, delineated in Tang et
al., 2006. Increased GFAP expression induces cellular stress responses resulting in
activation of INK, known to associate with Rosenthal fibers. Phosphorylated JNK (p-
JNK) levels increase relative to total INK in cells transfected with increasing
concentrations of wild type GFAP, and are further increased by R239C mutated GFAP.

JNK activation stimulates further GFAP increases, causing inhibition of proteasome
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activity. Decreased proteasome function results in additional build-up of GFAP protein.
Together a cycle is formed whereby all players are contributing to pathology in a

synergistic aggravation of GFAP-induced cellular pathology.

Animal Models of AxD

A number of mouse models have been used to try to elucidate molecular
mechanisms of Alexander disease. The first of which, human GFAP overexpressing
mice, were discovered to produce Rosenthal fibers and led to the identification of GFAP
mutations in AxD (Messing et al., 1998;Brenner et al., 2001). A number of human
mutation homologs have been inserted into the endogenous mouse gene and shown to be
sufficient to produce Rosenthal fibers (Hagemann et al., 2006;Tanaka et al., 2007). A
thorough analysis of the relative contribution of both mutation and copy number was
performed by Tanaka et al. (2007), in which human R239H GFAP cDNA was expressed
under the mouse GFAP promoter to generate lines with increasing hGFAP copy numbers.
A single insertion produced a 3% increase in GFAP and never formed Rosenthal fibers.
However, just 2-3 inserts resulted in an approximate 20% increase in protein by postnatal
day 7, and 30% by postnatal day 14 when Rosenthal fibers first appeared. This is in
contrast to the wild type human GFAP overexpressing mice, where GFAP expression
was elevated nearly 4-fold at postnatal day 14, although Rosenthal fibers remained quite
diffuse (Messing et al., 1998). This would suggest a direct contribution of mutation to
pathological development of Rosenthal fiber formation. While increased GFAP is
sufficient to induce aggregation, mutation appears to expedite the process temporally and

reduces the threshold of GFAP required for such changes. Using these data, we are also
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able to utilize a line crossing the human GFAP overexpressing mice with a mutation
knock-in line to compound the effects of these lines into a more severe animal model,

resulting in premature death at 3-4 weeks of age (Hagemann et al., 2006).

The GFAP protein

Glial fibrillary acidic protein, a type Il intermediate filament protein, is the
predominant intermediate filament in astrocytes. One of the longest accepted roles of
intermediate filaments is mechanical support, providing strength and maintaining the
shape of astrocytes. Highly expressed in this CNS cell type, GFAP is often used as a
marker of astrocytes, and increased GFAP expression and astrocytic hypertrophy are
characteristic changes indicative of reactive gliosis, associated with essentially any CNS
pathology including aging, trauma, and disease (Pekny and Pekna, 2004;Middeldorp and
Hol, 2011). Despite this knowledge, relatively little is known about GFAP’s functions in
normal and pathologic conditions.

In vitro analyses have also begun to demonstrate a role for GFAP in a wide
variety of processes (Figure 5). Among these are cell motility (Elobeid et al.,
2000;Yoshida et al., 2007), cell proliferation (Messing et al., 1998;Pekny et al., 1998a),
vesicle trafficking (Potokar et al., 2008;Potokar et al., 2007), autophagy (Bandyopadhyay
et al., 2010), synaptic development (Emirandetti et al., 2006), glutamate uptake and
recycling (Hughes et al., 2004;Sullivan et al., 2007;Weir and Thomas, 1984), and blood-
brain barrier integrity (Liedtke et al., 1996;Pekny et al., 1998b). Mice that lack or
overexpress GFAP have also provided insight into some basic supportive functions the

protein provides. GFAP knockout mice, despite complete lack of the intermediate
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Note: From “GFAP in health and disease” by Middeldorp and Hol, 2011, Prog Neurobiol
93(3):421-43. Copyright 2011 Elsevier. Reprinted with permission.
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filament, are largely indistinguishable from wild-type littermates (Liedtke et al.,
1996;MccCall et al., 1996;Pekny et al., 1998a), however further testing revealed that mice
lacking GFAP are more susceptible to cervical spinal cord injury (Nawashiro et al.,
2000), cerebral ischemia (Tanaka et al., 2002), and kainic acid-induced excitotoxicity
(Otani et al., 2006). Conversely, overexpression of full-length human GFAP causes
astrogliotic-like hypertrophy and Rosenthal fiber formation in mice in the absence of
precursory trauma or disease (Messing et al., 1998).

In healthy brain, GFAP expression is developmentally upregulated and
demonstrates regional differences in promoter activity, mMRNA, and protein expression
(Palfreyman et al., 1979;Martin and O'Callaghan, 1995;Lein et al., 2007;Jany et al.,
2013;Sosunov et al., 2013). Accordingly, brain areas demonstrating most profound
pathology and cellular changes in AXD correlate with those regions that developmentally
express the highest levels of GFAP (Sosunov et al., 2013;Jany et al., 2013). In humans,
caudal brain regions are the most profoundly affected in type Il AxD, and in both humans
and rodents these regions express the highest levels of GFAP protein and mRNA
(Palfreyman et al., 1979;Martin and O'Callaghan, 1995). However, to date, no research

has examined astrocytes in caudal brain regions in models of AxD.

Astrocytes

The role of astrocytes in central nervous system function have seen a dramatic
change in reputation in the past two decades. Once viewed as structurally, supportive
cells, merely filling space between electrically and chemically active neurons, astrocytes

are now being identified as increasingly complex and dynamic cells in their own right. It
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is clear that while electrically non-excitable, astrocytes still express receptors for nearly
all neurotransmitters, and channels that collectively carry a variety of ionic currents. The
list of astrocytic roles within the CNS continues to grow and includes many important,
neuronally supportive functions. Localization of astrocytic endfeet around neuronal
synapses and along blood vessels in combination with gap-junction coupling between
astrocytes allows for a polarity that aids in functions including metabolic support,
regulation of blood flow, extracellular pH regulation, facilitation of water transport,
antioxidant actions, and neurotransmitter uptake, among others, (for full review see
(Kimelberg and Nedergaard, 2010)).

Two primary astrocyte functions throughout the CNS, and that are of particular
interest in this study, are the ability to buffer or clear K* ions and glutamate
perisynaptically following periods of neuronal activity. The narrow extracellular space
requires each of these functions to be tightly regulated as small increases in extracellular
K™ ([K™],) or glutamate ([Glu],) concentrations lead to neuronal dysfunction and
modulate the efficacy of neuronal transmission. These processes are largely mediated via
the astrocytic inwardly rectifying potassium channel, Kir4.1, and the Na*-dependent
glutamate transporter, GLT-1. Together, these two proteins work in concert to clear the
extracellular space of neuronally released K* and glutamate and essentially function to
dampen neuronal excitability. Dysfunction or inhibition of either protein results in
increased neuronal excitability, seizure activity, and at high concentrations for prolonged
periods, causes neuronal cell death.

High surface expression of Kir4.1 on astrocytes, paired with the channel’s high

open-probability and relatively low permeability to Na™ makes astrocytes particularly
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sensitive to changes in [K*],. It also contributes to the high resting K* conductance and
the hyperpolarized resting membrane potential observed in mature astrocytes
(Kucheryavykh et al., 2007;Djukic et al., 2007;Kofuji et al., 2000;0Olsen et al., 2007).
Astrocytes maintain tight regulation of [K*], to around 3mM at rest (Borrelli et al., 1986)
and limit accumulation, which occurs proportional to neuronal activity. Two mechanisms
have been described for [K™], removal by astrocytes: net uptake, resulting in transient
increases in intracellular concentrations; and spatial buffering, through which K* is
redistributed within the astrocyte syncytium through gap junctions. Kir4.1 is implicated
in processes related to maintenance of K™ homeostasis (Olsen and Sontheimer, 2008).
Inhibition or knock down of this channel results in altered extracellular potassium
dynamics, depolarized resting membrane potential, and increased input resistance (Djukic
et al., 2007; Kucheryavykh et al., 2007; Olsen et al., 2006; Seifert et al., 2009). Kir4.1
knockout animals suffer seizures, ataxia, and early postnatal mortality (Djukic et al.,
2007).

The importance of Kir4.1 is further emphasized by a large number of pathologies
associated with dysfunction or lack of Kir4.1. Mutations in the protein are associated
with SeSSAME syndrome (Scholl et al., 2009;Bockenhauer et al., 2009;Reichold et al.,
2010), epilepsy (Ferraro et al., 2004;Bordey and Sontheimer, 1998;Hinterkeuser et al.,
2000), and autism spectrum disorders (Sicca et al., 2011). Antibodies have been
identified in Multiple Sclerosis patients targeted against Kir4.1 (Srivastava et al., 2012b).
Potassium dysregulation has been shown to be essential in the pathogenesis of epilepsy
(Neusch et al., 2003), ischemia (Sun and Feng, 2013), and Parkinson’s disease (Liss et

al., 2005), and implicated in Alzheimer’s disease (Liu et al., 2010;Etcheberrigaray et al.,
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1994) and schizophrenia as well (Tomita et al., 2003). Further, increasing literature
indicates loss of Kir4.1 protein consistent with reactive gliosis, associated with a
multitude of pathological states (D'Ambrosio et al., 1999;MacFarlane and Sontheimer,
1997;Koller et al., 2000;Pivonkova et al., 2010;Steiner et al., 2012).

The intimate relationship between extracellular glutamate and potassium
regulation is emphasized by the observation that the loss or inhibition of Kir4.1
sufficiently depolarizes astrocytes, reducing the electrochemical gradient upon which
efficient GLT-1 uptake relies, and thus impairing glutamate uptake (Kucheryavykh et al.,
2007;Djukic et al., 2007). This is impressive, as under normal conditions it’s difficult to
overwhelm glutamate transporters, which even under prolonged high frequency
stimulation (Diamond and Jahr, 2000) or repeated 100-fold glutamate challenge in vitro
(Yeetal.,, 1999) are able to reduce glutamate concentrations to ambient levels (1-2uM)
(Cavelier and Attwell, 2005). These and other data suggest that for glutamate
concentrations to rise considerably, GLT-1 must be significantly reduced in expression or
function, as it is notably the protein in highest abundance in all of brain (~1.3% of total
protein) (Lehre and Danbolt, 1998).

GLT-1 belongs to a family of five excitatory amino-acid transporters (EAATS), of
which, one other (GLAST) is also expressed in astrocytes throughout brain. While
GLAST is highly expressed in Bergmann glia within the cerebellum, it is more
moderately expressed in astrocytes throughout the CNS, and GLT-1 is the predominant
astrocytic transporter in adult brain (Anderson and Swanson, 2000). These “sodium
dependent” transporters are also influenced by potassium gradients, proton gradients, and

membrane potential as both GLT-1 and GLAST move glutamate against its concentration
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gradient into astrocytes by coupling transport with movement of these ions down their
electrochemical gradients. The result is a net inward positive charge and the astrocytic
sodium-potassium pump (Na*/K* ATPase) hydrolyses ATP to maintain Na* and K*
gradients, making the cost of transport more than 1 ATP per glutamate molecule (Sibson
etal., 1998).

Once taken up into the astrocyte, two important pathways for glutamate include
conversion to glutamine, and entry into the tricarboxylic acid (TCA) cycle (for review see
Anderson and Swanson, 2000). The enzyme glutamine synthetase catalyzes conversion of
glutamate to glutamine, a process that allows for release from astrocytes and uptake by
neurons where it can be turned back into glutamate or further metabolized. Entry of
glutamate to the TCA cycle is capable of replenishing the ATP spent for transport into
the astrocyte. Also produced by this process are a number of intermediary metabolites
including lactate, which can be released from astrocytes and taken up by neurons to be
used as an energy substrate (Pellerin and Magistretti, 1994), intricately connecting
glutamate uptake to fundamental and essential processes in both astrocytes and neurons.

Perhaps not surprisingly, mice lacking GLT-1 protein exhibit seizures,
generalized gliosis, neuronal cell death, hindlimb motor dysfunction, and early postnatal
mortality (Tanaka et al., 1997). GLT-1 protein loss may contribute to pathological
progression of mouse models of ALS, where it precedes motor neuron cell death. It is
also reduced in human ALS patients and corresponds to an increase in CSF glutamate
concentrations (Trotti et al., 2001). GLT-1 has also been implicated in the pathology of
epilepsy (Ingram et al., 2001), cerebral ischemia (Raghavendra Rao et al., 2000), and

Huntington’s disease models (Huang et al., 2010). GLT-1 dysfunction is also consistently
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coincident with gliosis, including in cases of HIV dementia (Pappas et al., 1998;Wang et
al., 2003), hyperammonemia (Hazell et al., 2001), and traumatic injury (McAdoo et al.,
2000;Rao0 et al., 1998). Maragakis and Rothstein, (2004) reviews GLT-1 in many
neurologic diseases. The authors note that the ubiquity of glutamate signaling and
transporter expression across the CNS may be a partial explanation for transporter
dysregulation within such a wide range of seemingly unrelated insults, as it is such a
commonly reported finding. However, the role of such dysregulation as a contributing
factor or secondary consequence to pathology, (or a combination of both) has been

difficult to elucidate

Gliosis

Upregulation of GFAP is the most well characterized and identifiable indicator of
gliotic or reactive astrocytes (Pekny and Nilsson, 2005) reliably labeling most, if not all,
reactive astrocytes (Sofroniew, 2009). This upregulation of GFAP expression as well as
other characteristics of reactive gliosis depends on the particular CNS insult, including
severity, immune involvement, whether it is focal or generalized, and acute or chronic
(Figure 6) (reviewed in (Burda and Sofroniew, 2014)). Recently Sofroniew (2009)
proposed both a definition and model of reactive astrogliosis including the following
points: 1) it is a spectrum, and occurs in response to all forms of injury and disease, 2)
changes vary by nature and severity of insult along a continuum of gene expression and
cellular changes, 3) changes are regulated in a context specific manner, and 4) changes
affect both gain and loss of astrocytic functions that can be both beneficial and

detrimental to surrounding tissues.
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Figure 6. Schematic representations of different gradations of reactive astrogliosis
vary with insult severity. (A) Mild to moderate reactive gliosis comprises variable
changes in molecular expression and functional activity together with variable degrees of
cellular hypertrophy. Such changes occur after mild trauma or at sites distant from a
more severe injury, or after moderate metabolic or molecular insults or milder infections
or inflammatory activation. These changes exhibit the potential for structural resolution

if the triggering insult is removed or resolves. (B) Severe reactive astrogliosis with
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persisting scar formation generally occurs along borders to areas of overt cell and tissue
damage and inflammation. Mature glial scars tend to persist for long periods and act as
barriers not only to axon regeneration but also to inflammatory cells in a manner that
protects healthy tissue from nearby areas of intense inflammation.

Note: From Sofroniew (2009) “Molecular dissection of reactive astrogliosis and glial scar

formation”. Trends in Neurosci. 32(12):638-47. Copyright 2009 by Elsevier. Reprinted
with permission.
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From releasing inflammatory mediators to cell proliferation, astrogliotic
responses are, in fact, quite varied throughout the literature. Many groups have focused
recently on the differences in astrocytes in injury and disease models, stressing the
heterogeneity of astrocytes and gliosis (Zamanian et al., 2012;Barres, 2008). It is true that
even similar changes in astrocytes have contradictory implications in different disease
contexts. For example, as reviewed in Sofroniew, 2009, increased GFAP expression can
inhibit axonal regeneration in spinal cord injury. Animals lacking astrocytic intermediate
filaments GFAP and vimentin show reduced gliosis and increased axonal regeneration
following injury (Pekney and Nilsson, 2005; Wilhelmsson et al., 2004). Conversely,
these same animals have an exacerbation of experimental autoimmune encephalomyelitis
(EAE) severity (Liedtke et al., 1998) and increased lesion size following stroke (Li et al.,
2009). All of these data suggest that understanding both changes in astrocytes and their
environment must be considered together.

There has also been much focus on common astrocytic responses across families
of diseases, such as neurodegeneration, for insight into common pathways and possible
mechanistic links that may be conserved (Khakh and Sofroniew, 2014). As listed
previously, a wide variety of CNS disorders are associated with reactive astrocytes that
demonstrate loss of critical functions of homeostatic glutamate and potassium regulation
(Olsen et al., 2010;Dunlop et al., 2003;Tian et al., 2010). In situ, the electrical properties
of reactive astrocytes are similar to those seen in immature astrocytes with depolarized
resting membrane potentials, reduced K* conductance and reduced glutamate uptake (for
review see, (Olsen and Sontheimer, 2008)). As a result, recently both Kir4.1 and GLT-1

have become molecular targets for therapeutic intervention. It was recently shown that
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selective restoration of Kir4.1 to striatal astrocytes in mouse models of Huntington’s
disease attenuated some measures of neuronal dysfunction, motor phenotypes, and even
lengthened lifespan, identifying astroyctes and Kir4.1 as potential therapeutic targets in
Huntington’s disease and other neurodegenerative disorders (Tong et al., 2014;Khakh and
Sofroniew, 2014). Similarly, GLT-1 protein restoration with Ceftriaxone treatment
following traumatic brain injury was associated with decreased gliosis and reduced post-
traumatic seizure duration in mice (Goodrich et al., 2013). Moving forward, exploration
of AxD, the only identified disorder originating in astrocytes, may provide an interesting
perspective to astrocytes and gliosis.

Alexander disease is certainly an example of how gliosis can contribute to
pathology. Removed from the context of confounding or precipitating insult or disease,
GFAP dysfunction is capable of producing reactive astrocytic phenotypes that ultimately
result in disease presentation. It may not be surprising then that AxD shares many
features of other disorders. In the case of type 1l AxD, clinical presentation sometimes
leads to misdiagnosis as multiple sclerosis (MS), primary lateral sclerosis, amyotrophic
lateral sclerosis (ALS), myasthenia gravis, multisystem atrophy, spinocerebellar ataxia,
and cervical myelopathy (Farina et al., 2008; Pareyson et al., 2008). Genetic testing is
essential in confirmation of type 11 AxD, as it is clear that disease presentation and
pathological features overlap with a number of other disorders affecting caudal CNS
regions. This led to the question: do well-characterized changes in astrocytic potassium
and glutamate dynamics occur in AXD as common molecular alterations in caudal CNS

pathology?
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Hypothesis: AxD results in an extreme form of reactive gliosis, characterized by
upregulation of GFAP, and the accumulation of Rosenthal fibers composed of GFAP
protein aggregates. Little is known about how this interferes with essential astrocyte
functions.  Specifically, we will focus on Type Il AxD, which until now has been
completely unexplored. Here we postulate that gliosis and Rosenthal fiber formation
observed in AxD disrupt the ability for astrocytes to maintain extracellular potassium and
glutamate homeostasis. We hypothesize that increased GFAP expression/aggregation
causes a downregulation in Kir4.1 and GLT-1 expression and function in mouse models
of AxD. Chronic dysregulation of K* and glutamate may provide a direct mechanistic
link between the mutations in GFAP and the resulting symptomology in those affected
with AxD. A causal relationship between “gliosis’ and loss of Kir4.1/GLT-1 expression
in AxD and may provide valuable information regarding gliosis in the broader context of

CNS diseases that present with GFAP overexpression.
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METHODS

Animals

All animal procedures and protocols were performed in accordance with the
National Institutes of Health guidelines and experiments described here were annually
reviewed and approved by the University of Alabama Institutional Animal Care and Use
Committee. Mouse lines have been described previously (Messing et al., 1998;
Hagemann et al., 2006). Animals were housed with free access to food and water and
were maintained on a 12hr light/dark cycle. Genotypes of offspring were confirmed by

PCR of DNA isolated from tail (Terra Direct PCR, Clontech).

Sice preparation

Either gender postnatal day (PND) 13-18 pups were anesthetized with CO, and
decapitated, and the spinal cord was removed and placed in ice-cold, low calcium,
artificial cerebral spinal fluid (ACSF, containing in mM, 116 NacCl, 4.5 KCI, 1.0 MgCl,,
0.2 CaCl,, 26.2 NaHCOg3, 11.1 glucose, and 5.0 (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) sodium salt for 30 s. The cord was then placed
in liquid low-melt agar at ~30°C that was quickly solidified by placing on ice. Sections
were cut at 300 um using a Vibratome 3000 (Ted Pella, Redding, CA) in low calcium
ACSF. Before recording, slices were allowed to recover for>1 hr at room temperature in

ACSF containing 2 mM CaCl,, which was continuously bubbled with 5% CO,-95% O,.



26

Sice electrophysiology

Whole cell voltage-clamp recordings were made as described previously (Olsen et
al., 2006). Patch pipettes were made from thin-walled (outer diameter 1.5 mm, inner
diameter 1.12 mm) borosilicate glass (TW150F-4 World Precision Instruments) and had
resistances of 6 — 9 MQ. Slices were transferred after the recovery period to a Zeiss Axio
Examiner D1 microscope with a x40 water immersion lens to visualize astrocytes.
Signals were acquired using an Axopatch 200B amplifier (Axon Instruments) controlled
by Clampex 10.2 software via a Digidata 1440A interface (Molecular Devices). Signals
were filtered at 2 kHz and digitized at 5 kHz. Data acquisition was conducted with the
use of pClamp 10.2 (Axon Instruments). Resting membrane potentials were measured
directly from the amplifier in I = 0 mode ~1 min after whole cell access was obtained.
Where described in the text, whole cell capacitance and series resistances were also
measured directly from the amplifier, with the upper limit for series resistance being 10
MQ and series resistance compensation adjusted to 80% to reduce voltage errors. Slices
were continuously superfused with ACSF with the addition of 2.0 mM CacCl,. The
pipette solution contained (in mM) 125 K-Gluconate, 10 KCI, 10 HEPES sodium salt, 10
creatine phosphate, 2 Mg-ATP, 0.2 Na-GTP, and 0.5 EGTA, pH adjusted to 7.3 with
KOH and adjusted to 285 -290 mOsm with sucrose. Cells were continuously superfused
at 34°C with oxygenated ACSF containing 2 mM CaCl,. Drugs were added directly to

these solutions.
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PotassiumyGlutamate Puffing

Potassium and glutamate solutions were applied for 400 ms using a Picospritzer
(Warner Instruments) to astrocytes voltage clamped at -80 mV. The K puffing pipette
solution contained 105 mM NaCl, 30 mM KCI, 2 mM MgCl,, 2 mM CaCl,, and 32.5
mM HEPES, pH adjusted to 7.4 with NaOH. The glutamate puffing solution contained
120 mM NaCl, 3.5 mM KClI, 1.3 mM MgCl,, 2.5 mM CaCl,, 25 mM HEPES, 10 mM
glucose, 200 uM glutamate (pH adjusted to 7.4). Tetrodotoxin (TTX) 500 nM, 100 uM
CdCl,, 20 puM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 20 uM bicuculline, and 20
MM 2-amino-5-phosphonopentanoic acid (AP5) were added to the glutamate puffing and
bath solutions to reduce neuronal excitability. For all puffing experiments, the puffer
pipette was placed in the same focal plane as the voltage clamped cell and manipulated
until a maximal response was elicited. All traces shown are the average of 3-4

consecutive applications of potassium or glutamate.

I mmunobl otting

Following spinal cord extraction as described above, protein lysates were
prepared by homogenization in lysis buffer (1% sodium dodecyl sulfate (SDS), 100 mM
Tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.5, supplemented with protease
and phosphatase inhibitors (Sigma)), using glass dounce homogenizers, followed by 2
rounds of sonication for 10 seconds. Lysates were spun at 12,000 g for 5 minutes at 4°C.
Protein concentration of supernatant was determined by bicinchoninic acid (BCA) assay
(Thermo Scientific). Protein was heated to 60°C for 15 min in an equal volume of 2x

loading buffer (100 mM Tris, pH 6.8, 4% SDS, in Laemmli-sodium dodecyl sulfate, 600
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mM (- mercaptoethanol, 200 mM dithiothreitol (DTT), and 20% glycerol). Equal
amounts (10 ug) of protein were loaded into each lane of a 4 —20% gradient precast SDS
polyacrylamide gel (Bio-Rad). Gels were transferred onto PVDF membrane (Millipore)
at 100V for one hour. Membranes were blocked in blocking buffer (10% dried milk in
Tris-buffered saline and Tween 20, (TBST) which contained 50 mM Tris, 150 mM NaCl,
0.05% Tween 20, pH adjusted to 7.4 with HCI). Blots were incubated with Kir4.1
(Alomone #APC-035) primary antibody 1:750 in blocking buffer at room temperature for
90 minutes. The membrane was then rinsed 3x for 15 min and incubated with horseradish
peroxidase-conjugated anti-rabbit secondary antibody (Santa Cruz #SC2054, 1:2000) for
60 min at room temperature. After three 10 min washes, membranes were developed with
Millipore Luminata Classic Western horseradish peroxidase substrate for visualization on
CL-XPosure autoradiography film (Thermo Scientific). The blots were then stripped with
Restore Stripping Buffer (Thermo Scientific) and re-probed with GLT-1 (Millipore
#AB1783, 1:10 000), GFAP (Millipore #MAB5628, 1:30,000), and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (Millipore #AB2302, 1:1000) for a loading control,
and Millipore anti-guinea pig (#AP108P), Santa Cruz anti-mouse (#SC-2005), and anti-
chicken (#SC-2901) secondary antibodies at 1:2000. Protein expression was quantitated
using ImageJ software, normalizing total GFAP, Kir4.1, or GLT-1 protein to GAPDH

expression in the same lane.

| mmunocytochemistry
Animals were anaesthetized with a peritoneal injection of ketamine (100mg/kg)

and perfused with 4% paraformaldehyde solution for 25 minutes. The spinal cord was
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removed and stored in 4% paraformaldehyde overnight at 4°C. After washing in PBS,
100uM sections were cut using a Vibratome (Oxford instruments). Sections were blocked
for 1h in 10% goat serum and 0.2% Triton-X100 in phosphate buffered saline (BB).
Following blocking, antibody incubation and washes were carried out in BB diluted 1:3
in PBS (diluted BB). Slices were incubated in primary antibody (GFAP, Dako #0334,
1:1000), (Kir4.1, Proteintech #12503-1-AP, 1:500), (GLT-1, Millipore #AB1783
1:1000), & (NeuN, Millipore #MAB377 1:1000) in diluted BB overnight at 4°C with
gentle agitation. The sections were then washed three times in diluted BB and incubated
for 60 minutes at room temperature with tetramethyl rhodamine iso-thiocyanate-
conjugated secondary antibodies obtained from Invitrogen (#A11008, #A11029,
#A11010, #A11074) 1:500 in diluted blocking buffer. The slices were washed two times
with diluted BB, then incubated with 4’6-diamidino-2-phenylindole (DAPI) 0.1ug/mL;
(Sigma), and finally washed twice with phosphate buffered saline before being mounted

onto glass coverslips. Fluorescent images were acquired with a Zeiss Axio Observer D1.

Quantitative Real-Time PCR

Following tissue removal as described above, for quantitative real-time
polymerase chain reaction (qQRT PCR), sequential isolation of total MRNA and genomic
DNA were performed using Qiagen All Prep DNA/RNA Mini Kit. A total of 1.0ug of
MRNA was converted to cDNA using Invitrogen Superscript VILO cDNA synthesis Kit.
Prior to PCR, cDNA was diluted 1:3 using DEPC treated water. Applied Biosystems
Tagman probes were used with Tagman Universal Mastermix Il, no UNG. An Applied

Biosystems StepOne machine was used to perform gPCR and corresponding software
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was subsequently used for analysis of results. Cycling parameters were: 50°C for 2 min,
95°C for 10 min, 40 repeats of 95°C for 15 s and 60°C for 1 min. GAPDH was used as
control housekeeping gene. AACt method was used to determine relative fold expression

of mMRNA.

Cultured spinal cord astrocytes

For culture experiments, newborn (PNDOQ) pups were decapitated. Spinal cords
were removed and dissected in ice-cold serum-free EMEM (Gibco, Grand Island, NY)
containing 20 mM glucose. Meninges were stripped and cords were minced and placed
into O,-saturated EMEM with papain (Worthington, Lakewood, NJ) for 20 min. Tissue
was washed twice with spinal cord astrocyte media (EMEM supplemented with 10% fetal
calf serum (FCS), 20 mM glucose, and penicillin/streptomycin) and triturated. Cells were
plated at a density of 1.0 x 10° cells/ml on polyornithine- and laminin-coated 12-well
tissue culture plates (Falcon). The media was changed the first and second days, and
every fourth day thereafter. Mature or differentiated spinal cord astrocytes (>6 days in

culture [DIC]) were used for all cultured experiments.

ShRNA treatment

E.coli containing sShRNA sequence targeted for GFAP, GE Healthcare
Dharmacon shRNA construct #TRC0000090606, were cultured overnight at 37°C on LB
agar plates supplemented with 100ug/ml carbenicillin. A single colony was added to
10ml LB broth with carbenicillin and incubated overnight at 37°C. shRNA was isolated

using a QIlAprep Spin Miniprep kit. GFAP shRNA treatment occurred at 10DIC using
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Lipofectamine transfection reagent (Invitrogen) and RNA was collected 24hr following

treatment.

Satistical analysis

Current responses to varied voltage steps and ramps were analyzed and measured
in Clampfit (Molecular Devices); the resulting raw data were graphed and plotted in
Origin 8.51 (MicroCal). Two-tailed t-test, Tukey-Kramer Multiple Comparisons Test,
and Mann-Whitney tests were performed using Graphpad software (San Diego, CA) and
P values are reported in the text. Unless otherwise stated, all values are reported as means

+ SE with n indicating the number of cells sampled.
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RESULTS

Elevated GFAP induces gliotic reduction of Kir4.1 and GLT-1 expression in AXD mouse
models

To investigate the possibility that alterations in Kir4.1 and GLT-1 functions in
caudal brain regions have a role in type Il AxD, we first examined Kir4.1 and GLT-1
protein expression in caudal brain regions from three animal models of AxD: a line in
which wild type (WT) human GFAP is overexpressed from a transgene (n\GFAP'®,
Messing et al., 1998); a line heterozygous for an R236H knock-in mutation, which is
homologous to the common and particularly severe R239H mutation in human patients
(R236H"" Hagemann et al., 2006); and mice generated by crossing these two lines,
(hGFAP™®/R236H"" Hagemann et al., 2006). Both the hGFAP'® and R236H*" mice have
elevated GFAP expression in hippocampus and cortex, form Rosenthal fibers, display
CNS oxidative stress and are hypersensitive to kainic acid induced seizures, but have a
normal lifespan and no myelin deficits. The same observations hold for
hGFAPT6/R236H"" mice (Hagemann et al., 2006), except that the changes occur sooner,
are more severe, and these mice die by 35 days of age from seizures (Hagemann et al.,
2006). We have also observed a full body clasp when these mice were suspended by the
tail in the days prior to death (unpublished observations), suggesting profound motor
impairment (Yamamoto et al., 2000;Mangiarini et al., 1996;Filali et al., 2011).

Additionally, hGFAP™® animals have significantly lower body weight and increased
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brain water volume (Meisingset et al., 2010), and both hGFAP'® and R236H"" animals
display higher susceptibility to kainic acid induced seizures than their wild-type
littermates (Eng et al., 1998;Hagemann et al., 2006). However, the absence of myelin
deficits in these mice suggests they better model late onset, type Il AxD, than the type |
form.

Astrocytic proteins Kir4.1, GLT-1, and GFAP were quantified in the three models
of AxD with GAPDH as a loading control (Fig. 7). At four weeks of age significant
increases in GFAP were present in both hGFAP™® (72.3 + 6.0%) and hGFAP ¢/R236H""
(36.7 £ 4.4%) in cervical spinal cord, but no significant change in GFAP amount was
detected from R236H"" animals relative to WT. Corresponding with the upregulation of
GFAP, hGFAP'® animals demonstrated significantly lower amounts of Kir4.1 (~75%
reduction) and GLT-1 (~60% reduction) and the double transgenic hGFAP™®/R236H""
animals exhibited a near complete loss of Kir4.1 and GLT-1 immunoreactivity. This is
despite the fact that the increase of GFAP expression in these animals was less than that
in the hGFAPT® mice, indicating that the R236H mutation contributes to the molecular
changes observed in hGFAP®/R236H"" mice. Of note, we and others have shown
multiple bands on Kir4.1 Western blots that correspond with a monomer through tetramer
(~50 kD - 200 kD) of the Kir4.1 protein (Kaiser et al., 2006;Olsen et al., 2010b). These
bands are completely absent in Kir4.1 KO animals and in human embryonic kidney cells
that do not express Kir4.1 (Olsen et al., 2006). Therefore, the entire lane is used for
quantitation. The image shown for the Kir4.1 western blot has been overexposed to
indicate the striking loss of Kir4.1 in hGFAP®/R236H"" animals compared to WT

animals; non-saturated exposure images were used for quantitation. In contrast, R236H""
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Figure7. Kir4.1and GLT-1 protein expression are reduced in spinal cord of AxD

R236H*-
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mice.

A. Western blot analysis of spinal cord from PND 24-28 WT, hGFAP'™®, R236H"", and
hGFAP'® /R236H"" mice for Kir4.1, GLT-1 and GFAP and for GAPDH as a loading
control are shown. B-D. Quantification of western blot in (A) for GFAP (B), Kir4.1 (C),
and GLT-1 (D), normalized to GAPDH levels and WT values are shown. Data are

SEM, n=4 in all groups, unpaired t-tests, *=p<0.05, **=p<0.01, ***=p<0.001.
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R236H"" animals demonstrated no increase in GFAP protein (Fig. 7A,B) at the four-
week time point compared to WT animals. A slight but significant reduction in Kir4.1
protein was observed in R236H"" spinal cord (Fig. 7A,C), but no significant differences
in GLT-1 immunoreactivity were observed (Fig.7A,D). Because pathological changes
increase with time in these mice, we also examined R236H*" animals at two months and
one year of age, but found no change in GFAP (data not shown). It is important to note
that these observations are specifically for brainstem and spinal cord, as elevated GFAP
expression and Rosenthal fiber accumulation is observed in the hippocampus of R236H*"
animals (Hagemann et al., 2006). Given no increase in GFAP in the spinal cord and
brainstem in R236H"", we chose to omit these animals from the remainder of the study.
Additionally, the early lethality of the double hGFAPT®/R236H"" transgenic mice
represents a severe form of AxD not representative of the later onset type 11 AxD.

Therefore we focused on the hGFAPT®

model in subsequent experiments as an
appropriate model of type 11 AxD.

Mature astrocytic protein expression profiles are established by four weeks of age
in wild type mice, with GFAP, Kir4.1 and GLT-1 mRNA upregulated during early
postnatal development in all CNS regions. Figure 8 demonstrates normal transcript
increases measured by quantitative PCR (QPCR) over the first two postnatal weeks in
wild type spinal cord tissue, and corresponding increases in protein by Western blot
detection. Each of these three genes is rapidly induced throughout this time, with GFAP

and GLT-1 transcripts effectively doubling from PND3 to 7, and again between 7 and 14

days of age (Fig.8A). Kir4.1 mRNA levels increase about four-fold in the four days
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Figure 8. Expression of key astrocytic genesis developmentally regulated.

A. Quantitative PCR demonstrates increased transcript levels of GFAP, SLC1A2, and
KCNJ10 through two weeks of age in WT mouse spinal cord. Quantitative PCR data are
shown relative to GAPDH expression and normalized to P3 samples. B. Western blot
analysis of WT spinal cord ranging in age from postnatal day 0-14 demonstrates
induction of protein expression correlated to transcript levels for GFAP, GLT-1, and
Kir4.1 during the first two weeks of postnatal development, with tubulin shown as a

loading control.
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between PND3 and 7, and are around 10 times greater in PND14 spinal cord tissue than
at PND3. The dramatic upregulation of each of these genes is mirrored by changes in
protein expression during the same developmental time points, indicating a tight
correlation between mRNA and protein expression for each gene ( Fig.8B).

Given this dramatic change in expression across this short developmental period,
we sought to better understand the consequences of GFAP overexpression during this
critical developmental period. We examined GFAP expression in WT and hGFAP™®
spinal cord throughout this critical temporal window of astrocyic differentiation and
maturation. QPCR analysis demonstrates that endogenous GFAP transcript levels in the
spinal cord of h\GFAP'® animals are similar to WT littermate controls at PND 3 and PND
7 and became significantly increased by PND 14 (~70%, Fig. 9A). A similar pattern of
time-dependent expression exists for human GFAP (hGFAP) transcript levels that also
steadily increase over the first 14 postnatal days in hGFAP'® spinal cord (Fig, 9B).
Together with endogenous GFAP, the presence of human GFAP accelerates total GFAP
protein accumulation in spinal cord tissue. Western blot of spinal cord tissue from WT
and hGFAP'® littermates at PND7 demonstrates that total GFAP levels, as detected by a
non-species specific antibody, are dramatically increased at PND7 (Fig. 9C). Kir4.1
immunoreactivity is also decreased, while GLT-1 appears similar to WT at 7 days of age.
At the mRNA level, however, expression of both Kir.1 and GLT-1 are reduced at P7
(Figs. 9D,9E), suggesting a transcriptional mechanism of regulation associated with a
‘gliotic’ phenotype rather than a post-translational mechanism.

We next queried whether the decreased Kir4.1 and GLT-1 protein in hGFAP™®

mice was autonomous to the astrocyte or secondary to the disease process occurring in
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Figure 9. hGFAP contributesto GFAP protein accumulation and early
developmental reductionsin Kir4.1 and GLT-1 mRNA expression in hGFAP'®
spinal cord.

A. Quantitative PCR demonstrates upregulation of endogenous mouse GFAP between

PND7 and 14. B. Transcript for hnGFAP also gradually increases throughout this time C.
Western blot of PND7 WT and hGFAP'® spinal cord reveals hGFAP contributes to
increased GFAP protein accumulation prior to differential induction of endogenous
mouse GFAP transcript in hGFAP'® spinal cord, which occurs between PND7-14.
GAPDH is shown as loading control. QPCR for KCNJ10 (D.) and S_LC1A2 (E.)
demonstrates reduced transcript for Kir4.1and GLT-1 as early as PND7, correlating with
increased GFAP protein accumulation present by this time. QPCR values are reported

relative to GAPDH and normalized to PND3 WT, n=3-5.
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these mice. This is an important question given the observations that GFAP is elevated in
all CNS insults. To address this question, we cultured spinal cord astrocytes from WT
and hGFAP'® mice, thereby removing them from the context of the diseased brain.
Western blot analysis from spinal cord astrocyte cultures collected 10-12 days after

plating indicated reduced Kir4.1 protein in hGFAP™®

mice relative to astrocyte cultures
from WT littermates (Figure 10A). Similar results were observed for GLT-1 (Fig. 10B).
These data coupled with the previous experiments demonstrate that elevated GFAP
expression is sufficient to induce significant reductions of Kir4.1 and GLT-1 protein and
MRNA transcripts in a cell-automomous manner.

To determine if the differences in Kir4.1 and GLT-1 in the hGFAP® mice was
transitory or of long duration, we examined protein expression in mice ranging in age
from 14 days to 11 months (Fig. 11). Because both brainstem and spinal cord function are
affected in Type 1l AXD, we examined tissue from both structures. Brainstem and spinal
cord demonstrated a reduction in Kir4.1 and GLT-1 protein (Fig. 11A) and mRNA (Fig.
11B) expression at PND 14, a time where these proteins normally begin to peak (Jany et
al., 2013; Nwaobi et al., 2014). Furthermore, Western blot analysis from brainstem and
spinal cord tissue indicated that these effects are maintained throughout adulthood (Fig.
11C). Together, these data demonstrate significant alterations in Kir4.1 and GLT-1
MRNA and protein in both spinal cord and brainstem associated with elevated GFAP

pTG

expression in hGFAP '~ mice occur early in postnatal development and persist through

adulthood.
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Figure 10. Cultured hGFAP'® astrocytes develop increased GFAP and decr eased

GLT-1and Kir4.1 proteinsin vitro
Western blot analysis of independent primary astrocytic cultures obtained from WT and
hGFAP'® PNDO spinal cord comparing GFAP, Kir4.1 (A.), and GLT-1 (B.) expression

10-12 days in vitro. GAPDH is shown as a loading control.
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Figure 11. Protein and mRNA alterationsin hGFAP'® mice are consistent in
brainstem and spinal cord, and persist from development through adulthood.

A. Representative Western blots for Kir4.1, GLT-1, and GFAP protein expression in
PND14 cervical spinal cord and brainstem are shown. Data includes 4 hGFAP™® mice
and 2 littermate controls. B. QPCR of PND14 mice demonstrate transcript expression
paralleling protein observed in (A) including reductions in KCNJ10 and SLC1A2 in both
spinal cord and brainstem tissues, while GFAP transcript is elevated in the same tissues
of hGFAPT® mice compared to WT littermates. C. Western blot analyses of spinal cord
and brainstem from 3, 8, and 11 month old hGFAP™® mice and WT littermates are shown
for Kir4.1, GLT-1 and GFAP, and for GAPDH as a loading control. In brainstem,

exposures were minimized to prevent saturation of GFAP signal in mutant animals.
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To assess the spatial distribution of astrocytic changes within the spinal cord,

immunohistochemistry analysis of 1-month old wild type and hGFAP™®

spinal cords was
performed for GFAP, Kir4.1, and GLT-1 proteins (Fig. 12). We and others have shown
that Kir4.1 and GLT-1 expression is most highly expressed in the gray matter neuropil
and largely demarcates gray matter from white matter in transverse spinal cord sections
(Olsen et al., 2007). Here we observed a similar pattern of expression of Kir4.1 and GLT-
1 expression in four week old WT mice (Fig. 12). Kir4.1 immunoreactivity was
markedly reduced throughout the gray matter in transverse spinal cord sections from
hGFAP'® mice relative to WT littermates. These differences are observed in low
magnification images that enable visualization of the entire transverse section (left
panels) and at higher magnification of the ventral horn (right panels). GFAP
immunoreactivity was elevated throughout each transverse section, particularly in gray
matter and subpial white matter. A similar pattern of loss was observed across spinal cord
and in the ventral horn for GLT-1 immunoreactivity (Fig. 12C,D). The loss of Kir4.1 and
GLT-1 as well as the increase in GFAP expression was observed throughout cervical and
lumbar regions of the spinal cord. The decrease of Kir4.1 and GLT-1 protein

surrounding motor neurons in cervical spinal cord may provide a mechanism by which

astrocytes contribute to hindbrain symptoms in type 1l AxD.
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Figure 12. Immunohistochemistry from transver se spinal cord sections
demonstratesloss of Kir4.1and GLT-1in PND 28 hGFAP'® micerelativeto WT
litter mates.

A. Low magnification (5X) images from transverse spinal cord sections indicate

decreased Kir4.1 expression throughout the gray matter in hGFAP'®

mice (top panel).
GFAP is elevated in hGFAP® sections (middle panel). Visualized together in the
merged image, the loss of Kir4.1 (red) and increased GFAP (green) are apparent. B. As
shown in A, higher magnification (20X) demonstrates protein changes in ventral horn. C.
Low magnification (5X) images from transverse spinal cord sections indicate decreased
GLT-1 expression throughout the gray matter in hGFAP ™ mice (top panel). GFAP is
elevated in hGFAP'® sections (middle panel). Visualized together in the merged image,
the loss of GLT-1 (red) and increased GFAP (green) are apparent. D. As shown in C,

higher magnification (20X) demonstrates protein changes in ventral horn. Dotted line

demarcates gray from white matter. Scale bars (A,C = 200 um, B,D = 100 pm).
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hGFAPT™® spinal cord astrocytes exhibit decreased Kir4.1 currents and reduced K*
uptake

A primary cause of death in type Il AxD patients is aspiration pneumonia due to
dysphagia or an inability to swallow properly (Pareyson et al., 2008). This and other
hindbrain symptoms in patients with type Il AxD indicate profound motor dysfunction in
cervical spinal cord regions. To better understand the implications of the loss of Kir4.1
and GLT-1 and their possible contribution to disease development, we assessed the
capacity of cervical ventral horn astrocytes to perform their normal, neuronal supportive
function of potassium regulation.

Whole-cell, electrophysiological recordings were performed from ventral horn
astrocytes in acute cervical spinal cord sections from PND 14-18 WT and hGFAP'®
animals. Astrocytes were visually identified based on morphology and
electrophysiological properties. In some experiments, electrophysiological recordings
were performed in hGFAPT® animals crossed with ALDH1L1-EGFP mice (green
astrocytes) to assist with visualization (Yang et al., 2011). To activate Kir4.1 currents, we
stepped astrocytes from -80 mV to 0 mV for 100 ms, and then from -180 to 100 mV in 20
mV increments as previously described (Olsen et al., 2007). Barium chloride (BaCl,, 100
uM) was used to isolate currents mediated by Kir4.1 channels as previously described

(Ransom and Sontheimer, 1995). The resulting subtracted currents were identified as

Kir4.1 currents. As depicted in Figure 13A, Ba®*-sensitive Kir4.1 currents were

pTG pTG

markedly smaller in hGFAP "~ astrocytes. Indeed the whole cell currents in hGFA
animals were very similar to the post-Ba** trace in WT animals. A current-voltage (I-V)

plot derived from voltage steps such as shown in Figure 13A indicates significant
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Figure 13. Kir4.1-mediated currents are smaller and astrocyte intrinsic membrane

PT G

propertiesarealtered in hGFA mice compared to WT litter mates.

A. Representative whole-cell recordings in response to a voltage-step protocol

PTC ventral spinal cord

demonstrate a significant decrease in current amplitude in hGFA
astrocytes. B. I-V plot of cumulative data obtained from Ba**-sensitive subtractions
normalized to whole-cell capacitance demonstrates both diminished inward and outward
currents in hGFAP'® astrocytes. C. Current density is significantly decreased at -140 mV
in h\GFAP'® astrocytes (WT, -81 + 30 [n=14] hGFAP'®, -17 + 8 pA/pF, [n=10], Mann-
Whitney Test, p=0.0158). D. The mean resting membrane potential of astrocytes is
significantly depolarized in hGFAP'® mice relative to WT littermates (WT, -70 + 2mV [n

=16]; hGFAP'®, -62 + 3 mV [n = 14]; two-tailed t-test, p= 0.0302).
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differences between WT and hGFAP'® Ba**-sensitive, Kir4.1-mediated currents (Fig.
13B). This is represented graphically at one potential (-140 mV) in Figure 13C, which
shows a change in current density from -81 + 30 in the WT to -17 + 8 pA/pF in the
hGFAPT® mice. Astrocytes from hGFAP'® animals were also
significantly depolarized (-62 £ 3 mV) relative to WT littermates (-70 + 2 mV, Fig. 13D).
To more directly measure the effects of reduced Kir4.1 on potassium uptake by
hGFAPT® astrocytes, we applied 30 mM K* for 400 ms using a picospritzer to mimic
focal increases in [K™], as would occur following neuronal activity. The puffer pipette
was placed in the same focal plane as the voltage clamped cell at a distance that elicited a
maximum response. Recordings were obtained from ventral horn astrocytes voltage-
clamped at -80 mV. For clarity we show the response from each WT and hGFAP'™®
astrocyte (Fig. 14A). Mean data are summarized in Figure 14B. A scatter plot of peak
current amplitudes in response to a potassium puff demonstrates a significant reduction in
the overall amplitude of the K* puff response in hGFAPT® astrocytes (-218 + 44 pA)
relative to astrocytes from WT littermates (-645 + 15.4 pA). The variability in the scatter
plot values for the WT animals may result from the recordings being performed between
PND 14-18, the time when Kir4.1 expression increases most dramatically (Nwaobi et al.,
2014), and thus likely would vary among cells. In contrast, there is little variability
among the hGFAP™® cells, presumably because their Kir4.1 levels remain uniformly low.

These data indicate reduced capacity for potassium uptake consistent with the Kir4.1

protein loss indicated by Western blot.
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Figure 14. [K*], uptake by ventral spinal cord astrocytesis decreased in hGFAP'™®
micerelativeto WT littermates.

A. Superimposed traces of WT (black, n = 9) and hGFAP'® (cyan, n = 8) potassium
currents in response to application of a brief (400 ms) application of 30mM potassium are
indicated. B. Averaged traces from A are shown. C. Peak amplitudes of individual cells
(open circles) from A and mean data (filled circles) indicate a significant decrease in
potassium uptake in hGFAPT® mice (WT,-645 + 15 [n= 9]; hGFAP'®, -218 + 44 [n = 8],

two tailed t-test, p = 0.0264).
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Whole-cell glutamate transporter currents are reduced in hGFAP™®

spinal cord
astrocytes in response to glutamate challenge

We next examined the response of astrocytes from the ventral horn to
exogenously applied glutamate. To isolate glutamate transporter currents and minimize
neuronal activity and release of endogenous glutamate we included 500 nM TTX, 100
UM CdCl;, 20 uM CNQX, 20 uM bicuculline and 20 uM AP5 in both the bathing
solution and the glutamate puffing pipette (Bergles and Jahr, 1997;Grass et al., 2004).
Using a picospritzer we pressure applied glutamate (200 puM, 400 ms) to ventral horn
astrocytes voltage clamped at -80 mV. As with the K™ puffing experiments, the puffing
pipette was manipulated until the maximum response was elicited from the voltage
clamped cell. The resulting traces from 15 WT and 9 hGFAP'® astrocytes are shown in
Figure 15A. Averaged data from all WT and hGFAP'® astrocytes are shown in Figure
15B. The summary scatter plot demonstrates a significant decrease in the glutamate
uptake currents in response to a challenge of glutamate in ventral horn hGFAP™®
astrocytes (-8.1 £ 4.1pA) relative to WT astrocytes (-53.2 £ 4.1 pA). Taken together,
these data demonstrate altered astrocyte biophysical properties and reduced capacity to
clear glutamate and K™ in a model of type 11 AxD. This loss correlates with reduced

levels of both Kir4.1 and GLT-1 proteins. We propose that these changes in astrocyte

physiology contribute to hindbrain pathology and symptoms in type 11 AxD.

Kir4.1 protein expression profiles vary between areas affected in type | vs. type || AXD

While our study was in progress, Sosunov et al. (2013) published the observation

pTG

that Kir4.1 levels were increased in the hippocampus of hGFAP "~ mice, contrary to our
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Figure 15. Glutamate uptakein ventral spinal cord astrocytesisreduced in
hGFAP'® mice compared to WT litter mates,

A. Superimposed traces of glutamate transporter currents recorded from ventral horn
astrocytes from WT (black, n = 15) and hGFAP'® (cyan, n = 9) astrocytes are shown.
Cells were voltage clamped at -80 mV and responses were evoked by a 200 uM, 400 ms
puff of glutamate. Bathing and puffing solutions contained 20 uM AP5, 20 uM
bicuculline, 20 uM CNQX, 500 nM TTX and 100 uM CdCl,. Each trace shown is an
average of three individual traces for that astrocyte. B. Averaged data across all WT
(black) and hGFAPT® (cyan) responses are shown. C. Summary scatter plot of the
glutamate evoked responses indicates a decrease in the hGFAP'® mice (-8.1 + 4.1 pA [n
= 9]) relative to WT littermate controls (-53.2 £ 4.1 pA [n = 15], two tailed t-test, p =

0.0416).
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report here of a marked decrease in brainstem and spinal cord. To determine if the
change in Kir4.1 levels was indeed CNS region specific, we performed Western blots for
Kir4.1 and GLT-1 for hippocampal and cortical tissues isolated from 3, 8, and 11 month
old hGFAP™® mice and WT littermates. As shown in Figure 16, we confirm the report of
(Sosunov et al., 2013), of an increase of Kir4.1 levels in the hippocampus, as well as their
finding of a decrease in GLT-1. It is unclear why Kir4.1 expression is so differently and

pTG

dramatically affected along the rostro-caudal axis in hGFAP ™~ mice; this may reflect

regional astrocyte heterogeneity.
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Figure 16. Kir4.1 and GLT-1 protein expression in hippocampus and cortex of
hGFAP'® differ from caudal brain regions.

Western blot of hippocampus (A) and cortex (B) from 3, 8, and 11-month-old hGFAP™®
mice and WT littermates for Kir4.1, GLT-1 and GFAP, and for GAPDH as a loading

control are shown.
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SUMMARY AND DISCUSSION

Significant progress has been made over the last two decades defining the critical
roles astrocytes play in ‘normal’ CNS functioning and how they contribute to disease
processes. Reactive astrocytes or astrocytes associated with a diseased or injured brain
demonstrate a broad spectrum of structural, protein and mRNA changes. One consistent
observation that presents regardless of the context of the disease or injury is increased
GFAP expression; which typically is more pronounced as disease progresses or as the
severity of the insult increases. Although the role of GFAP in the gliotic astrocyte has
yet to be determined, the commonality of this finding hints at its” significance. In this
thesis, | explore the relationship between elevated GFAP expression in an animal model
of AxD and fundamental homeostatic processes of K™ and glutamate regulation. Here we
show that Kir4.1 and GLT-1, which mediate the processes of K* and glutamate uptake,
are dysregulated in the spinal cord and brainstem of AxD mice. This dysregulation is a
result of significantly reduced protein levels, which manifest as early as PND 7-14 (the
earliest time points examined) and persist through adulthood. The reductions in Kir4.1
and GLT-1 expression appear directly related to elevated GFAP expression as the
reductions are not observed in an AXD model that carries a mutation but does not
overexpress GFAP in caudal brain regions. We propose these changes in astrocyte

physiology contribute to hindbrain-involved pathology and symptoms in type 11 AxD and
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may provide insight to other CNS diseases that demonstrate high levels of GFAP

expression.

Theroleof Kir4.1 and GLT-1in type Il AXD

To our knowledge, this is the first study to examine astrocytes in hindbrain
regions in animal models of AxD. Our data comparing three mouse lines indicate that
increased GFAP is necessary to induce changes in expression of other astrocytic proteins.
In the hGFAP® line where reductions in Kir4.1 and GLT-1 proteins are seen, astrocytes
display impaired abilities to uptake both K* and glutamate. As reviewed in the
introduction, the importance of Kir4.1 and GLT-1 to ‘normal’ CNS functioning is
supported from Kir4.1 and GLT-1 mouse knockout studies. In the absence of either
protein, severe symptoms and fatality occur. It is interesting to note that GLT-1 knockout
mice display seizures and hind limb clasping, a sign of motor impairment/motor
degeneration, prior to death (Tanaka et al., 1997;Kiryk et al., 2008). Similarly, seizure,
ataxia and hind limb splaying/paralysis are present in Kir4.1 knockout animals (Neusch
et al., 2001;Djukic et al., 2007). This list of symptoms is closely related to those observed
in AxD.Although hGFAP'® mice are “mild” over-expressers that do not result in early
mortality, behavioral testing does indicate significant reductions in forepaw grip strength,
a motor skill dependent on cervical spinal cord function (Meisingset et al., 2010). All of
these findings suggest that dysfunction of astrocytic regulation of K* and glutamate
results in similar pathology in the spinal cord, and in the case of AxD, loss of Kir4.1 and
GLT-1 protein expression and function in this region may contribute to motor

dysfunction observed in type Il AxD.
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The contribution of reduced GLT-1 and Kir4.1 proteins to pathology of type Il
AxD may be better understood by reviewing research in animal models of various CNS
disorders also featuring severe gliosis. In both ALS and MS the relevance of GLT-1
protein loss to the progression of pathology is well established and therapeutic
interventions resulting in increased GLT-1 expression have been tested in animal models
of ALS and MS (Melzer et al., 2008; Benkler et al., 2013) and in human ALS patients
(Berry et al., 2013). Similarly, identifying Kir4.1 associated pathology includes the
discovery of antibodies against Kir4.1 in MS patient serum, identifying it as a direct
target in a subset of patients (Srivastava et al., 2012). Indicating a causal role for Kir4.1
in disease pathogenesis, viral restoration of Kir4.1 specifically to astrocytes reversed
cellular and behavioral phenotypes and prolonged survival in Huntington’s disease mice
(Tong et al., 2014). Indeed, these and similar findings between other caudal pathologies,
including spinal cord injury and chronic pain, have prompted the exploration of astrocyte
targeted therapeutics (Olsen et al., 2010; Ramos et al., 2010). For example, experimental
use of Ceftriaxone, an antibiotic shown to increase GLT-1 expression and shown to be
beneficial in models of SMA (Hedlund, 2011), ALS (Benkler et al., 2013), and MS
(Melzer et al., 2008) have also been chronically administered to an individual with type 11
AXD. Clinically, Ceftriazone arrested disease progression and resulted in reversal of
clinical symptoms, which was sustained over a four-year treatment period (Sechi et al.,
2012). At this point, it is unclear if Ceftriazone also affects Kir4.1 expression. Although
in initial stages of investigation, targeting astrocytic specific dysfunction or gliosis in

general, may provide promising new therapeutic strategies.
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GFAP in AXD and gliosis

Data both presented and reviewed here suggest teasing apart the contribution of
individual protein changes to gliosis-associated pathology is difficult due to the complex
protein interactions within astrocytes. One important relationship does appear to have
clear directionality, and that is our data indicate that overexpression of GFAP is sufficient
to prevent ‘normal’ levels of Kir4.1 and GLT-1 protein expression in at least some
populations of astrocytes, in the absence of any other underlying disease mechanism or
precipitating insult. The reverse appears to be true as well. The example of Ceftriaxone
treatment resulting in increased GLT-1 expression also decreases reactive induction of
GFAP in a number of CNS insults (Ramos et al., 2010). Similarly, estrogen receptor
signaling at physiological levels also decreases gliosis (Martinez and de Lacalle, 2007),
and blocks GFAP increases (Perez-Alvarez et al., 2012) associated with injury and
disease. These data further demonstrate an inverse relationship between GFAP and
Kir4.1/ GLT-1 expression. Importantly, we also demonstrate that this phenotype is
maintained in vitro in pure astrocyte cultures, indicating this relationship is intrinsic to
the astrocyte and is not dependent on neuronal-astrocyte interaction. GFAP does not
appear to directly interact with Kir4.1 (Fort et al., 2008), or GLT-1 (Sullivan et al., 2007).
However, as membrane-bound proteins, they may rely on proper filament formation for
trafficking and localization, and disruption could lead to the observed decreased currents.
Neither published reports nor our current data suggest involvement of Kir4.1 or GLT-1
with Rosenthal fibers or their abnormal localization.Rather, an overall decrease in protein

expression is apparent. When proteasomal degradation is inhibited, abnormal GFAP
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interactions lead to adaptive autophagy and increased lysosomal degradation (Tang et al.,
2008) which may contribute to reduced protein levels of both membrane-bound proteins.

A threshold theory of GFAP toxicity has been speculated about in the literature
for many years. In support of this, our data demonstrate that R236H transgenic animals
which have no increase in GFAP in the spinal cord express normal expression levels of
Kir4.1 and GLT-1. In contrast, hGFAP'® mice which show significant elevations in
GFAP demonstrate marked decreases in Kir4.1 and GLT-1 protein. This is exacerbated
when R236H animals are crossed with hGFAP™® mice, although the level of GFAP in
this model is not elevated above that of hGFAP'® alone. This may be a specific example
of the contribution of mutation to disease development. While a threshold of GFAP
expression is necessary for Rosenthal fiber formation, this level is reduced in the
presence of a mutation (Tanaka et al., 2007). It may be that Rosenthal fiber formation,
rather than total GFAP, is key to pathology.

Although protein aggregates are the hallmark pathology of AxD, their relative
toxicity and contribution to pathology has been debated. In the case of GFAP
upregulation, accumulation, and aggregation, Rosenthal fibers may be both a result of
aberrant GFAP filament formation as well as a contributor to further pathology. As
described in the introduction, increased GFAP expression leading to Rosenthal fiber
formation induces stress-related JNK activation and interaction with the 20S subunit
contributes to proteasome inhibition. Toxicity of Rosenthal fibers is supported by data
that suggests in vitro primary astrocytes that express mutant GFAP only produce
significant cell death in cells that have large, perinuclear aggregates (Mignot et al., 2007).

AlphaB-crystallin (Cryab), a small heat shock protein that regulates GFAP assembly, is
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consistently elevated in AxD (lwaki et al., 1989; Iwaki et al., 1993). In mouse models of
AXD, loss of Cryab results in increased mortality, whereas elevation protects animals
from terminal seizures (Hagemann et al., 2009). Transgenic over-expression of Cryab in
hGFAPT6/R236H™" mice results in reduced CNS stress response, restored expression of
GLT-1, and protects these animals from premature death (Hagemann et al., 2009).
Additionally, Cryab effectively reduces the size of mutant GFAP oligomers to smaller
oligomers and monomers, which reverses proteasomal inhibition and encourages GFAP
degradation (Tang et al., 2010). These data suggest that large, oligomeric forms of GFAP
are particularly toxic.

Decreasing oligomer size with Cryab does not eliminate the possibility of a toxic
intermediate in the GFAP polymerization process, which has been suggested (Li et al.,
2002) similar to other protein aggregate disorders. Supporting this, changes in migration
in mutant GFAP transfected U251 cells far outweighed the presence of Rosenthal fibers,
which only formed in about 3% of cells (Yoshida et al., 2007). Additionally, Cho and
Messing (2008) found that cultured hGFAP'® astrocytes show changes in cell division,
hydrogen peroxide sensitivity, and viability that were disproportionate to the number of
cells forming aggregates. It is possible that both an intermediate and aggregated form of
GFAP have contributions to pathology. The pathways for normal filament formation and
aberrant aggregation are not mutually exclusive, and rates are continually dependent upon
available GFAP monomer levels as well as a number of interacting proteins (Tian et al.,
2006; Mignot et al., 2007; Li et al., 2002).

As mentioned, the identification of mutations in GFAP as the causative agent in

AxD was a serendipitous one. In efforts to better understand processes of astrogliosis
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associated with elevated GFAP, overexpressing mouse lines were generated (Messing et
al., 1998). The highest expressing lines displayed widespread Rosenthal fiber formation
and early mortality-the pathological hallmark of AxD. Since this initial discovery, the
lower GFAP expressing line, \GFAP'® has been utilized as a primary model for AxD.
Our data indicate, at least in caudal brain regions, a loss of K™ and glutamate homeostasis
downstream of GFAP overexpression may contribute to disease pathology. These
animals, however, display mild phenotypes and the changes we see may represent sub-

clinical or pre-symptomatic alterations that may be found with other causes of gliosis.

Generegulation and gliosis

We and others have demonstrated developmental expression of astrocytic proteins
GFAP, Kir4.1, and GLT-1 share a similar temporal induction in early postnatal
development which tightly parallels increasing transcript levels for each gene. Further,
we show a strong inverse correlation between decreased mMRNA and protein expression
for both Kir4.1 and GLT-1 with elevated GFAP expression. Our data indicate that prior
to loss of Kir4.1 and GLT-1 protein, their MRNAs are decreased. We see this in two
graded models of AXD mice. This is not unique to AxD and is also seen where GFAP is
elevated but no aggregates are observed. Together, these data suggest, at least in part,
transcriptional mechanisms are involved. At this point, the mechanisms by which GFAP
forms specific interactions leading to transcriptional changes remain unexplored.

It is possible that one contributing mechanism to transcriptional changes in AxD
is conserved across multiple neurodegenerative diseases. For example, a number of

neurological disorders featuring protein aggregates have implicated TAR DNA-binding
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protein 43 (TDP-43), as a key regulator in disease pathogenesis, including ALS and
frontotemporal dementia (FTLD-TDP) (Neumann et al., 2006). TDP-43 is an RNA and
DNA binding protein with many functions ultimately affecting both transcription and
translation (for review see Lee et al. (2012). Originally identified for its binding to
chromosomally integrated trans-activation response element (TAR) DNA and
transcriptional repression of HIV-1, TDP-43 has also been shown to be involved with
pre-mRNA splicing and translational regulation. In association with protein aggregates,
TDP-43 has been shown to mislocalize from the nucleus to the cytoplasm and form
insoluble inclusions in ALS (Neumann et al., 2006) and other neurodegenerative
conditions including Alzheimer’s, Parkinson’s, and Huntington’s diseases (Nakashima-
Yasuda et al., 2007;Schwab et al., 2008;Uryu et al., 2008). Interestingly, cytoplasmic
aggregate localization of TDP-43 has also been identified in Rosenthal fibers in pilocytic
astrocytoma (Lee et al., 2008) and, very recently, AxD (Walker et al., 2014).
Mislocalization of TDP-43 to the cytoplasm functionally inhibits its normal roles in
regulating gene expression. As increasing literature suggests pathological significance of
TDP-43 dysfunction associated with protein aggregation, it is likely also involved in AxD
pathology. Specifically, TDP-43 accumulation in response to oxidative stress is
dependent on JNK activation (Meyerowitz et al., 2011), which may implicate TDP-43 in
the feed-forward cycle previously discussed (Tang et al., 2006;Wang et al., 2010). As
increased GFAP induces oxidative stress and activates JNK, cytosolic TDP-43
accumulation is then facilitated. Removal of TDP-43 from the nucleus would presumably
induce changes seen with lack of TDP-43, which results in increased GFAP

(Polymenidou et al., 2011), providing an additional feed-forward pathway. Additionally,
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involvement of TDP-43 in the pathology of AXD may provide a mechanism by which
increased GFAP leads to persistent downregulation of Kir4.1 and GLT-1 gene transcripts.
Specifically, TDP-43 binds the GLT-1 gene SLC1A2 directly (Polymenidou et al., 2011)
and Rosenthal fiber mislocalization of TDP-43 would persistently alter downstream gene
expression indefinitely as these aggregates have not been shown to resolve once
developed, as suggested by the threshold theory for AxD, which suggests that once met,
GFAP protein accumulation or aggregation initiates an irreversible course of pathology.
On the spectrum of reactivity of astrocytes, there may exist a similar threshold that
determines whether or not gliosis is reversible (Sofroniew, 2009), placing GFAP in a role
as a “master regulator’ in gliosis and providing a therapeutic gene target that would

benefit a wide variety of CNS insults.

Heterogeneity and autonomy

The heterogeneity of protein expression observed between astrocytes located in
spinal cord and cortex may be a reflection of the tissue in which they are located and the
specific functional requirements of astrocytes (Emsley and Macklis, 2006). For example,
Kir4.1 is expressed at high levels in the ventral gray matter of rat spinal cord surrounding
large, high frequency-firing motor neurons., Lower levels are expressed in the dorsal
horn, which contains unmyelinated and slower discharging sensory pathways (Olsen et
al., 2007). Such astrocytic variability between functional regions may be associated with
plasticity of astrocytes to the surrounding environment (Oberheim et al., 2012).
Physiologically, basal and evoked K* concentrations are higher in dorsal gray matter,

while astrocytic resting membrane potential is depolarized and K* uptake currents are
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reduced relative to ventral, reflecting the differences in Kir4.1 expression (Olsen et al.,
2007). The facility of astrocytic plasticity is possibly best demonstrated by reactivity to
injury and the dependence of the response to injury conditions (Sofroniew,
2009;0berheim et al., 2012). Though there is clear potential for astrocytic plasticity, its
contribution to tissue-specific heterogenieity is difficult to determine. Evidence for
multiple astrocyte progenitors and contributions of cell lineage to heterogeneous
astrocyte populations continues to grow.

Cell lineage tracing studies have revealed a number of distinct progenitor cell
types that give rise to astrocytes across the CNS. We now know that forebrain astrocytes
not only originate from radial glial cells found in the ventricular zone, but also from
subventricular zone glial progenitor cells, and NG2" progenitor cells (Oberheim et al.,
2012). This diversity of cellular origin is thought to be reflected in part in the
heterogeneity ultimately observed in mature astrocytes. Spinal cord astrocytes are
generated from a distinct, and similarly varied set of progenitors. Olig2 progenitors of the
ventral ventricular zone give rise to ventral astrocytes, oligodendrocytes and motor
neurons, while three distinct domains of the ventral ventricular zone regionally produce
astrocyte subpopulations throughout the cord (Oberheim et al., 2012). Heterogeneity of
lineage and phenotype indicate a morphogenic origin of distinct astrocyte populations,
and indicate epigenetic mechanisms regulate persistent differences in astrocyte
populations.

Important to this idea is the maintenance of varying expression profiles in
comparative cultures. Indeed, we see similar differences in protein expression maintained

pTG

in cultures from hGFAP " spinal cord (Fig.10) and cortical astrocytes (data not shown),
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further suggesting astrocytic origin has a strong impact on gene expression, independent
of external factors. These cell autonomous differences between spinal cord and cortical
astrocytes isolated from hGFAP'® mice also suggest that different populations of
astrocytes may respond differently to the same gliosis-inducing stimuli. It is possible that
the differences in astrocytes from the cortex and spinal cord underlie the two distinct
types of Alexander disease in response to the same mutation. Our data suggest Kir4.1 is
differentially regulated in the cortex and spinal cord in response to increased GFAP. Both
increased and decreased Kir4.1 channel function have been implicated in disease. It is
possible that this channel contributes to both types of AxD by two distinct mechanisms.
Utilizing in vitro methods, we have begun further exploring the regulatory role of
GFAP on astrocytes. Plasmid-induced overexpression of GFAP in primary cultured
astrocytes provides another important tool to assess the temporal effects of GFAP on
astrocytes. Acute induction of GFAP, as opposed to developmental expression in cultured
hGFAPT® astrocytes, removes confounds associated with possible interruptions of
developmental pathways. Conversely, using ShRNA constructs targeting GFAP, we see a
dose-dependent reduction of GFAP in primary cultured astrocytes (data not shown). This
technique is currently being implemented to target both mouse and human GFAP
independently and in tandem in hGFAP'® cultured spinal cord astrocytes to assess the
necessity of GFAP for the maintenance of the cellular phenotype. Our data suggest that
GFAP is sufficient to induce long-term expression changes in astrocytes, but does it
continue to regulate these pathways? We are currently using these tools to explore the
notion that reduction of GFAP reverses phenotypes associated with AxD and gliosis,

including the loss of Kir4.1 and GLT-1, and to provide evidence for a causal relationship.
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We believe these studies will provide valuable insight to symptoms observed in those
with type Il AxD, as well provide information regarding gliosis in the broader context of

CNS diseases.
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