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ABSTRACT OF THE DISSERTATION

The Regulation of Aquaporin-4 (AQP4) and Glutamate Transporter-1 (GLT1) in
an Epilepsy Model

by

Jacqueline Ann Hubbard
Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology

University of California, Riverside, August 2016
Dr. Devin K. Binder, Chairperson

Epilepsy is a group of chronic neurological disorders characterized by abnormally
synchronized activity among neurons that presents as seizures. It is a major
health problem that is estimated to affect 1 in 26 people during their lifetime.
Many antiepileptic drugs (AEDs) currently exist, but approximately 30% of
patients taking AEDs cannot control their seizures with drugs alone. In addition,
adverse effects such as cognitive impairment are common. This may be
because current AEDs act as central nervous system depressants and target
neuronal channels to control tissue excitability. Therefore, new drugs based on
non-neuronal targets may serve as novel therapeutic strategies with fewer
deleterious effects. Astrocytes maintain glutamate and water homeostasis
primarily through glutamate transporters and aquaporin-4 (AQP4), respectively.
The two astrocyte-specific glutamate transporters are glutamate transporter-1

(GLT1) and glutamate aspartate transporter (GLAST), of which GLT1 is

vii



responsible for the majority of glutamate uptake in the forebrain. Alterations in
both glutamate and water homeostasis have powerful effects on excitability, but
the regulation of GLT1, GLAST, and AQP4 in epilepsy is not well understood.
Furthermore, the B-lactam antibiotic ceftriaxone has previously been shown to
upregulate GLT1 expression, but its efficacy in a chronic epilepsy model has not
been well studied. Here | describe AQP4, GLT1, and GLAST hippocampal
expression changes in a model of epilepsy. | begin by characterizing the
intrahippocampal kainic acid (IHKA) model of epilepsy, focusing on astrocyte
reactivity during the development of epilepsy (epileptogenesis). | then describe
the highly polarized AQP4 expression in the healthy brain and show reduced
hippocampal levels during epileptogenesis. After that, | discuss alterations of
GLT1 levels after IHKA-induced epileptogenesis. Next, | discuss the lack of
effect of B-lactam drugs on regulating AQP4 and GLT1 expression, thereby
eliminating it as a potential antiepileptic therapeutic. | then describe the co-
localization patterns of AQP4 and GLT1; these two proteins do not co-
immunoprecipitate, suggesting the lack of a strong interaction between them. In
the penultimate chapter, | briefly describe the minimal changes in GLAST
expression during epileptogenesis. | conclude with a summary of my findings

and suggested future directions for this line of research.
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Chapter 1: Introduction

1.1 Epilepsy

The International League Against Epilepsy (ILAE) describes epilepsy as a class
of diseases of the brain defined by (1) the occurrence of two or more unprovoked
seizures within a 24 hour period; (2) one unprovoked seizure and a 60% or more
probability of the recurrence of seizures after two unprovoked seizures within the
next 10 years; or (3) diagnosis of an epilepsy syndrome (Fisher, Acevedo et al.
2014). ltis the fourth most common neurological disorder and affects people of
all ages. The risk of developing epilepsy is hard to measure, but it is currently
estimated that 1 in 26 people will develop epilepsy in their lifetime (Hesdorffer,
Logroscino et al. 2011) with the most common form being temporal lobe epilepsy
(Wiebe 2000). People with epilepsy have a reduced quality of life. They often
suffer from impaired cognition, increased risk of depression or anxiety disorders,
reduced quality of sleep, increased risk for bruising and fracturing, reproductive
health problems, and an increased risk of death (Devinsky, Vickrey et al. 1995;
Crawford 2005; McCagh, Fisk et al. 2009; Jacoby, Snape et al. 2015). A number
of antiepileptic drugs (AEDs) are available to patients today, but they come with
several drawbacks including difficulties with memory and cognition (Aldenkamp,
De Krom et al. 2003), increased risk of teratogenicity in women (Crawford 2005;

Wilodarczyk, Palacios et al. 2012), mood alterations, suicidality, hepatotoxicity,



and weight management problems (Perucca and Gilliam 2012). In addition, up to
30% of patients may develop pharmacoresistant epilepsy (also called drug
resistant epilepsy, refractory epilepsy, and intractable epilepsy), meaning they
cannot gain control of seizures with AEDs alone (Cockerell, Johnson et al. 1995;
Picot, Baldy-Moulinier et al. 2008; Berg 2009). Clearly there is an unmet need for

better pharmacological intervention for the treatment of epilepsy.

1.1.1 Seizure classification

A seizure is the clinical manifestation of abnormal synchronized activity among
neurons in the brain. Seizures are composed of four main phases: preictal
(period before the seizure), ictal (period during the seizure), interictal (period in
between seizures), and postictal (post-seizure period where the patient returns to
the normal level of awareness and function) (Hubbard and Binder 2016). Several
different types of seizures exist, but they can be divided into just two main sub-
classes: focal (also called partial) or generalized seizures (Table 1.1, Raol and

Brooks-Kayal 2012).

As the name suggests, focal seizures often originate at a “focal” point in the brain
and are usually limited to one hemisphere (Berg, Berkovic et al. 2010). Focal
seizures can be further divided into 2 main categories: simple partial, which do

not involve loss of consciousness, and complex partial, which do (Hubbard and



Binder 2016). Otherwise, partial seizures are often characterized by the area of
the brain from which they originate. For example, temporal lobe seizures

originate within the mesial structures, such as the hippocampus.

Seizure Type Brief Description
Focal Seizure onset from one area of the brain and limited to one
hemisphere
Neocortical = Seizure generation from the neocortex; manifestation
depends on exact location of origin and pattern of spread

Temporal Seizure generation within the mesial structures, such as the
Lobe hippocampus; often consists of epigastric aura followed by
automatisms, dystonia of contralateral hand, and post-ictal
confusion

Multifactorial =~ Simultaneous seizure generation from two independent foci
Generalized Seizure onset simultaneously from both hemispheres
Absence Brief (= 1 minute) loss of consciousness, eye blinking and
staring, and/or facial movements with no post-ictal confusion
Myoclonic Quick, repetitive, arrhythmic muscle twitching involving one
or both sides of the body; consciousness remains intact

Clonic Seizures consist of rhythmic muscle jerks during impaired
consciousnhess
Tonic An increase in muscle tone causes flexion of head, trunk,

and/or extremities for several seconds
Tonic-clonic  Tonic extension of muscles followed by clonic rhythmic
movements and postictal confusion
Atonic Brief loss of postural tone, which can result in falls and
injuries
Table 1.1. Overview of seizure types.
Modified, with permission, from (Hubbard, Hsu et al. 2013).
Generalized seizures, on the other hand, do not have a focal point of seizure
onset but, instead are conceptualized as rapidly engaging and disrupting

networks bilaterally (Berg, Berkovic et al. 2010). The types of generalized

seizures are absence (petit mal), myoclonic, clonic, tonic, tonic-clonic (grand



mal), and atonic seizures. Briefly, absence seizures are characterized by a short
period of impaired awareness and staring spells. Myoclonic seizures are very
brief seizures characterized by shock-like jerks of muscles. Clonic seizures are
also characterized by these jerk-like motions but the repetition rate is slower.
Tonic seizures involve rigid posturing or flexion of the head, torso, or limbs.
Combined, tonic-clonic, or grand mal, seizures are composed of a tonic phase
and a clonic phase. During the tonic phase, patients become rigid and may
exhibit several additional symptoms including respiratory impairment, increased
heart rate, and vocal outbursts. During the clonic phase, the seizure evolves into
jerking movements of the extremities. Tonic-clonic seizures may evolve into
status epilepticus (SE), a condition defined by the ILAE as continuous seizure
activity that results from either the failure of the seizure termination mechanism
or from the initiation of mechanisms which lead to abnormally prolonged seizures
(Trinka, Cock et al. 2015). SE can have long-term consequences including
neuronal injury or death and altered neuronal networks. Finally, atonic seizures
comprise sudden loss of postural tone, which can produce head nods or jaw

drops in mild cases but can result in falls in severe cases.

1.1.2 Epilepsy syndromes

The classification of epilepsies is complex and is limited by our understanding of

each disease. The ILAE, however, has continuously revised the concepts,



terminology, and approaches for the classifications of seizures and forms of
epilepsy (ILAE 1989; Engel 2001; Engel 2006; Engel 2006; Berg, Berkovic et al.
2010; Fisher, Acevedo et al. 2014). For example, the etiologic classification for
epilepsy used to be genetic, structural/metabolic, or unknown (Berg, Berkovic et
al. 2010). The ILAE now recommends 6 different categories for the etiology of
epilepsy: genetic, structural, metabolic, immune, infections, and unknown
(Scheffer, Berkovic et al. 2014). The diagnosis of epilepsy involves careful
clinical evaluation, electroencephalogram (EEG) and magnetic resonance
imaging (MRI) information. Together with age of onset, cognitive and
developmental antecedents, motor and sensory examination, triggering factors,
and patterns of seizure occurrence with respect to sleep are all required to
characterize the type of epilepsy afflicting the patient (Berg, Berkovic et al. 2010;

Scheffer, Berkovic et al. 2014).

There are easily over 50 epilepsy syndromes (Engel 2001) and they can be
classified in a number of different ways. Recently, they have been categorized
by age of onset (neonatal period, infancy, childhood, adolescence to adult, and
those with a less specific age relationship) (Berg, Berkovic et al. 2010; Scheffer,
Berkovic et al. 2014). For example, early myoclonic encephalopathy and benign
familial neonatal epilepsy usually arise during infancy whereas juvenile absence
epilepsy and juvenile myoclonic epilepsy have a typical age of onset during

adolescence. In addition, epilepsy can be categorized by distinctive



constellations (e.g., mesial temporal lobe epilepsy with hippocampal sclerosis,
Rasmussen syndrome, etc.), epilepsies with a structural-metabolic cause (e.g.,
cortical malformations, neurocutaneous syndromes, tumor, trauma, etc.),
angiomas (e.g. perinatal insults, stroke, etc.), or unknown cause (Berg, Berkovic
et al. 2010). Inclusive, yet still incomplete, lists of the epilepsies can be found in
(Berg, Berkovic et al. 2010; Scheffer, Berkovic et al. 2014; Hubbard and Binder

2016).

1.1.3 Temporal lobe epilepsy with hippocampal sclerosis

Temporal lobe epilepsy (TLE) is a category of epilepsies defined by seizures
originating in the temporal lobe. TLE is characterized by a combination of
seizure phenotypes (often simple partial seizures with autonomic and sensory
phenomena; complex partial seizures usually beginning with motor arrest and
typically followed by oroalimentary automatism), memory deficits,
hypometabolism, and distinct EEG patterns (temporal spikes, sharp and/or slow
waves). Hippocampal seizures are the most common form seen in TLE (ILAE
1989). The estimated incidence of TLE is 50-60% of all epilepsies, although
incidences of up to 66% have been reported (Wiebe 2000). This makes TLE the
most common form of partial epilepsy. The exact prevalence of TLE, however, is

hard to estimate due to the uncertainty of localization in population-based



studies, bias of TLE patients being good surgical candidates in specialty units,

and variability in case definitions (Wiebe 2000).

The most common histopathological feature of TLE is hippocampal sclerosis
(HS). Again, the incidence has been hard to estimate, but reports of HS in
patients with TLE have been as high as 70% (Blumcke, Thom et al. 2013). The
ILAE has listed segmental pyramidal cell loss and a severe pattern of astrogliosis
(reactive astrocytes defined by immunostained glial fibrillary acidic protein,
GFAP) as the hallmarks of HS (Blumcke, Thom et al. 2013). Other reproducible
characteristics include broadening of the granule cell layer (granule cell
dispersion), mossy fiber sprouting, atrophic behavior of microglia (similar to
astrogliosis, but termed microgliosis), microvascular proliferation, and synaptic
reorganization (Margerison and Corsellis 1966; Mathern, Pretorius et al. 1995;
Blumcke, Beck et al. 1999; Clasadonte and Haydon 2012; de Lanerolle, Lee et
al. 2012). Due to the lack of international consensus and the diversity of
presentation, the ILAE has recently come up with a classification of HS based on
a system of semiquantitative hippocampal cell loss patterns (Blumcke, Thom et
al. 2013). HS type 1 is the most common (60-80% of all TLE-HS cases) and is
defined as at least 80% cell loss in the CA1 region of the hippocampus
accompanied by significant neuronal cell loss in other regions of the
hippocampus (CA2-4). HS type 2 is described as having CA1 predominant cell

loss with CA2-4 being minimally affected; HS type 2 is estimated to occur in 5-



10% of all surgical epilepsy cases. HS type 3 is characterized by a predominant
neuronal loss in CA4 and the dentate gyrus with only a moderate cell loss in
CA1-4. The prevalence of HS type 3 is about 4-7.4% of all TLE surgical cases.
Finally, no hippocampal sclerosis (gliosis only) is found in about 20% of all TLE
surgical cases. Although granule cell dispersion occurs in approximately 50% of
epilepsy cases, it was excluded from the classification criteria because it has

been variably reported in HS type 1, 2, and 3 (Blumcke, Thom et al. 2013).

1.1.4 Antiepileptic drugs (AEDs)

The management of seizures may involve treatment with AEDs, surgery, dietary
restrictions, or lifestyle changes. AEDs are still the primary treatment for patients
with epilepsy, but surgery may be necessary after pharmacoresistance has been
established. The type of AED used depends on several factors, including the
epilepsy syndrome, comorbidities, tolerability by the patient, and mode of action
of the drug. Most current AEDs target neuronal glutamate receptors, or y-
aminobutyric acid (GABA) systems, voltage gated sodium channels and calcium
channels (Rogawski and Loscher 2004). For example, phenytoin and
carbamazepine block sodium channels whereas vigabatrin inhibits GABA
transaminase. The mechanisms of several commonly prescribed AEDs,
however, are not completely understood (Rogawski and Loscher 2004; Perucca

2005; Kwan, Schachter et al. 2011).



Current AEDs are accompanied by at least two major drawbacks. First, AEDs
result in a number of adverse effects, with the most common complaint being
impaired cognition or mental slowing (Aldenkamp, De Krom et al. 2003). Other
side effects include lethargy, fatigue, insomnia, skin rash, decreased bone
mineral density, poor weight management, alopecia, aseptic meningitis, anemia,
and vertigo (Perucca and Gilliam 2012). In addition, AEDs can alter the
effectiveness of hormonal forms of contraception and can lead to an increased
risk of birth defects in pregnant women (Crawford 2005; Wlodarczyk, Palacios et
al. 2012). Second, about 30% of patients have poor seizure control and become
pharmacoresistant (Cockerell, Johnson et al. 1995; Picot, Baldy-Moulinier et al.
2008; Berg 2009). Interestingly, this estimate may change depending on the
definition of pharmacoresistance. While some consider pharmacoresistant
epilepsy to mean having more than 1 seizure per month after trying 3 different
AEDs, other consider pharmacoresistant epilepsy to mean having any seizures
at all after trying at least 2 different AEDs (Berg 2009). Therefore, this statistic is
highly varied from study to study. Recently, the ILAE has come up with a
consensus on defining pharmacoresistant epilepsy with hierarchical categories
(Kwan, Arzimanoglou et al. 2010) which will hopefully aid in future studies on the
prevalence of this disease. Nonetheless, it is clear that new pharmacological

treatments with non-neuronal targets would aid in the design of new AEDs.



1.2  Animal models of epilepsy

Animal models of epilepsy are crucial to understanding the changes occurring in
the healthy brain that converts it to an epileptic one, a process known as
epileptogenesis. These models can also be used to test the efficacy and safety
of current AEDs, identify new treatment paradigms (pharmacological agents,
implants, etc.), and to determine the “disease modifying” effects (i.e., prevention
of epileptogenesis), if any, of new treatments (Hubbard and Binder 2016). Due
to the importance of all of these factors, it is critical to have reproducible animal

models that recapitulate the pathology seen in human epilepsies.

Animal models can be divided into two main categories: acute (seizure) models
and chronic (epilepsy) models (Kandratavicius, Balista et al. 2014). Compounds
such as pentylenetetrazol (PTZ) and NDMA are widely used to induce acute
seizures, but do not result in chronic epilepsy. Electrical stimulation can also be
used to generate seizures. Chemical or electrical kindling, however, can result in
a chronic model of epilepsy. Other chronic models include genetic and
chemoconvulsant models (Sharma, Reams et al. 2007; Kandratavicius, Balista et
al. 2014). Hyperthermic, hypoxic, acoustic, and posttraumatic epilepsy models
are also frequently employed, although whether they are acute or chronic is
debated and dependent on the exact model used (Kandratavicius, Balista et al.

2014).
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The two most commonly used chemoconvulsants are kainic acid and pilocarpine,
a kainate receptor and muscarinic acetylcholine receptor agonist, respectively.
Both of these models involve a sustained period of SE before the development of
spontaneous seizures (epilepsy). More importantly, both models are highly
reproducible and mimic several histopathological features observed in TLE,
including HS. Both chemoconvulsants can be given systemically or focally in the
brain, however intraperitoneal injections are often costly, inordinately variable,
result in widespread damage, and have a high mortality rate (Babb, Pereira-Leite
et al. 1995). Therefore, focal treatment, such as intrahippocampal injections, is
often preferred. Pilocarpine, however, can be more variable than kainic acid and
can result in extrahippocampal areas being compromised whereas kainic acid
has the advantage of causing habitually hippocampus-restricted injuries
(Kandratavicius, Balista et al. 2014). Due to the variable pathological

presentations of TLE, however, both models are considered valid.

1.2.1 Intrahippocampal kainic acid model of epilepsy

The intrahippocampal kainic acid (IHKA) model is a well-established model of
temporal lobe epilepsy (Bouilleret, Ridoux et al. 1999; Riban, Bouilleret et al.
2002; Arabadzisz, Antal et al. 2005; Lee, Hsu et al. 2012; Hubbard, Szu et al.
2016). One major advantage of this model is that animals exhibit one sclerotic

hippocampus and one non-sclerotic hippocampus. As discussed earlier, HS is
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one of the most common features observed in TLE. Furthermore, non-HS still
exhibits extreme gliosis in human TLE, which is also observed in the IHKA model
(see Chapter 2). Therefore, the IHKA model of TLE is beneficial because it both
mimics the human condition and allows for the comparison of the non-HS to the

sclerotic hippocampus.

After IHKA injections are administered, mice wake up in a state of SE that lasts
for several hours but subsides spontaneously. Importantly, mice experience a
short “latency” period of roughly 7 days where they are not exhibiting behavioral
seizures (although altered EEG characteristics have been noted (Lee, Hsu et al.
2012)). In this time, the brain is undergoing extensive morphological alterations
and expression changes. After this short time period, mice start exhibiting
spontaneous, recurrent seizures. Therefore, that latency period is considered
the time when the brain is undergoing epileptogenesis. Increasing our
understanding of this critical time period is essential to our understanding of the

development of epilepsy.

1.3  Astrocytes

Glial cells found in the central nervous system (CNS) include macroglia
(astrocytes, NG2 cells, and oligodendrocytes) and microglia. The most well

studied glial cell type is astrocytes, a group of “star-shaped cells” that are
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heterogeneous in structure and function. Astrocytes can be divided into
protoplasmic and fibrous astrocytes. Protoplasmic astrocytes are found in the
gray matter, are highly arborized, appose synapses (Ventura and Harris 1999),
and occupy individual domains (Bushong, Martone et al. 2002; Oberheim, Wang
et al. 2006; Wilhelmsson, Bushong et al. 2006). Fibrous astrocytes, on the other
hand, are found in the white matter, are less arborized, and generally lack
domain organization (Butt, Colquhoun et al. 1994). Interestingly, the ratio and
morphology of astrocytes increases with the complexity of species (i.e., rodents

to humans) (Oberheim, Wang et al. 2006).

1.3.1 Astrocyte functions

The classical view of glial cells was that they were primarily passive, serving as
the “glue” to hold neurons together, whereas neurons were thought to be solely
responsible for brain information processing (Perea, Sur et al. 2014). Glia were
largely ignored in terms of brain function and synaptic transmission. This was
likely due to the fundamental difference between neurons and astrocytes:
neurons are electrically excitable (can produce “all-or-none” action potentials that
propagate through neuronal networks) whereas astrocytes are not. Because of
this, astrocytes were often thought of as “silent” partners in the brain. This view
has been challenged, however, with the discovery of a number of astrocytic

properties which led to the dismissal of the “passive” astrocyte theory; it was
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replaced with our current understanding of the “active” astrocyte that plays a role

in neurotransmission and neuronal physiology.

Astrocytes were believed to play a primarily supportive role in the brain by
maintaining ion and water homeostasis, removing neurotransmitters from the
extracellular space, and maintaining the integrity of the blood-brain barrier
(Nedergaard 1994; Anderson and Swanson 2000; Simard and Nedergaard 2004,
Volterra and Meldolesi 2005). More recently, additional roles for astrocytes have
been discovered. These roles include, but are not limited to, the regulation of
cerebral blood flow (Zonta, Angulo et al. 2003; Mulligan and MacVicar 2004,
Takano, Tian et al. 2006), participation in the brain immune response (Farina,
Aloisi et al. 2007), and even the release of neurotransmitters in a process known

as gliotransmission (Parpura, Basarsky et al. 1994).

1.3.2 Tripartite synapse

The chemical synapse was traditionally thought to be composed of a pre-
synaptic neuron and a post-synaptic neuron. The concept that a 3™ component
(the astrocyte) was involved gained popularity in the 1990s, although evidence
for a communication system between neurons and astrocytes involving chemical
transmitters was hypothesized well before then (Martin 1992). This led to the

term “tripartite synapse” to highlight the direct role of astrocytes in synaptic
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function (Halassa, Fellin et al. 2007). Astrocytes are actively involved in synaptic
transmission, both structurally and functionally, and can determine the strength of
synaptic transmission by regulating the extent to which glutamate is rapidly
cleared from the extracellular space (Murphy-Royal, Dupuis et al. 2015; Al

Awabdh, Gupta-Agarwal et al. 2016).

1.3.3 Astrocytes in epilepsy

Epilepsy has traditionally viewed as a neuronal disease resulting from
hypersyncrhonized activity within neuronal networks. It is becoming increasingly
clear, however, that astrocytes also play a prominent role in disease progression
and maintenance (Tian, Azmi et al. 2005; Binder and Steinhauser 2006; Seifert,
Schilling et al. 2006; Seifert, Carmignoto et al. 2010; Clasadonte and Haydon
2012; Devinsky, Vezzani et al. 2013; Hubbard, Hsu et al. 2013; Coulter and
Steinhauser 2015; Wilcox, Gee et al. 2015; Ziebell, Adelson et al. 2015; Eyo,
Murugan et al. 2016; Hubbard and Binder 2016). In the epileptic brain,
astrocytes undergo morphological and molecular expression changes; they
become hypertrophic and “reactive”, as measured by an increase in GFAP
immunoreactivity, in the scar forming process of astrogliosis. The expression
and function of several astrocytic channels and transporters also become altered
resulting in the dysregulation of ion and water homeostasis, disruption of

gliotransmission, increase in neuroinflammation, and swelling of astrocytes
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(Heinemann, Jauch et al. 2000; Hinterkeuser, Schrdder et al. 2000; Kivi,
Lehmann et al. 2000; Steinhauser and Seifert 2002; de Lanerolle and Lee 2005;
Seifert, Schilling et al. 2006; Wetherington, Serrano et al. 2008; Seifert,
Carmignoto et al. 2010; Binder, Nagelhus et al. 2012; Clasadonte and Haydon
2012; Hubbard, Hsu et al. 2013; Hubbard and Binder 2016; Hubbard, Szu et al.
2016). Just a subset of alterations occurring in epileptic tissue are depicted in

Figure 1.1. Therefore, astrocytes play a critical role in epilepsy.

1.4 Glutamate

Glutamate is the main excitatory neurotransmitter in the CNS. It is an L-amino
acid with a carboxylic acid side chain that exerts its signaling role by acting on
glutamate receptors found on cell membranes. Extracellular glutamate levels
determine the extent of receptor stimulation; consequently, it is important to
maintain low levels of glutamate in the extracellular space to ensure a high
signal-to-noise ratio. Extracellular glutamate concentrations have been
estimated to be between 1-30 yM, with the majority of studies finding levels
below 5 uM (Danbolt 2001; Moussawi, Riegel et al. 2011). Intracellular
glutamate levels are several thousand-fold higher, with the highest
concentrations of glutamate found within nerve terminals (Danbolt 2001). During

synaptic transmission, extracellular glutamate within the synapse peak at levels
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Figure 1.1. Model for role of astrocyte swelling in neuronal excitability.

At an excitatory synapse the neurotransmitter glutamate (Glu) is released from
vesicles within the presynaptic terminal (1). Glu binds to receptors on the
postsynaptic membrane and opens ion channels (not shown) allowing the
movement of ions across the membrane, including the release of potassium ions
(2). Elevated levels of K* are taken up by perisynaptic astrocytes along with
water (H20) predominantly by Kir4.1 potassium channels and aquaporin-4
(AQP4) channels, respectively (3). This leads to cell swelling and a reduction in
extracellular space (4). Loss or redistribution of AQP4 and Ki4.1 away from
astrocytic endfeet (5) would exacerbate astrocyte swelling since water flux into
astrocytes at synapses would be increased while efflux via endfeet into the
cerebrovasculature would be decreased. Astrocyte swelling opens volume-
regulated anion channels (VRACs), which release glutamate into the extracellular
space (6). In addition, reduced expression of glutamine synthetase (GS) in the
epileptic condition (7) elevates cytoplasmic concentration of glutamate in
astrocytes, providing more glutamate to be released. Upregulation of
metabotropic glutamate receptors (mGIuRs) in reactive astrocytes could enhance
AQP4-dependent swelling and swelling-evoked release of glutamate through
VRACs (8). Astrocytically-released glutamate can then bind to extrasynaptic
NMDA receptors (NMDARSs) (9), generating slow inward currents (SICs) and
potentially interictal and ictal (seizure-like) discharges (10). Facilitated by the
close proximity of adjacent cellular membranes during cell swelling, Eph receptor
(EphR) — ephrin (Eph) ligand interactions may further enhance the stimulation of
NMDA receptors (11). EphRs, ephrins, and certain NMDA receptor subunits are
upregulated after neural injury on different cell types, including reactive
astrocytes and neurons. Reduced excitatory amino transporter 2 (EAAT2)
expression in epileptic tissue may lead to delayed clearance of glutamate from
the extrasynaptic space (12). All of the above mechanisms may contribute to
astrocyte control of neuronal excitability. This figure was reproduced, with
permission, from (Hubbard, Hsu et al. 2013).
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above 1 mM and those levels decay within milliseconds (Clements, Lester et al.

1992).

Accumulation of glutamate in the extracellular space can lead to cell
excitotoxicity. Therefore, the brain must have a powerful protective system to
maintain glutamate homeostasis in the brain. First, the blood brain barrier (BBB)
helps create an isolated environment that prevents circulating glutamate from
entering the brain. Second, at synaptic clefts, neurons are surrounded by
astrocytes that have such a high glutamate uptake activity that the healthy, non-
compromised brain is remarkably resistant to glutamate toxicity. Third, a number
of metabolic enzymes exist that allow for the synthesis and metabolism of
glutamate. Finally, a well-established system between neurons and astrocytes,
called glutamate-glutamine cycling, allows for the rapid uptake and conversion of
glutamate into a non-toxic compound in astrocytes followed by its release into the
extracellular space for uptake by neurons. All of these mechanisms are required
to prevent neuronal excitotoxicity and all are possible with the aid of astrocytes.

Here | will focus on glutamate transporters at the synapse.

1.4.1 Glutamate transporters

Glutamate transporters play a major role in clearing glutamate from the

extracellular space. Five excitatory amino acid transporters (EAAT1-5) help clear
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glutamate from the extracellular space to help resist glutamate toxicity. The
rodent homologs to EAAT1-5 are glutamate aspartate transporter (GLAST),
glutamate transporter-1 (GLT1), excitatory amino acid carrier-1 (EAAC1),
EAAT4, and EAATS, respectively. GLAST and GLT1 are primarily found on
astrocytes whereas EAAC1, EAAT4, and EAATS5 are predominantly expressed
by neurons. These transporters co-transport three Na* and one H™* into the cell
along with glutamate in exchange for the release of one K*. GLAST, GLT1, and
EAAC1 are efficient glutamate transporters with small associated macroscopic
anion currents whereas EAAT4 and EAATS are low-capacity transporters that
have a predominant anion (CI") conductance (Jensen, Fahlke et al. 2015).
GLAST expression is most prominent in the cerebellum with only moderate levels
in the forebrain whereas GLT1 expression is most abundant in the forebrain and
low within the cerebellum. EAAC1 is expressed at low levels throughout the
brain. EAAT4 is only found in the cerebellum whereas EAATS is only found in

the retina.

At the tripartite synapse, the pre- and post-synaptic neurons are surrounded by
astrocytes that abundantly express glutamate transporters. GLT1 is responsible
for the majority of glutamate clearance after synaptic activity and is essential in
glutamate uptake. Although the cycle time of glutamate transport has been
measured to be slow, ranging from 11-80 ms (Danbolt 2001), it is possible that

the highly efficient removal of glutamate from the extracellular space may be due
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to both the ability of the transporters to quickly bind glutamate and their sheer
abundance. Recently, it was discovered that even though GLT1 is anchored to
the membrane at synapses, it can become untethered after glutamate is released
into the extracellular space and can perform rapid, activity-regulated surface
diffusion (Murphy-Royal, Dupuis et al. 2015; Al Awabdh, Gupta-Agarwal et al.
2016). Therefore, GLT1 can readily move between synaptic and nonsynaptic
sites to ensure glutamate clearance and effectively shape excitatory postsynaptic

currents.

1.4.2 Glial glutamate transporter expression

GLAST and GLT1 are found throughout the CNS and are almost exclusively
expressed on astrocytes. Previous studies have only found GLT1 mRNA, but not
protein, in neurons of the healthy adult CNS (Danbolt 2001) but more recent
studies have reported functional GLT1 protein in excitatory nerve terminals
(Chen, Mahadomrongkul et al. 2004; Furness, Dehnes et al. 2008; Petr, Sun et
al. 2015). GLT1 protein is also transiently expressed in several neuronal
populations during development in the rodent and sheep brain, however this
expression disappears on maturation. GLAST is the dominant glutamate
transporter in the cerebellum, expressed most densely on the Bergmann glia
(Lehre, Levy et al. 1995), and GLT1 is the predominant glutamate transporter in

the forebrain, expressed most heavily in the hippocampus. GLAST levels are
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estimated to be 3,200 and 18,000 per um? tissue in the young adult rat stratum
radiatum in the hippocampus (CA1) and the cerebellar molecular layer,
respectively (Lehre and Danbolt 1998). The number of GLT1 in the young adult
rat stratum radiatum of the hippocampus (CA1) was measured to be 12,000 per
um3 tissue and only 2,800 per um? in the cerebellar molecular layer (Lehre and

Danbolt 1998).

1.4.3 Neuronal glutamate transporter expression

EAAC1 concentration is lower than that of the other EAATs and is mostly
expressed in neurons. Unlike GLT1 and GLAST, EAAC1 is mostly intracellular
and can transport cysteine. It is most abundantly expressed in the hippocampus,
cerebellum, and basal ganglia (Danbolt 2001) and is found in a variety of
neurons. Although it is predominantly expressed by neurons in the healthy CNS,
EAAC1 has also been found in oligodendrocytes and, in the injured brain, in
microglia (Bianchi, Bardelli et al. 2014). Administration of EAAC1 antisense
oligonucleotide in rats has been shown to produce mild neurotoxicity and
seizures in less than a week of treatment (Rothstein, Dykes-Hoberg et al. 1996).
The expression of EAAT4 is predominantly cerebellar, but low levels have been
detected in the forebrain. It is most extensively found on the Purkinje cell plasma
membrane and the highest levels are found perisynaptically (Dehnes, Chaudhry

et al. 1998). The average concentration of EAAT4 in the molecular layer of adult
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rats is estimated to be 1,900 molecules per ym?3 tissue. Even though EAAT4
shares a similar mechanism to EAAT1-3, it operates 5-10 times more slowly
(Mim, Balani et al. 2005). Unlike EAAT1-3, both EAAT4 and EAATS are highly
associated with CI- conductance. EAATS is only found in the retina and is
considered a low-capacity and low-affinity glutamate transporter (Schneider,

Cordeiro et al. 2014).

1.5 Glial glutamate transporters in epilepsy

It is widely accepted that delayed clearance of extracellular glutamate is
implicated in seizure development and spread (During and Spencer 1993; Glass
and Dragunow 1995; Tanaka, Watase et al. 1997; Campbell and Hablitz 2004;
Hubbard, Hsu et al. 2013). During and Spencer (1993) used microdialysis
probes to record glutamate levels in the hippocampus before and during a
seizure in human patients with complex partial epilepsy refractory to medical
treatment. The dialysate concentration of glutamate rose before the occurrence
of a seizure, which was followed by a sustained increase, potentially to
neurotoxic levels, during a seizure in the epileptic hippocampus (During and
Spencer 1993). Elevated levels of extracellular glutamate have been reported in
patients with various epilepsies, which could potentially be a consequence of

altered expression or activity of glutamate transporters.
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1.5.1 Glial glutamate transporters in animal models of epilepsy

Glial glutamate transporters are essential in maintaining low extracellular
glutamate concentrations. GLT1-deficient mice suffered from lethal spontaneous
seizure due to the elevated extracellular glutamate levels in the brain (Tanaka,
Watase et al. 1997). Deletion (Tanaka, Watase et al. 1997) or antisense
oligonucleotide-mediate inhibition of synthesis (Rothstein, Dykes-Hoberg et al.
1996) of GLT1 in rodents revealed that it is the major contributor to glutamate
uptake from the extracellular space. Intraventricular administration of GLT1
antisense oligonucleotide in rats resulted in a 32-fold rise in extracellular
glutamate, measured by a microdialysis probe in the striatum. In addition, this
treatment resulted in a progressive motor syndrome that included mildly paretic
hindlimbs and dystonic posture (Rothstein, Dykes-Hoberg et al. 1996).
Overexpression of GLT1 in transgenic mice, on the other hand, attenuated
epileptogenesis and reduced chronic seizure frequency in a pilocarpine model of
epilepsy (Kong, Takahashi et al. 2012). Without GLT1, glutamate levels rise
enough to cause neurotoxicity and seizures whereas overexpression of GLT1

can offer neuroprotective effects.

Mice lacking GLAST showed increased cerebellar damage after brain injury and
motor discoordination (Watase, Hashimoto et al. 1998). In the amygdala kindling

model, duration of generalized seizures was prolonged by about 35% in GLAST-
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deficient mice (Watanabe, Morimoto et al. 1999). GLAST-deficient mice also
showed a shorter latency period and more severe stages of pentylenetetrazol
(PTZ)-induced seizures compared to wild-type mice (Watanabe, Morimoto et al.
1999). The inhibition of synthesis of GLAST by antisense oligonucleotides in rats
resulted in a 13-fold rise in extracellular glutamate dialysate in the striatum and a
progressive motor syndrome (Rothstein, Dykes-Hoberg et al. 1996). Like GLT1,
GLAST plays a role in modulating extracellular glutamate levels and deletion of it

may result in neurotoxicity.

Reduced levels of GLT1 (Sakurai, Kurokawa et al. 2015; Hubbard, Szu et al.
2016) and GLAST (Ueda, Doi et al. 2001) have been reported in kainic acid and
pilocarpine (Lopes, Soares et al. 2013) models of epilepsy. GLT1 has also been
reported to be downregulated in genetic (Akbar, Rattray et al. 1998; Ingram,
Wiseman et al. 2001; Dutuit, Touret et al. 2002) and post-traumatic (Samuelsson,
Kumlien et al. 2000) models of epilepsy. Similarly, GLAST has been reported to
be downregulated in the electrical kindling (Miller, Levey et al. 1997), genetic
(Dutuit, Touret et al. 2002; Guo, Sun et al. 2010), and post-traumatic (Ueda and
Willmore 2000) models of epilepsy. The results, however, are controversial. For
example, increased expression of GLT1 has been reported in the kainic acid
(Simantov, Crispino et al. 1999), post-traumatic (Ueda and Willmore 2000), and
various genetic (Ingram, Tessler et al. 2000; Guo, Sun et al. 2010) models of

epilepsy. Similarly, increased levels of GLAST were reported in the kainic acid
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(Nonaka, Kohmura et al. 1998) and genetic (Ingram, Tessler et al. 2000) models
of epilepsy. To complicate this topic even further, both GLAST and GLT1 levels
have been reported as unchanged in the electrical kindling (Akbar, Torp et al.
1997; Miller, Levey et al. 1997), post-traumatic (Samuelsson, Kumlien et al.
2000; Ueda and Willmore 2000), and various genetic models (Ingram, Wiseman
et al. 2001; Dutuit, Touret et al. 2002) of epilepsy. These discrepancies can be
explained by the different models used, brain regions explored, time points
examined, and evaluation of mMRNA versus protein. Therefore, this field would
greatly benefit from more thorough analyses of mMRNA, protein, and
immunohistochemical changes of these crucial glial glutamate transporters at

various time points in a chronic epilepsy model.

1.5.2 Glial glutamate transporters in human epilepsy

Reduced EAAT2 expression has been reported in the sclerotic hippocampus of
human patients with TLE but either no change or increased EAAT2
immunoreactivity has been found in non-HS tissue (Mathern, D. et al. 1999;
Tessler, Danbolt et al. 1999; Crino, Jin et al. 2002; Proper, Hoogland et al. 2002;
Eid, Thomas et al. 2004; van der Hel, Notenboom et al. 2005; Bjgrnsen, Eid et al.
2007). Equivocal results on EAAT1 expression include reports of upregulated

(Mathern, D. et al. 1999) and downregulated (Proper, Hoogland et al. 2002)
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expression in HS and unaltered (Mathern, D. et al. 1999) or slightly reduced

(Tessler, Danbolt et al. 1999) expression in non-HS in TLE patients.

In studies examining the dysplastic tissue of human patients with focal cortical
dysplasia (FCD), decreased immunoreactivity and more diffuse pattern of EAAT1
and EAAT2 expression were observed (Ulu, Tanriverdi et al. 2010; Gonzalez-
Martinez, Ying et al. 2011). No changes were found in EAAT2 mRNA in the
epileptic foci compared to the nonepileptic regions of human neocortical epilepsy
tissue, bur EAAT2 protein expression was reduced (Rakhade and Loeb 2008).
Support of these findings was found in a freeze-induced rat model of cortical
dysplasia. The non-selective glutamate transporter antagonist DL-threo-3-
benzyloxyaspartic acid (TBOA) prolonged postsynaptic currents (PSCs) and
decreased the threshold for evoking epileptiform activity in lesioned cortex
compared to controls (Campbell and Hablitz 2008). This effect could be
mimicked with the specific GLT1 antagonist dihydrokainate (DHK), suggesting a

role of GLT1 in regulating network excitability.

1.6 Ceftriaxone

It is clear that glutamate is the principal excitatory neurotransmitter in the brain
and that it is critical to maintain at low extracellular concentrations. GLT1 is

responsible for at least 90% of glutamate clearance in the forebrain (Kim, Lee et
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al. 2011). GLT1 has also been reported as downregulated in a number of
neurological disorders including in amyotrophic lateral sclerosis (Rothstein, Van
Kammen et al. 1995), Alzheimer’s disease (Li, Mallory et al. 1997), and in a
model of temporal lobe epilepsy (Hubbard, Szu et al. 2016). Therefore, a
pharmacological tool to restore GLT1 levels would be beneficial for a wide range

of patients.

In 2005, Rothstein et al. (2005) screened 1,040 compounds and discovered that
the cephalosporin (B-lactam) antibiotic ceftriaxone could increase GLT1
expression (Rothstein, Patel et al. 2005). This discovery was revolutionary not
only because it could modulate the expression of possibly the most abundant
protein in the brain, but it was also a cheap, readily available, and FDA approved
drug. In addition, ceftriaxone had the potential to offer neuroprotection in a wide
variety of diseases. In fact, ceftriaxone-induced GLT1 expression has shown to
have beneficial effects in models of ethanol and drug addiction (Sari, Smith et al.
2009; Sari, Sakai et al. 2011; Fischer, Houston et al. 2013; Lee, Ruby et al. 2013;
Qrunfleh, Alazizi et al. 2013; Sari, Franklin et al. 2013; Sari, Sreemantula et al.
2013; Abulseoud, Camsari et al. 2014; Alhaddad, Das et al. 2014; Rao and Sari
2014; Dodman, Featherstone et al. 2015; Sari, Toalston et al. 2016), ALS
(Rothstein, Patel et al. 2005), post-traumatic epilepsy (Goodrich, Kabakov et al.
2013), visceral pain (Lin, Tian et al. 2009; Ackerman, Jellison et al. 2015),

neuropathic pain (Inquimbert, Bartels et al. 2012), hypoxia (Jagadapillai, Mellen
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et al. 2014), ischemia (Chu, Lee et al. 2007), Huntington’s disease (Miller, Dorner
et al. 2008; Sari, Prieto et al. 2010), prepulse inhibition of the acoustic startle
reflex (Bellesi, Melone et al. 2009), subarachnoid hemorrhage (Feng, Wang et al.
2014), spinal muscular atrophy (Nizzardo, Nardini et al. 2011), traumatic brain
injury (Wei, Pan et al. 2012; Goodrich, Kabakov et al. 2013), thiamine deficiency
(Jhala, Wang et al. 2011), and memory deficits in aquaporin-4 knockout mice (Li,
Wang et al. 2012; Yang, Li et al. 2013). The proposed mechanism of GLT1

regulation was through induction of the nuclear factor-kB pathway.

The effects of ceftriaxone have been equivocal. Ceftriaxone failed to regulate
GLT1 expression in a more recent drug screen study (Carbone, Duty et al. 2012)
and failed to have any clinical efficacy in a stage 3 ALS study (Cudkowicz, Titus
et al. 2014). Ceftriaxone did not alter GLT1 levels in an animal model of myelin
oligodendrocyte glycoprotein-induced experimental autoimmune
encephalomyelitis (EAE) (Melzer, Meuth et al. 2008), stroke (Thone-Reineke,
Neumann et al. 2008), and perinatal hypoxic-ischemic encephalopathy (Lai,
Huang et al. 2011). In all of these cases, however, ceftriaxone offered
therapeutic benefits through other means such as modulation of the inflammatory
process (Melzer, Meuth et al. 2008) or upregulation of neurotrophins (Thone-
Reineke, Neumann et al. 2008). Other proposed effects of ceftriaxone include

increased expression of the cystine/glutamate exchange transporter (Alhaddad,
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Das et al. 2014; Rao and Sari 2014) and upregulation of several transcription

factors (Nizzardo, Nardini et al. 2011).

Ceftriaxone may also upregulate GLT1 in a region- or cell-specific manner
(Jhala, Wang et al. 2011; Lai, Huang et al. 2011). For example, ceftriaxone
failed to increase GLT1 in the corpus callosum, hippocampus, and striatum in
neonatal rats but did increase GLT1 in the cortex (Lai, Huang et al. 2011). In a
model of thiamine deficiency, ceftriaxone increased GLT1 in the inferior colliculus

but not the thalamus or frontal cortex (Jhala, Wang et al. 2011).

Studies involving models of ischemic cortical lesions (Kim and Jones 2013),
neuropathic pain (Amin, Hajhashemi et al. 2012; Hajhashemi, Hosseinzadeh et
al. 2013), and seizures (Jelenkovic, Jovanovic et al. 2008; Rawls, Karaca et al.
2010) demonstrated that ceftriaxone could alleviate symptoms of the disease, but
did not directly examine the effect on GLT1 expression levels. Therefore, it is
possible that other mechanisms, such as neuroinflammatory modulation,
alleviated symptoms instead of (or in addition to) increased GLT1 expression.
Ceftriaxone and two other -lactam drugs, clavulanic acid and tazobactam,
reduced seizure-like activity in an invertebrate model (Rawls, Karaca et al. 2010).
The therapeutic potential of increased GLT1 expression has already been
demonstrated in a chronic epilepsy model using transgenic mice with a 1.5-2 fold

increase in GLT1 levels; the transgenic mice had decreased pilocarpine-induced
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seizure frequency, neuronal degeneration, mossy fiber sprouting, and SE-
induced death (Kong, Takahashi et al. 2012). Ceftriaxone and other B-lactam

drugs, however, have never been tested in a chronic model of TLE.

1.7 Aquaporins

The aquaporins (AQPs) are a family of water channels responsible for fluid
transport in response to changes in the osmotic gradient. AQPs are expressed
in different tissues and cell types. At least 13 AQPs have been identified, but
only a subset of them have been found in the brain (Badaut, Fukuda et al. 2014).
Among them is aquaporin-4 (AQP4), an astrocyte-specific protein expressed
throughout the CNS. The expression of AQP4 is polarized with high expression
at sites of fluid transport, such as pial and ependymal surfaces in contact with
CSF, subarachnoid space, the ventricular system, and astrocytic end-feet around
capillaries (Nielsen, Nagelhus et al. 1997; Rash, Yasumura et al. 1998;
Nagelhus, Mathiisen et al. 2004; Oshio, Binder et al. 2004; Costa, Tortosa et al.
2007). Not surprisingly, AQP4 participates in fluid exchange between both the
blood and CSF compartments in the brain (Nagelhus, Mathiisen et al. 2004).
AQP4 knockout mice were originally created in the Verkman laboratory using a
targeting vector for homologous recombination (Ma, Yang et al. 1997). The initial
study found that in general, AQP4 knockout mice exhibited normal development,

survival, growth, blood chemistry, and neuromuscular function. Mice did,
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however, exhibit a minor urinary concentration deficit (Ma, Yang et al. 1997).
Later on, it was discovered that blood-brain barrier function, baseline intracranial
pressure, and intracranial compliance were also unaltered (Manley, Fujimura et
al. 2000; Papadopoulos, Manley et al. 2004 ) but astrocyte water permeability
was decreased (Solenov, Watanabe et al. 2004). AQP4 knockout mice also
suffer from a hearing deficit (Li and Verkman 2001) and mild impairment in retinal
function (Li, Patil et al. 2002). Thanks to these knockout mice, it is now known
that AQP4 plays a role in K* homeostasis (Binder, Yao et al. 2006) the regulation
of the brain extracellular space volume (Binder, Papadopoulos et al. 2004),
synaptic plasticity (Skucas, Mathews et al. 2011), spatial memory (Zhang, Li et
al. 2013), astrocyte migration (Saadoun, Papadopoulos et al. 2005), and cell

adhesion (Hiroaki, Tani et al. 2006).

1.7.1 Aquaporin-4 in epilepsy

Aquaporin-4 knockout mice exhibit different seizure phenotypes compared to
their wild-type counterparts. Intraperitoneal injections of 40 mg/kg PTZ was
sufficient to induce seizures in 100% of wild-type mice but only induced seizures
in 1 out of 7 AQP4 knockout mice (Binder, Oshio et al. 2004). At the higher dose
of 50 mg/kg, all mice exhibited seizures, but the latency to seizures was
increased in the knockout mice (Binder, Oshio et al. 2004). AQP4 knockout mice

also had higher seizure threshold but prolonged seizure duration in an electrical
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stimulation model of seizures (Binder, Yao et al. 2006). In the IHKA model of
epilepsy, AQP4 knockout mice also exhibited an increased number of seizures
compared to wild-type mice (Lee, Hsu et al. 2012). Therefore, although it is
harder to induce seizures in AQP4 knockout mice, once that threshold is
reached, these mice seem to have a worsened seizure phenotype (increased

number and duration of seizures) compared to wild-type mice.

AQP4 expression is altered in various models of epilepsy. After pilocarpine-
induced SE, AQP4-deleted areas were detected in the piriform cortex but not the
hippocampus (Kim, Yeo et al. 2010). Several weeks after pilocarpine-induced
SE (in the chronic phase), AQP4 immunoreactivity was significant decreased in
vacuolized CA1 astrocytes but increased in non-vacuolized astrocytes (Kim, Ryu
et al. 2009). In the intrahippocampal kainic acid model, AQP4 immunoreactivity
was immediately downregulated in the hippocampus with only partial recovery
over time (Lee, Hsu et al. 2012). Reduced AQP4 adluminal expression with
stable or slightly increased abluminal expression was reported in the
intraperitoneal kainic acid rat model (Alvestad, Hammer et al. 2013). A similar
mislocalization of AQP4 expression with an overall increase in AQP4 levels was
found in the sclerotic hippocampus in human TLE (Lee, Eid et al. 2004, Eid, Lee
et al. 2005) and focal cortical dysplasia type 1B (Medici, Frassoni et al. 2011).
Taken together, AQP4 is likely reduced in regions of the brain that would reduce

fluid homeostasis. More detailed studies investigating the expression changes
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during epileptogenesis would increase our understanding of the role of AQP4 in
epilepsy. This would aid in the discovery of drugs that could modify AQP4
expression. One study has demonstrated that ceftriaxone can also increase
AQP4 expression in the caudate-putamen, but this was done in type 1
equilibrative nucleoside transporter (ENT1) knockout mice (Lee, Ruby et al.
2013). The efficacy of modulating AQP4 expression by B-lactam drugs needs to

be investigated further.

1.8  Summary

In summary, both GLT1 and AQP4 clearly play a vital role in both the healthy and
epileptic brain. Although they have both been studied in epilepsy models, the
data are both ambivalent and incomplete. A region-specific investigation of both
mMRNA and protein expression changes during epileptogenesis in a chronic
epilepsy model would greatly benefit the field. In this dissertation, | will describe
histological characteristics of the intrahippocampal kainic acid model of TLE with
a focus on astrocytes. | will then describe the expression patterns of AQP4 in the
healthy and epileptic rodent brain. Next, | will discuss GLT1 changes that occur
after IHKA-induced epilepsy. After that, | will discuss the lack of effects that 3-
lactam drugs have on regulating both AQP4 and GLT1 expression. | will then
describe the pattern of co-localization, but lack of a strong physical interaction,

between AQP4 and GLT1 in both C57BL/6 and CD1 mice. Since GLT1 is only
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one of the two glial glutamate transporters, | will then discuss the regulation of
GLAST in the IHKA model in the penultimate chapter. Finally, | will conclude with
a brief chapter discussing the implications of my findings and describing the

potential future directions.
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Chapter 2: Characterization of the intrahippocampal kainic acid (IHKA)

model of epilepsy

Portions of this chapter were modified and/or reproduced, with permission from
Elsevier, from: Hubbard, J.A., Szu, J.I., Yonan, J.M., Binder, D.K. (2016).
“‘Regulation of astrocyte glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4)

expression in a model of epilepsy. Exp Neurol, 283: 85-96. Copyright 2016.

2.1 Abstract

Epilepsy is a group of disorders characterized by the unpredictable occurrence of
seizures and unconsciousness. The most common form of epilepsy is temporal
lobe epilepsy (TLE), which is frequently accompanied by a sclerotic
hippocampus. Characterized by gliosis, neuronal cell dispersion, and cell loss,
the sclerotic hippocampus may be a focal point of seizures. Due to ethical
limitations, human tissue cannot be used to determine physiological changes that
result in the conversion of a healthy brain to an epileptic one (a process known
as epileptogenesis). Therefore, an accurate and reproducible animal model of
temporal lobe epilepsy is necessary to study early time points during
epileptogenesis. In this study, | characterized morphological changes that
occurred in the intralhippocampal kainic acid (IHKA) model of epilepsy. | used

video-EEG recordings, immunohistochemistry, Western blotting, and real time
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polymerase chain reaction (RT-PCR) to characterize glial cell changes involved
in epileptogenesis. In this model, | observed reproducible seizure activity as well
as histological changes characteristic of a sclerotic hippocampus. In addition, |
found changes in glial immunoreactivity in the non-sclerotic hippocampus.
Finally, | detected increased GFAP immunoreactivity, protein, and mRNA levels
in this model of epilepsy. Overall, | have shown that the IHKA model is an

excellent model that mimics pathological features seen in human TLE.

2.2 Introduction

Epilepsy is a group of neurological syndromes characterized by the unpredictable
occurrence of seizures. This disorder affects over 70 million people worldwide
and has a much higher rate in developing countries than in developed regions
(Ngugi, Bottomley et al. 2010). People who suffer from this infliction have a
decreased quality of life (Thurman, Beghi et al. 2011) and experience impaired
cognitive abilities, difficulty maintaining steady employment, limited access to a
driver’s license, and impaired socioeconomic integration (Hubbard, Hsu et al.
2013). Temporal lobe epilepsy (TLE) is the most common form of epilepsy.
Although the true frequency of TLE is unknown, it is estimated to affect up to two

thirds of epilepsy patients (Wiebe 2000).
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It has been well established that neuronal excitability is a major contributor to
epilepsy, but more recent evidence suggests that changes in glial cells contribute
to the development of epilepsy (Tian, Azmi et al. 2005; Binder and Steinhauser
2006; Seifert, Schilling et al. 2006; Seifert, Carmignoto et al. 2010; Clasadonte
and Haydon 2012; Devinsky, Vezzani et al. 2013; Hubbard, Hsu et al. 2013;
Coulter and Steinhauser 2015; Wilcox, Gee et al. 2015; Ziebell, Adelson et al.
2015; Eyo, Murugan et al. 2016; Hubbard and Binder 2016). Glial cells play
several crucial roles in the central nervous system. Astrocytes are now
considered an integral part of the tripartite synapse (Araque, Parpura et al. 1999)
and participate in a variety of brain functions including synaptic network formation
(Ransom, Behar et al. 2003), modulation of synaptic transmission (Volterra and
Meldolesi 2005; Halassa and Haydon 2010; Murphy-Royal, Dupuis et al. 2015),
ion homeostasis, and metabolism (Ransom and Ransom 2012). Microglia are
the resident immune cells in the brain and are important for initiating the
inflammatory response after injury or infection (Davis, Foster et al. 1994). In
addition to playing a major role in the immune response, microglia can also
modulate neurotransmission, prune synapses, and regulate neurogenesis and
survival (Eyo, Murugan et al. 2016). In the injured brain, both astrocytes and
microglia can become “reactive”, changing in shape and function, as measured
by levels of the intermediate filament glial fibrillary acidic protein (GFAP) and the
ionized calcium-binding adapter molecule-1 (Iba1), respectively. This

pathological feature is called “gliosis” and can be further subdivided into
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astrogliosis (reactive astrocytes) and micorgliosis (reactive microglia). The
morphological alterations in these cells are also accompanied by functional and
expression changes of channels and receptors. Therefore, reactive astrocytes
and microglia may contribute to increased neuronal excitability and the
development of epilepsy (Binder and Steinhdauser 2006; Hubbard, Hsu et al.

2013; Eyo, Murugan et al. 2016; Robel and Sontheimer 2016).

The most common histopathological feature of TLE in humans is hippocampal
sclerosis. It is primarily characterized by a pronounced loss of pyramidal
neurons, granule cell dispersion, and severe gliosis (Margerison and Corsellis
1966; Mathern, Pretorius et al. 1995; Blumcke, Beck et al. 1999; Clasadonte and
Haydon 2012; de Lanerolle, Lee et al. 2012). When present, the sclerotic
hippocampus may be the focus of seizure origin (Babb, Lieb et al. 1984).
Patients with hippocampal sclerosis often undergo epilepsy surgery and the
majority of patients (over 80%) have a favorable outcome (Tugcu, Gungor et al.
2016). In fact, about 68% of patients remain seizure free several years after
surgery completion (Tugcu, Gungor et al. 2016). Surgery is not an option for all
patients, however, and a greater understanding of the pathophysiology of

epilepsy is necessary to find alternative treatment methods.

Critical to understanding the various forms of epilepsy is the use of animal

models. Several different models of epilepsy are used today, including
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chemoconvulsants, electrical kindling, injury-induced, hyperthermia-induced, and
genetic models (Sharma, Reams et al. 2007; Kandratavicius, Balista et al. 2014;
Hubbard and Binder 2016). The most common TLE models are
intrahippocampal or intraperitoneal injections of either kainic acid or pilocarpine.
Kainic acid is a kainate receptor agonist whereas pilocarpine is a muscarinic
acetylcholine receptor agonist. Both models are highly reproducible and
immediately induce status epilepticus (SE), a prolonged state of continuous
seizures, in rodents. This is followed by a seizure-free latency period before the
occurrence of spontaneous seizures. Furthermore, both models mimic several of
the histopathological changes seen in human TLE, including hippocampal
sclerosis. Kainic acid causes injuries restricted to the hippocampus whereas
pilocarpine, which may cause lesions in the neocortex (Sharma, Reams et al.
2007). Although the use of both chemoconvulsants results in neuropathologic
alterations that mirror the human condition, kainic acid is considered one of the

best models of TLE (Sharma, Reams et al. 2007).

Systemic administration of chemoconvulsants often result in variable seizure
severity, longer latency periods, widespread damage, and a high mortality rate
(Babb, Pereira-Leite et al. 1995). Intrahippocampal injections, on the other hand,
result in more consistent seizure severity, shorter latency periods, focal damage,
and a reduced mortality rate. Common pathological features of the sclerotic

hippocampus, including mossy fiber sprouting, are observed after
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intrahippocampal kainic aid injections (Leite, Babb et al. 1996). In this study, |
characterized some of the histopathological changes that occur in the
intrahippocampal kainic acid (IHKA) model of TLE. Specifically, | used video-
EEG recordings to confirm the presence of seizures in animals. | then used
immunohistochemistry to characterize changes in neurons, microglia, and
astrocytes in this epilepsy model. Finally, | used Western blotting and real-time
polymerase chain reaction (RT-PCR) to further characterize GFAP protein and
mMRNA changes. In this model, | observed clear cellular changes characteristic of
a sclerotic hippocampus, including CA1 pyramidal cell death, granule cell
dispersion, astrocytic and microglial activation, and increased GFAP protein and
MRNA expression. It is clear that both neurons and glial cells undergo extensive

morphological and expression changes in the IHKA model of TLE.

2.3 Methods

2.3.1 Animals

All experiments were conducted in accordance with the National Institutes of

Health guidelines and were approved by the University of California, Riverside

Institutional Animal Care and Use Committee (IACUC). Only CD1 male mice, 6-

8 weeks old, were used for these experiments. The mice were housed under
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controlled conditions (12 hour light/12 hour dark) with food and water provided ad

libitum.

2.3.2 Intrahippocampal kainic acid surgery and EEG implants

CD1 male mice were anesthetized with an intraperitoneal (i.p.) injection of an
80mg/kg ketamine and 10 mg/kg xylazine mixture. Mice were then mounted in a
stereotaxic frame and an incision was made to expose the skull and locate
bregma (Figure 2.1A). Using stereotaxic coordinates of the hippocampus
(Paxinos and Franklin 2001), a 0.6 mm burr hole was made 1.8 mm posterior
and 1.6 mm lateral from bregma with a high-speed drill (Drummond Scientific). A
microinjector (Nanoject, Drummond Scientific) was then placed into the right
dorsal hippocampus and lowered to the dorsoventral coordinate of 1.9 mm. Mice
were injected with either 74 nL of a 20 mM solution of kainic acid or an equal
volume of 0.9% saline over a period of 4 minutes (Figure 2.1B). In initial
experiments, Nissl staining was performed to confirm the accuracy of the

injection site (Figure 2.1C).

In preliminary experiments, the presence of epileptiform activity was verified in
100% of animals using video-EEG recordings. Three-channel twisted bipolar
stainless steel electrodes (Plastics One) were prepared by cutting the recording

and ground electrodes to the appropriate lengths to end up in CA3 of the
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FIGURE 47
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Figure 2.1. Intrahippocampal kainic acid (IHKA) injections and video-EEG
recording in a mouse.

A. An exposed skull in a mouse with clear visualization of bregma, the region on
the skull where the sagittal and coronal sutures are joined. B. A page from
(Paxinos and Franklin 2001), which was used to stereotaxically locate the
hippocampus. The red arrow indicates the approximate location where a small
hole was drilled in the skull and a microinjector was used to inject kainic acid
(KA) or saline into the CA3 region of the hippocampus. C. A representative
Nissl stain of a coronal hippocampal slice 1 day after KA-induced status
epilepticus to confirm correct location of injections. Nissl| stain was performed on
mounted slices by dipping them in 100% EtOH, 95% EtOH, and 70% EtOH for 1
minute each followed by 3 minutes in water. Slices were then incubated in
Cresyl violet, washed, and imaged using a Carton microscope. D. In a subset of
animals, electrodes were implanted in the mouse brain and held into place with a
bonding agent and cement. E. After electrode implantation, mice were
connected to an EEG acquisition system through a commutator, allowing mice to
move freely. Behavioral and electrographic seizures were monitored with this
continuous video-EEG recording set up.
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hippocampus and the dura, respectively. After intrahippocampal injections of
kainic acid, the skull was etched and the electrode was lowered into the injection
site. The electrode implant was secured into place using dual-cure bonding
agent (Clearfil Photo Bond, Kuraray) and permanent cement (Clearfil SA
Cement, Kuraray, Figure 2.1D). Mice implanted with electrodes were connected
to an EEG acquisition system (MP 150, Biopac Systems inc., and Acqknowledge
4.0 software) through a commutator (Figure 2.1E). Animals were freely moving

and monitored using a digital video camera (Sony HDR-HCS5, Sony Electronics).

2.3.3 Kainic acid-induced status epilepticus

After kainic acid injections, all mice experienced status epilepticus (SE). This
has been confirmed with video-EEG monitoring previously by our lab (Lee, Hsu
et al. 2012) and in preliminary studies (Figure 2.2). Within 30 minutes of IHKA
injections, mice experienced SE for several hours, which spontaneously
subsided. In this model, mice exhibited spontaneous recurrent seizures in both

hippocampi (Figure 2.3).

For the current studies, | wished to avoid electrode damage to the brain and
therefore proceeded without the use of EEG implantation. Instead, | monitored
animals for behavioral seizures. All animals experienced continuous (3 or more

hours) Racine stage 3-5 seizures (Racine 1972), characterized by forelimb and
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15 minutes

2 minutes

Figure 2.2. EEG recording of status epilepticus immediately after
intrahippocampal kainic acid (IHKA) injections.

A. A. An example of an EEG recording during status epilepticus (SE). Shortly
after kainic acid injections, mice developed electrographic and behavioral SE
lasting several hours. Scale bar = 15 minutes. B. Another EEG recording of
kainic acid-induced SE with a different time scale. Scale bar = 2 minutes. These
recordings indicate electrographic status epilepticus.
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Figure 2.3. EEG recordings in intrahippocampal kainic acid model.

A. Example of an EEG recording of a spontaneous seizure 7 days after SE. B.
Example of simultaneous bilateral recordings of spontaneous seizures 8 days
after SE. In this example, the seizure begins in the hippocampus ipsilateral to
injection (upper trace) and then propagates into the contralateral hippocampus
(lower trace).
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hindlimb clonus, rearing, and falling (Table 2.1). Animals that died due to SE
were excluded from the study. Otherwise, animals were euthanized with fatal
plus (Western Medical Supply), perfused, and processed at various time points

post IHKA injections.

Stage Description of seizures

Immobility; mouth and facial clonus

Head nodding; rigid posture; tail extension

Forelimb and/or hindlimb clonus; repetitive movements
Rearing; limb clonus with rearing

Rearing and falling; jumping; severe tonic-clonic seizures

O WON|=

Table 2.1. The Racine scale modified for rodent seizures (Racine 1972).
Physical characteristics of observable rodent seizures classified by severity.

2.3.4 Immunohistochemistry

Mice were transcardially perfused with ice-cold phosphate buffered saline (PBS,
pH 7.4) followed by 4% paraformaldehyde, pH 7.4. Brains were quickly removed
and postfixed in 4% paraformaldehyde overnight at 4°C followed by two days of
cryoprotection in 30% sucrose in PBS at 4°C. Brains were then flash frozen with
dry ice-cold isopentane, cut into 50 um coronal sections using a cryostat (Leica
CM 1950, Leica Microsytems, Bannockburn, IL), and then stored in PBS at 4°C.
For each experiment, slices were processed simultaneously. Slices were
blocked for 1 hour with 5% normal goat serum in PBS and then incubated with

primary antibodies (Table 2.2) overnight at 4°C in 0.3% Triton X-100. After
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washing slices with PBS, sections were incubated with species-specific
secondary antibody conjugated with Alexa 488, 594, or 647 for visualization.
Slices were mounted in Vectashield with DAPI (Vector Laboratories) and 10x

images were taken using a fluorescence microscope (Leica DFC345 FX).

Target Dilution Catalog Number Company
GFAP 1:200 MAB5804 Millipore

Iba1 1:200 019-19741 Wako

NeuN 1:200 MAB377 Millipore

Table 2.2. Antibodies used for immunohistochemistry.

Antibodies to glial fibrillary acidic protein (GFAP), ionized calcium-binding
adapter molecule 1 (Iba1), and neuronal specific nuclear protein (NeuN) were
used to immunohistochemically label astrocytes, microglia, and neurons,
respectively. The dilutions used, catalog number, and the company from which
each antibody was purchased are listed.

Quantification of GFAP immunoreactivity was performed using the Leica
Application Suite (LAS) X Lite software. Fluorescent images of the hippocampus
were captured at 10x magnification under identical settings. A box delineating
the region of interest (ROI) was drawn on the DAPI channel either around all
layers of the hippocampus or at the center of each layer of the hippocampus:
stratum (S.) oriens, S. pyramidale, S. radiatum, S. lacunosum moleculare (SLM),
molecular layer, granule cell layer (GCL), and hilus (Figure 2.4A). In the CA3
region of the hippocampus, ROls around the S. lucidum, S. pyramidale, and S.
oriens were drawn (Figure 2.4B). The mean pixel (gray) value within each ROI

was obtained for analysis. For each time point, 4 slices from each animal (n=5)

were used.
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Figure 2.4. Method for analysis of hippocampal immunoreactivity.

A. Boxes delineating the region of interest (ROI) were drawn on the DAPI
channel. From top to bottom, ROI1-7 correspond to the Stratum (S.) oriens, S.
pyramidale, S. radiatum, S. lacunosum moleculare (SLM), molecular layer,
granule cell layer (GCL), and hilus, respectively. A final box was drawn around
the entire image to quantify “all layers” of the hippocampus. B. Boxes
delineating the ROIs in the CA3 area of the hippocampus. From left to right,
ROI1-3 correspond to the S. lucidum, S. pyramidale, and S. oriens, respectively.

2.3.5 Western blot

Whole hippocampal tissue was microdissected from the mouse brain at 1, 4, 7,
and 30 days post IHKA or saline injections (n = 5 for saline control and all time
points post kainic acid-induced SE). Harvested tissue was homogenized using
the Bullet Blender (Next Advance) in radioimmunoprecipitation assay (RIPA)
buffer (Sigma) containing complete protease inhibitors (Roche). Protein
concentrations were assayed via Bradford and protein was resolved by SDS-
PAGE (10% polyacrylamide) and transferred to a nitrocellulose membrane. The
membranes were then probed for GFAP (1:5,000, Millipore MAB5804) and [3-

actin (1:5,000, Sigma A1978) as an internal control. Bands were visualized and
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quantified using the Li-COR Odyssey Fc Western Imaging System and GFAP

protein levels were normalized to internal 3-actin levels.

2.3.6 RT-PCR

Hippocampal tissue was microdissected from the mouse brain at 1, 4, 7, and 30
days post IHKA or saline injections (n = 5 for all time points). Harvested tissue
was homogenized using the Bullet Blender (Next Advance). RNA was isolated
using the Direct-Zol RNA mini prep kit (Zymo Research) and quantified using a
nanodrop (Thermo Scientific NanoDrop 2000c Spectrophotometer). Both cDNA
synthesis and RT-PCR were performed using the Bioline SensiFAST SYBR NO-
ROX Kit and the CFX-96 detection system (Bio-Rad). Primers for GFAP and 18s
RNA (Table 2.3) were purchased from Integrated DNA Technologies. The
reaction conditions were as follows: 1 cycle for 10 min at 45°C, 1 cycle for 2 min
at 95°C, 40 cycles for 5s at 95°C, and 1 cycle for 20s at 60°C. Results were
quantified using the differential CT method representing the fold change in target

gene expression. Both a no template control (NTC) and a no reverse

Target Gene Forward Primer Sequence Reverse Primer Sequence

GFAP ATCGAGATCGCCACCTACAG CTTCTTTGGTGCTTTTGCCCC

18s RNA CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG

Table 2.3. Primers used for RT-PCR experiments.
All primers are listed in the 5° &> 3’ direction.
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transcriptase (NRT) control were included in each assay to detect any

contamination or non-specific replication.

2.3.7 Statistical analysis

Statistical analysis was performed using a one-way ANOVA with post-hoc
Bonferroni multiple comparisons test. All error bars are presented as the mean *
standard error of the mean (SEM). A comparison to saline control was denoted

statistically significance by a p-value < 0.05, < 0.01 or < 0.001 and denoted with *,

*% *k%*

, or *** respectively. Any statistically significant differences between other time

points were not indicated for the purpose of clarity.

2.4 Results

2.4.1 Histological confirmation and characterization of the sclerotic

hippocampus

In a healthy hippocampus, distinct laminar-specific organization of the
hippocampus exists (Figure 2.5A). NeuN revealed highly organized, dense
layers of granule and pyramidal cell neurons. Microglia and astrocytes displayed

normal morphology, determined by Iba1 and GFAP immunoreactivity,
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Figure 2.5. Marked histological changes occur during epileptogenesis in
the mouse hippocampus.

10x images of cell nuclei (DAPI, dark blue), neurons (NeuN, red), astrocytes
(GFAP, green) and microglia (Iba1, cyan) in A. the healthy hippocampus and B.
21 days post IHKA-induced status epilepticus. Neurons occupy organized cell
layers (dentate gyrus, CA1-CA3) in the healthy hippocampus, but marked
neuronal loss (e.g. loss of CA1 pyramidal cells) and cell layer disorganization
(e.g. dentate granule cell dispersion) in the epileptic hippocampus. Astrocytes
and microglia display normal morphology in the healthy hippocampus but
develop markedly abnormal “reactive” morphology in epilepsy. These changes
together account for “hippocampal sclerosis”, a hallmark of temporal lobe
epilepsy. Scale bar =200 pm.
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respectively. Mice developed sclerosis in the hippocampus ipsilateral to IHKA
injections, characterized by neuronal disorganization, cell death, and gliosis
(Figure 2.5B). More specifically, NeuN staining revealed significant neuronal
dispersion of dentate granule cells. Furthermore, a significant loss of pyramidal
neurons in the CA1 area of the hippocampus was observed. Microglia and
astrocytes became ramified in the sclerotic hippocampus. Together, these

changes account for hippocampal sclerosis.

2.4.2 Histological characterization of the microglial marker, lba1

Iba1 immunoreactivity in the hippocampus (n = 3; Figure 2.6) was imaged in
naive mice, 1 day after saline injections, as well as 1 and 30 days post IHKA
injections. In the naive hippocampus, microglia presented with a healthy
morphology. One day after intrahippocampal saline injections, however,
astrocytes became slightly ramified in the ipsilateral hippocampus. Microglia in
the contralateral hippocampus, however, displayed normal morphology. A single
day after kainic acid-induced SE, microglia became activated (ramified) in both
the ipsilateral and contralateral hippocampi. In the contralateral hippocampus,
microglia returned to fairly normal morphology by 30 days post SE. Microglia in

the ipsilateral hippocampus remained reactive at 30 days post SE.
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Iba1 immunoreactivity in the cortex was imaged in naive mice, 1 day after
intrahippocampal saline injections, and 1 and 30 days post IHKA-induced SE (n =
3; Figure 2.7). A single day after saline injections, microglia retained a
morphology similar to that seen in naive mice. Microglia presented with reactive
morphology in both the ipsilateral and contralateral cortices 1 day after IHKA-
induced SE. By 30 days post SE, however, microglia reactivity was diminished

and resembled the morphology of microglia seen in naive mice.

Next, | wanted to determine whether microglial scarring occurred at the injection
site after IHKA injections. Therefore, | imaged microglia immunoreactivity around
the injection site in both the hippocampus and the cortex (n = 3, Figure 2.8). One
day after IHKA injections, no microglia clustered around the injection site in the
hippocampus or the cortex. Instead, ramified microglia were observed evenly
throughout the tissue. Therefore, microglial activation was a global response
rather than a local response. Furthermore, the ramification of microglia was most
prominently seen in the hippocampus ipsilateral to IHKA injections when the

hippocampus is considered sclerotic.
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Hippocampus Cortex

Figure 2.8. Microglia (Iba1) immunoreactivity 1 day after intrahippocampal
kainic acid-induced status epilepticus.

Iba1 reactivity was observed throughout the hippocampus (left panel) and cortex
(right panel) 1 day after IHKA-induced SE. Two slices from each animal (n = 3)

were used. Scale bar =200 pm.

2.4.3 Increased expression of the astrocyte marker, GFAP

GFAP immunoreactivity was imaged in naive mice and 1 day post
intrahippocampal saline injections (n = 3; Figure 2.9). GFAP immunoreactivity in
both the ipsilateral and contralateral hippocampi to saline injections were similar
to naive levels. Therefore, | only used intrahippocampal saline injected brains as
controls for all experiments. Furthermore, GFAP immunoreactivity 1, 4, 7, and
30 days after intrahippocampal saline injections (n = 3 for each time point) were
imaged (Figure 2.10). GFAP levels remained constant at all time points, so only
brains from 7 days post saline injections were used as controls for the remainder

of experiments.
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Naive Ipsilateral Contralateral

Figure 2.9. Astrocyte (GFAP) immunoreactivity in naive mice and 1 day
after intrahippocampal saline injections.

Similar astrocyte morphology was observed in naive mice (left panel) and in the
ipsilateral (middle panel) and contralateral (right panel) hippocampi 1 day after
intrahippocampal saline injections. For each time point, 3 slices from each
animal (n = 3) were used. Scale bar =200 um.

Hippocampal GFAP and DAPI immunoreactivity were imaged 7 days after saline
injections (control) and at 1, 4, 7, and 30 days post kainic acid-induced SE.
Analysis of GFAP immunoreactivity revealed a progressive increase in GFAP in
the hippocampus ipsilateral to kainic acid injection (Figure 2.11). GFAP
immunoreactivity was markedly elevated at 4, 7, and 30 days post kainic acid-
induced SE compared to the saline control in every layer of the hippocampus
except in the stratum (S.) radiatum and stratum lacunosum moleculare (SLM) at
4 days post SE. At 1 day post SE, no difference from the saline control was
observed. A similar progressive increase in GFAP immunoreactivity was
observed in the CA3 region of the ipsilateral hippocampus (Figure 2.12). GFAP

levels in the S. oriens and S. pyramidale layers at 4, 7, and 30 days post SE
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Figure 2.11. Glial fibrillary acidic protein (GFAP) immunoreactivity in the
ipsilateral hippocampus after kainic acid-induced status epilepticus (SE).
A. 10x images of GFAP (red), DAPI (blue), and merged immunoreactivity of the
ipsilateral hippocampus after saline injections (Saline control) and 1, 4, 7, and 30
days (d) post SE. B. Quantification of GFAP immunoreactivity in the various
layers of the hippocampus. ** indicates p < 0.01 and *** indicates p < 0.001
when compared to saline control. For each time point, 4 slices from each animal
(n =5) were used. Scale bar =200 ym. SO = stratum oriens; SP = stratum
pyramidale; SR = stratum radiatum; SLM = stratum lacunosum moleculare; ML =
molecular layer; GCL = granule cell layer; H = hilus.
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Figure 2.12. Glial fibrillary acidic protein (GFAP) immunoreactivity in the
ipsilateral CA3 region of the hippocampus after kainic acid-induced status
epilepticus (SE).

A. 10x images of GFAP (red), (blue), and merged immunoreactivity of the
ipsilateral CA3 region of the hippocampus after saline injections (Saline control)
and 1, 4, 7, and 30 days (d) post SE. B. Quantification of GFAP
immunoreactivity in the various layers of CA3. * indicates p < 0.05, ** indicates p
< 0.01, and *** indicates p < 0.001 when compared to saline control. For each
time point, 4 slices from each animal (n = 5) were used. Scale bar = 200 pym.
were elevated compared to saline controls. Increased levels were also observed
in the S. lucidum at 7 and 30 days post SE. Again, no difference between saline

controls and 1 day post SE were observed.

Increased GFAP immunoreactivity was also observed in the contralateral
hippocampus. More specifically, increased GFAP levels were observed 4, 7, and
30 days post SE in all layers quantified (Figure 2.13). No difference between the
saline controls and 1 day post IHKA injections was observed. Interestingly,
GFAP expression on the contralateral side remained constantly elevated after
and including 4 days post IHKA injections in certain hippocampal layers (S.

pyramidale, S. radiatum, SLM) but seemed to slightly recover over time in the
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Figure 2.13. Glial fibrillary acidic protein (GFAP) immunoreactivity in the
contralateral hippocampus after kainic acid-induced status epilepticus
(SE).

A. 10x images of GFAP (red), DAPI (blue), and merged immunoreactivity of the
contralateral hippocampus after saline injections (Saline control) and 1, 4, 7, and
30 days (d) post SE. B. Quantification of GFAP immunoreactivity in the various
layers of the hippocampus. * indicates p < 0.05, ** indicates p < 0.01, and ***
indicates p < 0.001 when compared to saline control. For each time point, 4
slices from each animal (n = 5) were used. Scale bar =200 ym. SO = stratum
oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stratum
lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus.
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Figure 2.14. Glial fibrillary acidic protein (GFAP) immunoreactivity in the
contralateral CA3 region of the hippocampus after kainic acid-induced
status epilepticus (SE).

A. 10x images of GFAP (red), (blue), and merged immunoreactivity of the
contralateral CA3 region of the hippocampus after saline injections (Saline
control) and 1, 4, 7, and 30 days (d) post SE. B. Quantification of GFAP
immunoreactivity in the various layers of CA3. * indicates p < 0.05, ** indicates p
< 0.01, and *** indicates p < 0.001 when compared to saline control. For each
time point, 4 slices from each animal (n = 5) were used. Scale bar = 200 pym.
remainder of hippocampal layers (although GFAP immunoreactivity was still
elevated to statistically significant levels compared to saline controls). Increased
GFAP immunoreactivity was also observed in the S. lucidum, S. pyramidale, and
S. oriens in the CA3 region of the hippocampus 4, 7, and 30 days post IHKA-

induced SE (Figure 2.14).

| next used Western blot and RT-PCR to investigate changes in GFAP
hippocampal protein and mRNA levels, respectively (Figure 2.15). A progressive
increase in GFAP protein levels in both the ipsilateral (Figure 2.15A-B) and
contralateral (Figure 2.15D-E) hippocampi were noted. Specifically, no changes
in GFAP protein expression were observed 1 day post SE, but a trend towards

increased protein was observed 4 days post SE with a significant and persistent
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increase at 7 and 30 days post SE. GFAP mRNA, on the other hand, showed a
significant increase in expression at 1 and 4 days post SE in the ipsilateral
hippocampus (Figure 2.15C) but only an increase at 1 day post SE in the

contralateral hippocampus (Figure 2.15F). Taken together, these results
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Figure 2.15 Hippocampal protein and mRNA quantification of glial fibrillary
acidic protein (GFAP) after kainic acid-induced status epilepticus (SE).

A. Representative Western blot of GFAP (red) and B-actin (green) protein from
the ipsilateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days (d)
after kainic acid-induced SE. B. Quantification of GFAP band intensities
normalized to B-actin at each time point in the ipsilateral hippocampus. C. Fold
change in GFAP mRNA levels in the ipsilateral hippocampal tissue from saline
controls (Sal) and in tissue collected 1, 4, 7, and 30 days (d) post SE. D.
Representative Western blot of GFAP (red) and 3-actin (green) protein from the
contralateral hippocampus from a saline control (Sal) and 1, 4, 7, and 30 days (d)
post SE. E. Quantification of contralateral GFAP protein normalized to 3-actin in
each group. F. Quantification of GFAP mRNA levels in the contralateral
hippocampus of saline controls (Sal) and various time points post SE. * indicates
p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001 when compared to
saline control and n = 5 for each time point.
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suggest that both GFAP mRNA and protein were significantly increased during

epileptogenesis in the IHKA model.

2.5 Discussion

The IHKA model of epilepsy is an excellent model of TLE. Our lab has shown
that 100% of mice that survived after SE went on to develop several
spontaneous seizures per day (Lee, Hsu et al. 2012). The survival rate for this
surgery was about 80%. In this model, | observed hippocampal sclerosis, the
most common pathological feature found in patients with TLE. Hippocampal
sclerosis has been found in 30-58% of temporal lobe cases in autopsy studies
(Margerison and Corsellis 1966; de Lanerolle, Kim et al. 2003; Binder and
Steinhauser 2006). Like others (Margerison and Corsellis 1966; Blimcke, Beck
et al. 1999; Clasadonte and Haydon 2012; de Lanerolle, Lee et al. 2012), |
observed dispersion of granule cell neurons, death of pyramidal neurons in CA1,
microgliosis, and astrogliosis. Furthermore, | observed glial cell changes in both
the ipsilateral and contralateral hippocampi to injection, suggesting that this
feature is not exclusive to hippocampal sclerosis. Finally, | demonstrated a
progressive increase in GFAP protein and transient increases in GFAP mRNA
during the development of epilepsy in both the ipsilateral and contralateral
hippocampus. Therefore, seizure activity propagated from the ipsilateral

(injected) hippocampus to the contralateral hippocampus and caused a subset of
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histopathological changes, including gliosis, but not granule cell dispersion or
CA1 pyramidal cell death. This study is unique in that it carefully examined
ipsilateral vs. contralateral effects of IHKA injections on the hippocampus
whereas many previous studies have not. Changes in other astrocyte-specific

molecules during the development of epilepsy will be discussed in later chapters.

In other studies, both astrogliosis and microgliosis has been observed in tissue
from epileptic patients (Najjar, Pearlman et al. 2011), including in the sclerotic
hippocampus of patients with TLE (Sheng, Boop et al. 1994; Beach, Woodhurst
et al. 1995; Crespel, Coubes et al. 2002; Aronica, Boer et al. 2007; Ravizza,
Gagliardi et al. 2008; Choi, Nordli et al. 2009; Zattoni, Mura et al. 2011) and in
focal cortical dysplasia (FCD) (Boer, Spliet et al. 2006; Choi, Nordli et al. 2009;
lyer, Zurolo et al. 2010), as well as in a number of animal models of epilepsy
(Ravizza, Rizzi et al. 2005; Somera-Molina, Robin et al. 2007; Ravizza, Gagliardi
et al. 2008; Abraham, Fox et al. 2012; Kaur, Patro et al. 2015). The release of
proinflammatory molecules from these reactive cells may alter interactions
between glial cells and neurons, particularly targeting astrocytes, which may lead
to seizure generation and spread (Aronica, Ravizza et al. 2012). In addition,
reactive astrocytes in the hippocampus of patients with mesial TLE
overexpressed NFkB-p65, a transcription factor known to activate the
transcription of numerous proinflammatory genes (Crespel, Coubes et al. 2002).

Therefore, gliosis and inflammation may be key components to epileptogenesis.
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Microgliosis has been observed in epilepsy patients with Rasmussen’s
encephalitis (Bauer, Elger et al. 2007; Wirenfeldt, Clare et al. 2009) and
hippocampal sclerosis (Blanc, Martinian et al. 2011). It has also been observed
in the kainic acid (Sharma, Jordan et al. 2008; Abraham, Fox et al. 2012),
pilocarpine (Estrada, Hernandez et al. 2012), and Theiler murine
encephalomyelitis virus (Loewen, Barker-Haliski et al. 2016) models of epilepsy,
but not in the corneal kindled mouse model (Loewen, Barker-Haliski et al. 2016).
Recently, it was shown that the ionotropic purinergic receptor P2X7 activation
mediated microglial activation and the release of interleukin 1 (IL-1B);
antagonism of this receptor reduced microglial activation (Henshall and Engel
2015). Therefore, the mechanism of microglial activation may involve both

neuroinflammation and purinergic signaling.

Significant increases in GFAP gene expression have been observed in both the
latent and chronic stages of epilepsy (Lukasiuk and Pitkdnen 2004). My findings
also match previous studies that demonstrated increased GFAP expression in
the electrical kindling (Torre, Lothman et al. 1993; Stringer 1996; Miyazaki,
Miyamoto et al. 2003), pentylenetetrazol (PTZ) (Torre, Lothman et al. 1993),
kainic acid (Bendotti, Guglielmetti et al. 2000; Lee, Hsu et al. 2012), pilocarpine
(Estrada, Hernandez et al. 2012), and frequent repetitive febrile seizures (FRFS)
(Yang, Li et al. 2009) models of epilepsy. Although astrogliosis in epilepsy is well

established, the mechanism of GFAP upregulation remains unknown. One study
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has suggested transcriptional activation of GFAP by the neuropeptide galanin
and calcitonin gene-related peptide (CGRP) in cultured astrocytes (Priller, Haas
et al. 1998). More recently, it was observed that IL-1B regulated cortical
reorganization of F-actin through Rho GTPase-Rho kinase pathway (John, Chen
et al. 2004). In a murine corticectomy model of CNS lesion, GFAP transcript
elevation immediately followed the early rise in IL-18 mRNA (Herx and Yong
2001). Interestingly, IL-1B knockout mice did not exhibit injury-induced
upregulation of GFAP mRNA and protein 2-3 days after injury, although GFAP
immunoreactivity was not different between wild-type and knockout mice by 5-7
days after lesion induction (Herx and Yong 2001). A recent study has shown that
mice with conditional deletion of B1-integrin developed widespread reactive
astrogliosis, spontaneous seizures and impaired glutamate uptake (Robel,
Buckingham et al. 2015). Whether astrogliosis itself contributes to

epileptogenesis, however, remains unclear.

In summary, | observed neuronal, microglial, and astrocytic changes in the IHKA
model of epilepsy. The IHKA model proved to be a reproducible, reliable, and
accurate model of the human epileptic condition and it presented with the
common pathological feature of hippocampal sclerosis. | focused on the
expression changes of the astrocyte marker GFAP and found increases in
immunoreactivity, protein, and mRNA levels during the development of epilepsy.

Although the exact mechanisms of gliosis are unknown, they likely involves
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neuroinflammatory molecules such as IL-1B. Future studies should focus on
elucidating the mechanism of gliosis so it can be targeted in novel

antiepileptogenic strategies.
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Chapter 3: Expression of aquaporin-4 in the mouse brain

This chapter was reproduced and modified, with permission, from: Hubbard, J.
A., Hsu, M. S., Seldin M.M., and Binder, D.K. (2015). "Expression of the
Astrocyte Water Channel Aquaporin-4 in the Mouse Brain." ASN Neuro 7(5). For
the Creative Commons license, please see the following link:

http://creativecommons.org/licenses/by/3.0/legalcode

3.1 Abstract

Aquaporin-4 (AQP4) is a bidirectional water channel that is found on astrocytes
throughout the CNS. Expression is particularly high around areas in contact with
cerebrospinal fluid (CSF), suggesting that AQP4 plays a role in fluid exchange
between the CSF compartments and the brain. Despite its significant role in the
brain, the overall spatial and region-specific distribution of AQP4 has yet to be
fully characterized. In this chapter, | used Western blotting and
immunohistochemical techniques to characterize AQP4 expression and
localization throughout the mouse brain. | observed AQP4 expression
throughout the forebrain, subcortical areas and brainstem. AQP4 protein levels
were highest in the cerebellum with lower expression in the cortex and
hippocampus. | found that AQP4 immunoreactivity was profuse on glial cells

bordering ventricles, blood vessels and subarachnoid space. Throughout the
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brain, AQP4 was expressed on astrocytic endfeet surrounding blood vessels but
was also heterogeneously expressed in brain tissue parenchyma and neuropil,
often with striking laminar specificity. In the cerebellum, | showed that AQP4
colocalized with the proteoglycan brevican, which is synthesized by and
expressed on cerebellar astrocytes. Despite the high abundance of AQP4 in the
cerebellum, its functional significance has yet to be investigated. Given the
known role of AQP4 in synaptic plasticity in the hippocampus, the widespread
and region-specific expression pattern of AQP4 suggests involvement not only in
fluid balance and ion homeostasis but also local synaptic plasticity and function

in distinct brain circuits.

3.2 Introduction

The aquaporins (AQPs) are a family of at least 13 molecular water channels that
are expressed throughout various mammalian tissues. A number of these
proteins have been found in the brain, including AQP1, AQP3, AQP4, AQP5,
AQP6, AQP8, AQP9 and AQP12 (Badaut, Fukuda et al. 2014). Aquaporin-4
(AQP4) is the main water channel in the neuropil of the CNS and is highly
polarized in expression (Nielsen, Nagelhus et al. 1997). It is primarily found on
astrocytes, particularly on the astrocytic end-feet surrounding capillaries and the
blood-brain barrier as well as the glia limitans (Nagelhus, Mathiisen et al. 2004;

Oshio, Binder et al. 2004; Costa, Tortosa et al. 2007). AQP4 is highly abundant
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at sites of fluid transport, including pial and ependymal surfaces in contact with
CSF, subarachnoid space, and the ventricular system (Nielsen, Nagelhus et al.
1997; Rash, Yasumura et al. 1998). Based on its location and expression, it was
hypothesized that AQP4 is involved in bidirectional fluid exchange between both
the blood and CSF compartments and the brain (Nagelhus, Mathiisen et al.

2004).

Studies using AQP4 null mice have helped elucidate the role of AQP4 in brain
function. Initially generated in 1997 using targeted gene distribution (Ma, Yang et
al. 1997), AQP4 knockout mice appear normal in phenotype, growth, tissue
morphology, neuromuscular function, blood brain barrier function, baseline
intracranial pressure (ICP), and intracranial compliance (Ma, Yang et al. 1997;
Manley, Fujimura et al. 2000; Papadopoulos, Manley et al. 2004). However,
these mice exhibited decreased astrocyte water permeability (Solenov,
Watanabe et al. 2004) and a mild urine concentrating deficit (Ma, Yang et al.
1997). The use of these knockout mice have revealed that AQP4 is involved in a
variety of brain functions including normal cognitive function (Skucas, Mathews et
al. 2011; Scharfman and Binder 2013), spatial memory (Zhang, Li et al. 2013), K*
buffering (Binder, Yao et al. 2006), astrocyte migration (Saadoun, Papadopoulos
et al. 2005), cell adhesion (Hiroaki, Tani et al. 2006), and regulation of brain

extracellular space (Binder, Papadopoulos et al. 2004).
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Abnormalities in water balance play a crucial role in the pathophysiology of
several neurological disorders, including cerebral edema, stroke, and epilepsy.
Due to impaired AQP4-dependent water clearance, AQP4 knockout mice had
higher ICP and accelerated neurological deterioration in a model of vasogenic
edema compared to wild type mice (Papadopoulos, Manley et al. 2004).
Interestingly, AQP4-deficient mice have increased survival and reduced swelling
in models of cytotoxic (cellular) edema (Manley, Fujimura et al. 2000). In the
rodent stroke model of transient occlusion of the middle cerebral artery, AQP4
immunoreactivity was rapidly reduced, primarily in regions with vascular damage
(Friedman, Schachtrup et al. 2009). However, AQP4 expression changes
depend on the model used; for example, in the rodent model of transient focal
brain ischemia, peaks of swelling and AQP4 expression, particularly the M1
isoform, were observed at 1- and 48-hours after ischemia (Ribeiro Mde, Hirt et al.
2006; Hirt, Ternon et al. 2009). In an animal model of temporal lobe epilepsy,
hippocampal AQP4 immunoreactivity was downregulated with partial recovery
over time (Lee, Hsu et al. 2012). In addition, AQP4 knockout mice exhibited
prolonged seizure duration and slowed K* kinetics, but increased seizure latency,
in response to hippocampal electrical stimulation (Binder, Yao et al. 2006).
Despite the clear functional significance of AQP4 in both the healthy and
diseased brain, AQP4 expression patterns in distinct brain areas have been

incompletely defined.
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Determining the overall spatial distribution of AQP4 throughout the brain could
enhance our understanding of the functional relationship between AQP4 and
specific regions in the brain. Thus far, the location and abundance of AQP4
protein in the brain has only been partially described and only in certain brain
areas (Nielsen, Nagelhus et al. 1997; Rash, Yasumura et al. 1998; Wen,
Nagelhus et al. 1999; Nagelhus, Mathiisen et al. 2004; Oshio, Binder et al. 2004;
Vitellaro-Zuccarello, Mazzetti et al. 2005; Costa, Tortosa et al. 2007; Hsu, Seldin
et al. 2011). Therefore, | developed sensitive and specific Western blotting and
immunohistochemical techniques to provide a comprehensive description of
AQP4 expression and localization throughout the entire mouse brain. | found
that highest AQP4 protein levels were found in the cerebellum while significantly
lower levels were in the cortex and hippocampus. Throughout the brain, AQP4
does not only display targeted expression on glial endfeet surrounding blood

vessels, but marked region-specific parenchymal expression was also observed.

3.3 Methods

3.3.1 Animals

All experiments were conducted in accordance with the guidelines set forth by
the National Institutes of Health and were approved by the University of

California, Riverside Institutional Animal Care and Use Committee (IACUC).
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Animals were housed under controlled conditions (12 hour light/12 hour dark)
and had access to food and water ad libitum. Six week old wild-type or AQP4

knockout mice on a CD1 background were used for all experiments.

3.3.2 Western blot

CD1 mice (n=5) were deeply anesthetized with an intraperitoneal injection of
sodium pentobarbital (200 mg/kg) and were transcardially perfused with ice-cold
phosphate-buffered saline (PBS) containing protease inhibitors (Roche). Brains
were quickly removed from the skull and the cerebral cortex, diencephalon,
hippocampus, cerebellum and brainstem were rapidly microdissected according
to the mouse brain atlas of Paxinos and Watson (Paxinos and Franklin 2001).
Tissue was mechanically homogenized in ice-cold radioimmunoprecipitation
assay (RIPA) buffer (Sigma) containing a protease inhibitor cocktail (Roche)
using a glass dounce tissue grinder (Wheaton). Lysates were centrifuged at
10,0009 for 5 minutes and the supernatant extracted. Protein concentrations
were determined using Bio-Rad BSA detection system and Bio-Tek plate reader.
Briefly, 15 ug of protein were electrophoresed through a 12% SDS-PAGE gel
with 0.2% SDS with 8M urea. Samples were then transferred to a nitrocellulose
membrane and incubated overnight in a 5% milk in tris-buffered saline with
Tween (TBST) blocking solution with rabbit anti-AQP4 (1:1,000; EMD Millipore

AB3594 and ABN411) and mouse anti-B-actin (1:5,000, Calbiochem). Specificity
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of Millipore anti-AQP4 AB3594 antibody was determined previously with the use
of AQP4 knockout mice (Binder, Yao et al. 2006) and specificity of Millipore anti-
AQP4 ABN411 is shown in the following chapter. The next day, membranes
were washed and incubated for two hours at room temperature with peroxidase-
conjugated goat anti-rabbit and goat anti-mouse secondary antibodies. After
several washes, membranes were visualized with ECL chemiluminescence
(Pierce) and captured on Hyblot film (Denville). Band intensities were
determined using densitometry (ImageJ) and AQP4 levels were normalized to 3-
actin. Statistical analysis was performed with GraphPad Prism 5 using a one-
way ANOVA with post-hoc Tukey pairs of columns comparison test. Statistical

significance was determined by a p-value < 0.05, 0.01 or 0.001.

3.3.3 Immunohistochemistry

Mice were euthanized with 200 mg/kg sodium pentobarbital and transcardially
perfused with ice-cold phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). Brains were then post-fixed overnight in 4% PFA
followed by cryoprotection in 30% sucrose in PBS, both at 4°C. Tissue was
frozen in dry ice-cold isopentane and stored at -80°C until sectioning. Tissue
was cut into either coronal (n=3 mice) or sagittal (n = 3 wild-type mice and n =3
AQP4 knockout mice) 50 um thick sections using a cryostat (Leica CM1950).

Two sections from every animal of each brain region examined were used, for a
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total of n = 6 slices per experiment. In addition, both hemispheres were imaged
in coronal slices. Sections were quenched in 3% peroxidase for one hour,
blocked with 5% normal goat serum (NGS) in PBS for one hour, and incubated
with rabbit anti-AQP4 (1:200; EMD Millipore) in 0.3% Triton-X-100 overnight at
4°C. The next day, sections were washed and incubated with HRP-conjugated
goat anti-rabbit and tyramide from a TSA kit (Molecular Probes/Invitrogen).
Slices were washed and mounted on frosted slides (Fisher) with Vectashield

(Vector laboratories).

Double immunofluorescence labeling of AQP4 with the cerebellar astrocyte
marker brevican was carried out using mouse anti-brevican (1:200, BD
Transduction Laboratories) overnight concurrently with rabbit anti-AQP4.
Following tyramide development the next day, sections were washed and
incubated with Alexa Fluor 594-conjugated anti-mouse 1gG (1:100, Invitrogen) for
two hours at room temperature. Sections were then washed and counterstained
with fluorescent Nissl dye for 10 minutes. After a final wash, sections were

mounted with Vectashield.

3.3.4 Confocal microscopy

Fluorescent images were obtained using a fluorescent microscope (BX-51,

Olympus) with the 10x objective. Confocal microscope images of various brain
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regions were generated using either the 63x objective and the Zeiss LSM 510
Meta or the 2x objective on the Olympus BX61. Image processing was done
using the LSM 510 imaging software (Zeiss) or Slidebook 4.2. Merged images

were created using Photoshop CS4 with the photomerge reposition feature.

34 Results

3.4.1 Differential expression of AQP4 in the mouse brain

Western blot analysis revealed an approximately 150 KDa monomeric band
representing AQP4 in the brain. To determine the relative expression levels of
AQP4 throughout the brain, protein was isolated from the cortex, diencephalon,
hippocampus, cerebellum, and brainstem, separated by SDS-PAGE and probed
for AQP4 (Figure 3.1A). Highest expression of AQP4 was found in the
cerebellum with a significantly lower amount of AQP4 protein in the
hippocampus, diencephalon, and cortex (Figure 3.1B). One-way ANOVA
demonstrated a significant difference between the amount of AQP4 protein in the
cerebellum compared to the cortex (p < 0.001), diencephalon (p < 0.001),
hippocampus (p < 0.001), and brainstem (p < 0.05). The brainstem
demonstrated significantly higher AQP4 levels than both the cortex and
hippocampus (p < 0.01), but not the diencephalon. No statistically significant

difference between the cortex, diencephalon, and hippocampus was observed.
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Figure 3.1. Western blot analysis of various brain regions.

A. Representative blot of AQP4 tetramers (~150 Kd, upper band) and B-actin
(~43-45 Kd, lower band) protein in the hippocampus, cortex, cerebellum,
brainstem, and diencephalon of the mouse brain. B. AQP4 band intensities
were scanned, quantified, and normalized to the corresponding 3-actin band
intensities within each brain region (n = 5). * indicates p < 0.05 and *** indicates
p < 0.001 when compared to the cerebellum. f indicates p < 0.05 and 17
indicates p < 0.01 relative to the brainstem.

3.4.2 AQP4 expression in the wild-type and knockout mouse brain

Consistent with the Western blot data, AQP4 immunoreactivity was highest in the

cerebellum and high in various regions of the brainstem relative to the levels
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seen in the hippocampus and throughout the cortex (Figure 3.2A). The
hypothalamus and thalamus exhibited AQP4 labeling similar to that of the
hippocampus and cortex. Most notably, AQP4 was uniformly distributed on
astrocytic end-feet surrounding capillaries throughout the entire brain and any
region associated with cerebrospinal fluid (CSF) including ependymal and glia
limitans. Expression was homogenous throughout the cortex but exhibited
heterogeneous sublayer-specific expression in other brain regions, such as the
hippocampus and cerebellum. AQP4 knockout mice exhibited no AQP4

immunoreactivity (Figure 3.2B).

3.4.3 AQP4 expression in the mouse forebrain

In the most rostral part of the brain, the olfactory bulb, AQP4 immunoreactivity
was richly expressed in the glomerular layer (Figure 3.3A). Both astrocytic
processes and end-feet surrounding the capillaries within the glomerular layer
densely expressed AQP4. Other layers of the olfactory bulb demonstrated much
less parenchymal AQP4 immunoreactivity, although AQP4 was homogenously

expressed around blood vessels throughout all layers of the olfactory bulb.

The medial olfactory area, the septal nuclei, receives several reciprocal
connections from various brain regions including the olfactory bulb and the

hippocampus. In the lateral septal nucleus, bush-like networks of AQP4

112



Figure 3.2. AQP4 immunoreactivity in the wild-type and AQP4 knockout
mouse whole brain.

2x confocal images from sagittal brain slices were merged together to form a
whole brain image of the mouse brain. A. AQP4 immunoreactivity in a sagittal
slice from a wild-type mouse brain. B. AQP4 immunoreactivity in an AQP4
knockout mouse.
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immunoreactivity were observed throughout, suggesting that astrocytic
processes were well labeled with AQP4 (Figure 3.3B). Similarly, AQP4 staining
was pronounced on the astrocyte processes within the thalamic nuclei, with rich
AQP4 stain found in particular within the reticular thalamic nucleus (Figure 3.3C),

a diencephalic GABAergic structure.

The habenula is a region of the brain that is reciprocally connected to the pineal
gland and is thought to play a role in behavioral choices and responses to pain,
stress, anxiety, sleep, and reward (Hikosaka 2010). In the medial habenula
(MH), by far the most intense AQP4 immunoreactivity was observed around the
ependymal cells lining the third ventricle with substantial immunoreactivity also
seen in the adjacent glial cell processes within the habenular nucleus (Figure
3.3D). Intense staining outlined the cells in the MH suggesting cell membrane

AQP4 expression.

The hippocampus exhibited laminar specific AQP4 immunoreactivity (Figure
3.3E) as previously observed (Hsu, Seldin et al. 2011). In the CA1 region, AQP4
was intensely stained across the hippocampal fissure and within the stratum
lacunosum moleculare (SLM). The dentate gyrus was largely absent of AQP4
staining with the exception of astrocytic end-feet and astrocytic processes that
protruded into this neuronal layer. The CA1 stratum radiatum and hilus of the

dentate gyrus both exhibited bush-like networks of AQP4 staining on astrocytes,
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Figure 3.3. AQP4 immunoreactivity within forebrain regions, 10x images.
A. Glomerular layer of the olfactory bulb (GL). B. Lateral septal nucleus (LS).
C. Reticular thalamic nucleus (RT). D. Medial habenula (MH). E. Stratum
lacunosum moleculare (SLM) of the hippocampus. F. Ventromedial
hypothalamus (VMH). Scale bar = 100 ym.
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although it was not as pronounced as that seen in the CA1 SLM. Of note, the
staining of blood vessels throughout the hippocampus was not laminar-specific

but, instead, was uniformly distributed throughout all layers.

Similar to what was observed in the medial habenula, AQP4 staining was intense
around the third ventricle and the glia limitans in the ventromedial hypothalamus
(Figure 3.3F). Throughout the hypothalamus, a structure central to
neuroendocrine function, AQP4 immunoreactivity was evident on astrocytic
processes and end-feet surrounding capillaries. This staining, however, was not

as prominent as the staining seen on glial cells lining the third ventricle.

3.4.4 AQP4 expression in the mouse brainstem

Within the midbrain regions, AQP4 expression was prominent in cells
surrounding ventricular and cisternal spaces (Figure 3.4). The substantia nigra
of the basal ganglia exhibits robust AQP4 expression among the astrocytic end-
feet surrounding the capillaries, astrocytic membranes and the branched
processes (Figure 3.4A). Of note, intense astrocytic AQP4 immunoreactivity is
seen throughout the substantia nigra pars reticulata (SNr). In the substantia
nigra pars compacta (SNc), AQP4 staining is not as intense, but it is still present
on both the capillaries and the astrocytic membranes and processes.

Interestingly, the substantia nigra is known to be involved in processes
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Figure 3.4. AQP4 immunoreactivity within the brainstem, 10x images.

A. Substantia nigra pars reticulata (SNr). B. Interpeduncular nucleus (IP). C.
Periaqueductal gray (PAG). D. Pons (PN). E. Lateral dorsal tegmental nucleus
(LDTg). F. Medial vestibular nucleus (MV) and nucleus prepositus (Pr). G.
Ventral cochlear nucleus (VC). H. Raphe magnus (RM). Scale bar = 100 pm.
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associated with movement, reward, addiction and degeneration of the SNc is a

hallmark of Parkinson’s disease.

Intense AQP4 immunoreactivity was found along the glial limiting membranes
lining the caudal edge of the interpeduncular nucleus (Figure 3.4B), an area
found at the base of the midbrain tegmentum that is associated with dopamine
release and the regulation of rapid eye movement (REM) sleep. Within this
region, homogenous AQP4 staining was found on astrocytes, with distinct
branch-like processes seen throughout. Compared to other regions of the
midbrain, fewer capillaries were observed in the interpeduncular nucleus,

determined by the relatively low abundance of AQP4-positive astrocytic end-feet.

AQP4 labeling was densely along the cerebral aqueduct within the
periaqueductal gray (Figure 3.4C), a brainstem region associated with pain
modulation. Along the aqueduct, astrocytic membranes, processes and end-feet
were all intensely labeled with AQP4. Lateral to that, AQP4-postive astrocytic
bush-like processes and blood vessels were present, however, they were less

prominent.

In the pons, intense AQP4 immunoreactivity was interspersed with patches of
little to no AQP4 immunoreactivity (Figure 3.4D). This streak-like staining, in

conjunction with the lack of capillaries, was unique to this region of the brain.

118



The appearance suggests dark nonstained white matter pathways known to
cross the pons and pockets of intense AQP4 immunoreactivity outlining cells
(likely pontine reticular formation nuclei). This is in contrast to the robust staining
seen in the lateral dorsal tegmental nucleus (LDTQ) (Figure 3.4E), a part of the
brain that, like the interpeduncular nucleus, is associated with the modulation of
REM sleep. In the LDTg, capillaries were prominent and branch-like processes

labeled with AQP4 were clearly present throughout.

Marked AQP4 staining in the hindbrain was seen along the ependymal surfaces
lining the fourth ventricle in the medial vestibular nucleus and nucleus prepositus
(Figure 3.4F), regions associated with eye movement and gaze holding,
respectively. The glia limitans coating the lateral edge of the ventral cochlear
nucleus (Figure 3.4G), closest to the flocculus, featured equally as prominent
AQP4 immunoreactivity. Striking AQP4 staining was seen throughout the
vestibular nucleus, but very little AQP4 stain was observed more medial to the
ventral cochlear nucleus. Along the raphe magnus, another region associated

with pain modulation, AQP4 is brightly stained (Figure 3.4H).

3.4.5 Cerebellar expression of AQP4

The unique architecture of the cerebellum makes AQP4 immunoreactivity look

distinct from any other brain region (Figure 5A). AQP4 immunoreactivity was rich
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in the granule cell layer and prominent surrounding the blood vessels within the
cerebellum. The Purkinje cell layer was nearly devoid of AQP4 staining except
for some astrocytic processes extending from the granule cell layer. The
molecular layer had abundant astrocytic AQP4 staining. In both the granule cell

and molecular layers, AQP4 was seen on astrocyte cell membranes and their

branched processes.

Figure 3.5. AQP4 and brevican immunoreactivity within the cerebellum.

A. Strong AQP4 signal is observed in the cerebellar granule cell layer (GCL)
(10x). Scale bar =100 um. B. Higher-power image of AQP4 (green), brevican
(red) and Nissl (blue) labeling in the cerebellum (63x). Example of a Purkinje cell
denoted with an asterisk (*). Scale bar =10 pym.

Brevican is a chondroitin sulfate proteoglycan that has previously been shown to
be synthesized by and expressed on cerebellar astrocytes (Yamada, Fredette et

al. 1997). Confocal triple-labeled immunohistochemistry for AQP4 (green),

brevican (red) and Nissl (blue) clearly demonstrated co-localization of AQP4 and
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brevican on cerebellar astrocytes (Figure 5B). Again, AQP4 was absent from

Purkinje cells, but was abundant throughout the granule cell layer.

3.5 Discussion

In this chapter, | used Western blotting and immunohistochemistry to elucidate
the expression pattern of AQP4 throughout the mouse brain. Prior studies have
demonstrated AQP4 expression in various regions of the brain (Nielsen,
Nagelhus et al. 1997; Rash, Yasumura et al. 1998; Wen, Nagelhus et al. 1999;
Frigeri, Nicchia et al. 2001; Nagy, Szekeres et al. 2002; Amiry-Moghaddam,
Otsuka et al. 2003; Amiry-Moghaddam, Frydenlund et al. 2004; Costa, Tortosa et
al. 2007; Hsu, Seldin et al. 2011) and spinal cord (Rash, Yasumura et al. 1998;
Oshio, Binder et al. 2004, Vitellaro-Zuccarello, Mazzetti et al. 2005), however,
this is the first comprehensive neuroanatomical study of AQP4 localization and
protein levels in the rodent brain. | also demonstrate marked expression and co-
localization of AQP4 with brevican, a proteoglycan found on the surface of

astrocytes in the cerebellum.

The expression pattern of AQP4 suggests a specialized role in mediating the
water movement between glial cells and cavities containing CSF and the
intravascular space. |, like others, have found highly polarized AQP4 expression,

with intense immunoreactivity on glia limitans boarding the subarachnoid space

121



and ventricles, subpopulations of ependymocytes, pia and perivascular glial end-
feet surrounding capillaries (Nielsen, Nagelhus et al. 1997; Amiry-Moghaddam,
Otsuka et al. 2003; Goren, Adorjan et al. 2006). Although AQP4 has been found
on ependymal cells (Badaut, Verbavatz et al. 2000), it was completely absent
from tanycytes, a class of ependymal cells found in the 3™ ventricle of the internal
median eminence that contact hypothalamic neurons and blood vessels (Badaut,
Lasbennes et al. 2002). AQP4 null mice lack the ability to properly maintain
water homeostasis and therefore are more prone to neurological decline in

vasogenic edema (Papadopoulos, Manley et al. 2004).

In previous studies, AQP4 immunoreactivity has been found close to blood
vessels and on astrocyte processes in the corpus callosum (Badaut, Verbavatz
et al. 2000; Badaut, Lasbennes et al. 2002; Badaut, Fukuda et al. 2014). AQP4,
like AQP9, has also been found on other white matter tracts such as the anterior
commissure and optic chiasm (Badaut, Lasbennes et al. 2002). AQP9 exhibited
a similar distribution to AQP4 and is thought to play a role in aiding AQP4
function. Both AQP4 and AQP9 have been found on astrocytic processes in
periventricular regions of parenchyma and in glia limitans bordering
subarachnoid space (Badaut, Lasbennes et al. 2002). More recently, however,
studies of AQ9 knockout mice revealed that in addition to astrocytes and
ependymal cells, AQP9 is also expressed on catecholaminergic neurons

(Mylonakou, Petersen et al. 2009; Badaut, Fukuda et al. 2014).
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| have demonstrated a region specific expression pattern of AQP4. Robust
staining was found on astrocytic membranes and processes in the lateral septal
nuclei, reticular thalamic nucleus, hippocampal fissure, and stratum lacunosum
moleculare layer of CA1, substantia nigra pars reticulata, interpeduncular
nucleus and throughout the granule cell layer of the cerebellum. Very little AQP4
immunoreactivity was found medial to the ventral cochlear nucleus and in
predominantly neuronal areas, such as the dentate granule cell layer of the

hippocampus and the Purkinje cell layer of the cerebellum.

The heterogeneous pattern of AQP4 expression throughout the brain suggests
various functional roles for AQP4 in addition to its role in water movement across
cell membranes. For example, | observed robust AQP4 staining in the ventral
cochlear nuclei. Previously, AQP4-null mice were found to have impaired
hearing (Li and Verkman 2001; Mhatre, Stern et al. 2002), which was interpreted
as suggesting a role for AQP4 in ion and water homeostasis in the inner ear.
However, our findings suggest that deficiency of AQP4 in the ventral cochlear
nuclei and/or central auditory pathways could also play a role. Similarly, in the
olfactory bulb, AQP4 expression was highest in the glomerular layer, the
characteristic multicellular synaptic unit of the olfactory bulb, which agrees with
previous findings (Sorbo, Moe et al. 2007). Interestingly, AQP4-null mice exhibit
impaired olfaction (Lu, Zhang et al. 2008), which was interpreted as a deficit in

the olfactory epithelium, but our results suggest that deficiency of AQP4 in the
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glomerular layer of the olfactory bulb may be responsible for this phenotype. The
septal nucleus is connected to both the olfactory bulb and the hippocampus, a
structure associated with learning and memory formation. Here | have shown
abundant AQP4 expression in the septal nuclei, hippocampus and glomerular
layer of the olfactory bulb. A correlation between AQP4 and olfactory learning
has not been shown, but would be interesting to explore. It is of interest that
AQP4 expression is particularly high in the thalamic reticular nucleus (TRN), a
structure hypothesized to be important in selective attention and other functions

related to consciousness (Crick 1984; Pinault 2004).

The hippocampus is a structure critical to cognitive function and long-term
memory formation. Our current findings agree with previous results suggesting
laminar-specific expression of AQP4 in the hippocampus, with highest levels of
AQP4 staining near the hippocampal fissure and in the stratum lacunosum
moleculare (Costa, Tortosa et al. 2007; Hsu, Seldin et al. 2011). Previous
studies have shown a role for AQP4 in synaptic plasticity. Specifically, AQP4-
deficient mice exhibit impaired long-term potentiation (LTP) and long-term
depression (LTD) without any change in basal transmission (Skucas, Mathews et
al. 2011; Scharfman and Binder 2013). Furthermore, marked AQP4
downregulation has been observed in an animal model of temporal lobe epilepsy
(Lee, Hsu et al. 2012) and AQP4-deficient mice have slowed K* kinetics and

increased seizure duration (Binder, Yao et al. 2006). It is well known that
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patients with temporal lobe epilepsy often exhibit cognitive deficits, particularly in
hippocampal-dependent tasks such as spatial memory (Bell, Lin et al. 2011;
Amlerova, Laczo et al. 2013; Brooks-Kayal, Bath et al. 2013; Chin and
Scharfman 2013). These data, together with recent findings that AQP4
modulates extracellular [K*] during synaptic stimulation in the hippocampus (Haj-

Yasein, Bugge et al. 2014), suggest that AQP4 is essential for synaptic plasticity.

The hypothalamic magnocellular neurosecretory system has been implicated in
both neuronal and glial plasticity (Hatton 1986). A previous study has
demonstrated that AQP4 staining is abundant in the rat magnocellular
hypothalamic nuclei (Badaut, Nehlig et al. 2000). In addition, high AQP4 mRNA
levels have been observed in thalamic and hypothalamic regions (Venero,
Vizuete et al. 1999). Future studies should examine subregions of the
hypothalamus that have distinct important roles in neuroendocrine regulation and
plasticity. The polysialylated embryonic form of neural cell adhesion molecule
(PSA-NCAM) has been shown to be required for the induction of synaptic
plasticity (Muller, Wang et al. 1996). It would be of interest to examine the
distribution of PSA-NCAM in hypothalamus subregions and its colocalization with

AQP4 to determine its role in plasticity.

The periaqueductal gray (PAG) plays a major role in pain and analgesia. | found

abundant levels of AQP4 expressed throughout this region. Mice lacking AQP4
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have increased pain thresholds to thermal and chemical stimulation, but not
mechanical stimulation (Bao, Chen et al. 2010). Further supporting a role for
AQP4 in pain modulation, Nesic et. al. (2005) found increased levels of AQP4
mMRNA and protein in rats exhibiting central neuropathic pain (Nesic, Lee et al.
2005). It would be interesting for future studies to further explore the role of
AQP4 in brain regions associated with pain modulation, such as the
periaqueductal gray or the raphe magnus, in which AQP4 immunoreactivity is

also prominent.

Similar to AQP4, AQP1 has also been implicated in pain perception. AQP1
knockout mice exhibited reduced thermal, inflammatory, chemical and cold pain
perception, but did not differ in response to mechanical stimuli (Oshio, Watanabe
et al. 2006; Zhang and Verkman 2010). Although AQP1 has been considered
the major water transport protein of the choroid plexus and is thought to play a
role in the secretion of CSF (Bondy, Chin et al. 1993; Nielsen, Smith et al. 1993;
Hasegawa, Lian et al. 1994; Badaut, Lasbennes et al. 2002; Oshio, Song et al.
2003; Longatti, Basaldella et al. 2004; Oshio, Watanabe et al. 2005; Fukuda, Pop
et al. 2012), it was also been found on dorsal root ganglion (DRG) neurons
(Zhang and Verkman 2010; Zhang and Verkman 2015). Recent studies have
implicated AQP1 in DRG axonal growth and regeneration as well as osmotic
water permeability in isolated DRG neurons (Zhang and Verkman 2010; Zhang

and Verkman 2015).
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Several anatomical regions of the brain are associated with reward and addiction
pathways, including the ventral tegmental area (VTA), medial prefrontal cortex,
hippocampus, ventral striatum (including the nucleus accumbens) and the
amygdala (Luthi and Luscher 2014). Projections connecting these various brain
regions are dopaminergic in nature. Previous studies have shown that dopamine
can decrease AQP4 water permeability (Zelenina, Zelenin et al. 2002) and AQP4
protein expression (Kuppers, Gleiser et al. 2008). It has also been shown that
AQP4 deficiency can increase K*-stimulated release of striatal dopamine (Ding,
Sha et al. 2007). Recent studies have shown that AQP4-deficient mice have
attenuated morphine tolerance, inhibited development of morphine physical
dependence and impaired morphine analgesia (Wu, Lu et al. 2008; Chen, Bao et
al. 2010). In addition, chronic treatment with morphine decreased spinal AQP4
expression in a rodent model (Chen, Bao et al. 2010). An interesting study
examining cocaine-induced locomotion found that AQP4 knockout mice exhibited
attenuated locomotor activity in response to cocaine stimulation (Li, Gao et al.
2006). Of note, whereas the VTA is associated with reward and addiction, the
substantia nigra of the midbrain, which exhibits robust AQP4 immunoreactivity
and utilizes dopamine, is associated with movement as well as reward and
addiction. These studies, taken together, suggest the involvement of AQP4 in

addictive behavior.
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Of all brain regions, AQP4 was most abundantly expressed in the cerebellum,
which is associated with motor control and motor learning (Therrien and Bastian
2015). | have shown intense AQP4 immunoreactivity throughout the cerebellum;
however, very little is known about the relationship between cerebellar AQP4 and
motor control. Given the findings in the hippocampus that AQP4-deficient mice
exhibit impaired synaptic plasticity (Skucas, Mathews et al. 2011; Scharfman and
Binder 2013), it would be interesting to analyze the physiology of cerebellar
slices from AQP4-deficient mice for alterations in cerebellar synaptic plasticity
(e.g. cerebellar LTD), and more generally to assess AQP4-deficient mice for

deficits in cerebellar learning paradigms.

Brevican, an extracellular matrix proteoglycan, is synthesized by astrocytes and
retained on their surface throughout the adult rodent brain, but its highest level of
expression and spatial organization is within the cerebellar cortex (Yamada,
Fredette et al. 1997). Brevican has been shown to parallel the gliotic response in
CNS injury, suggesting a role of brevican in reactive gliosis (Jaworski, Kelly et al.
1999; Thon, Haas et al. 2000). | demonstrated co-localization of brevican and
AQP4 in the cerebellum. Together with other studies demonstrating co-
localization of AQP4 and astrocyte markers (GFAP, S-1008) (Hsu, Seldin et al.
2011), our current data clearly indicate cell-type specificity of AQP4 expression in

astrocytes.
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It is well known that AQP4 is tethered to the membrane by a-syntrophin, a
component of the dystrophin protein complex. Mice deficient in a-syntrophin
exhibited reversed polarized subcellular localization of AQP4, with reduced
expression on perivascular astrocytic endfeet membranes and increased levels
on membranes facing the neuropil (Neely, Amiry-Moghaddam et al. 2001; Amiry-
Moghaddam, Xue et al. 2004). Dystrophin-independent pools of AQP4 have
been found in the granular cell layer of the cerebellum, the subpial endfoot layer,
and in ependymal cells (Nicchia, Rossi et al. 2008). In addition, AQP4 and a-
syntrophin frequently colocalized at astrocytic membranes, particularly at
perivascular astrocyte endfoot processes, suggesting a linkage between these
two molecules (Inoue, Wakayama et al. 2002; Masaki, Wakayama et al. 2010).
Complimentary to these findings, deletion of the dystroglycan gene resulted in a
reduction of AQP4 perivascular expression and a loss of the formation of
orthogonal arrays of particles (OAPs) (Noell, Wolburg-Buchholz et al. 2011). The
proteoglycan agrin has been implicated in the polarized distrubtion of AQP4,
specifically restricting OAPs to endfeet membranes (Warth, Kroger et al. 2004;
Noell, Fallier-Becker et al. 2007; Noell, Fallier-Becker et al. 2009). Studies of
agrin knockout mice have demonstrated that AQP4 expression was not altered,
but the formation of OAPs was decreased (Noell, Fallier-Becker et al. 2009).
More recently, a study involving endothelial-astrocyte co-cultures demonstrated
that application of agrin gave rise to a pronounced polarization and membrane

compartmentalization of AQP4 (Camassa, Lunde et al. 2015). Taken together,
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these data suggest that dystrophin and agrin proteins may be responsible for the

clustering of AQP4 around blood vessels.

In summary, AQP4 was densely expressed on astrocyte processes surrounding
blood vessels (astrocyte endfeet) and in regions of the brain associated with CSF
flow, including ventricles, subarachnoid space and ependymal cells. Regionally,
AQP4 protein expression was highest in the cerebellum where it was strongly
expressed on the dense astrocyte network throughout the granule cell layer.
Throughout the entire brain, AQP4 not only demonstrated region specificity but
also laminar specificity within individual structures, further supporting the
developing concept of astrocyte heterogeneity (Matyash and Kettenmann 2010;
Hoft, Griemsmann et al. 2014; Bayraktar, Fuentealba et al. 2015). Reduced
levels of AQP4 are associated with a number of functional defects, such as
impaired hearing and olfaction, and neurological disorders, including edema,
epilepsy and stroke. Thus, investigation of the local functional relationship
between AQP4 expression and specific anatomical regions and circuits could

offer new insight into the diverse roles of AQP4 in the brain.
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Chapter 4: Regulation of aquaporin-4 (AQP4) expression in a model of

epilepsy

Parts of this chapter were reproduced, with permission from Elsevier, from:
Hubbard, J.A., Szu, J.l., Yonan, J.M., Binder, D.K. (2016). “Regulation of
astrocyte glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4) expression in

a model of epilepsy. Exp Neurol, 283: 85-96. Copyright 2016.

4.1 Abstract

The aquaporins are a family of water channels that regulate water flow in and out
of a cell in response to changes in the osmotic gradient. Aquaporin-4 (AQP4) is
the most abundant water channel in the central nervous system and is found
exclusively on astrocytes. Therefore, astrocytes primarily regulate extracellular
water homeostasis through AQP4. Previous studies have demonstrated
increased seizure duration and frequency in AQP4 knockout mice. The
regulation of AQP4 in epilepsy, however, is not fully understood. In this chapter,
| investigated AQP4 expression changes in the intrahippocampal kainic acid
(IHKA) model of temporal lobe epilepsy (TLE). | used real-time polymerase
chain reaction (RT-PCR), Western blot, and immunohistochemical analysis at 1,
4, 7, and 30 days after IHKA-induced status epilepticus (SE) to determine

hippocampal AQP4 expression changes during the development of epilepsy
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(epileptogenesis). Following IHKA injections, AQP4 immunoreactivity and dorsal
hippocampal protein expression were significantly downregulated at 1 day post
SE and was followed by a gradual return to baseline levels. Interestingly, |
observed a significant increase in ipsilateral AQP4 protein levels at 30 days post
SE. Transient increases in AQP4 mRNA were also observed. My findings
suggest that AQP4 could serve as a novel therapeutic target to restore water

homeostasis in epilepsy.

4.2 Introduction

Epilepsy is a group of brain conditions characterized by the sporadic and
unpredictable occurrence of seizures. It is the fourth most common neurological
disorder and is estimated to affect 1 in 26 people in their lifetime (Hesdorffer,
Logroscino et al. 2011). The most common form of epilepsy is temporal lobe
epilepsy (TLE), which is characterized by seizures that originate in the temporal
lobe. Although there are antiepileptic drugs (AEDs) available to patients today,
there are at least two major drawbacks. First, current AEDs lead to several
adverse effects, including cognitive impairment (Aldenkamp, De Krom et al.
2003), increased risk of teratogenicity (Crawford 2005; Wlodarczyk, Palacios et
al. 2012), mood alterations, and suicidality (Perucca and Gilliam 2012). Second,
approximately 30% of patients taking AEDs become medically refractory

meaning they cannot control their seizures with medication alone. Current AEDs
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primarily target neuronal channels or receptors (Rogawski and Léscher 2004).
Since these AEDs often cause severe cognitive, developmental, and behavioral
side effects, non-neuronal targets for new AEDs has the potential to have fewer
deleterious effects. Recent evidence has suggested that in addition to the over-
excitation of neurons, changes in astrocytes contribute to epileptogenesis (Tian,
Azmi et al. 2005; Binder and Steinhauser 2006; Seifert, Schilling et al. 2006;
Seifert, Carmignoto et al. 2010; Clasadonte and Haydon 2012; Devinsky,
Vezzani et al. 2013; Hubbard, Hsu et al. 2013; Coulter and Steinhauser 2015;

Wilcox, Gee et al. 2015; Hubbard and Binder 2016).

Astrocytes are a crucial component of the tripartite synapse (Araque, Parpura et
al. 1999) and participate in synaptic transmission regulation (Volterra and
Meldolesi 2005; Halassa and Haydon 2010; Murphy-Royal, Dupuis et al. 2015; Al
Awabdh, Gupta-Agarwal et al. 2016), water and K* homeostasis (Binder, Yao et
al. 2006), and brain metabolic processes (Ransom and Ransom 2012). Striking
astrocytic changes, including altered protein expression, has been reported in
epileptic tissue (Steinhauser and Seifert 2002; Seifert, Schilling et al. 2006).
Direct astrocyte stimulation led to synchronization of neurons in epilepsy models
(Tian, Azmi et al. 2005). Furthermore, both water and potassium homeostasis
are dysregulated in patients and animal models of epilepsy (Binder and
Steinhauser 2006). Therefore, the modulation of fluid homeostasis in the brain

may affect seizure susceptibility.
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The aquaporins (AQPs) are a family of small, hydrophobic membrane water
channels that facilitate water transport in response to osmotic gradients (Agre,
King et al. 2002; Amiry-Moghaddam and Ottersen 2003; Verkman 2005; Binder,
Nagelhus et al. 2012). Aquaporin-4 (AQP4) is the main water channel in the
brain and spinal cord and is expressed by astrocytes, especially at specialized
membrane domains including astroglial endfeet in contact with blood vessels and
astrocyte membranes that ensheathe glutamatergic synapses (Nielsen,
Nagelhus et al. 1997; Rash, Yasumura et al. 1998; Nagelhus, Mathiisen et al.
2004). The creation of AQP4 knockout mice in 1997 (Ma, Yang et al. 1997)
helped elucidate the various functions of AQP4 in the brain, including potassium
buffering (Binder, Yao et al. 2006), modulation of extracellular space diffusion
(Binder, Papadopoulos et al. 2004), and even synaptic plasticity and memory
(Skucas, Mathews et al. 2011; Szu and Binder 2016). Mice deficient in AQP4
have increased seizure duration (Binder, Yao et al. 2006) and decreased AQP4
immunoreactivity has been reported during the early epileptogenic phase in
mouse models of epilepsy (Lee, Hsu et al. 2012; Alvestad, Hammer et al. 2013).
Although AQP4 has been implicated in epilepsy (Eid, Lee et al. 2005; Binder,
Yao et al. 2006; Binder, Nagelhus et al. 2012; Lee, Amini et al. 2012; Lee, Hsu et
al. 2012), the expression and regulation of AQP4 during epileptogenesis has not

been fully characterized.
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In this group of experiments, | used the IHKA mouse model of temporal lobe
epilepsy (Bouilleret, Ridoux et al. 1999; Riban, Bouilleret et al. 2002; Arabadzisz,
Antal et al. 2005) to characterize AQP4 regulation at various time points during
epileptogenesis. Specifically, | used RT-PCR, Western blot, and
immunohistochemical analysis to determine AQP4 expression changes in the
hippocampus. AQP4 dorsal hippocampal protein levels were downregulated at
early time points after SE and were upregulated ipsilaterally at 30 days post SE.
In addition, mRNA levels were transiently elevated at most time points examined.
Reversing the significant downregulation of this critical glial water channel during

the early epileptogenic period may serve as a novel therapeutic strategy.

4.3 Methods

4.3.1 Animals

All experiments were conducted in accordance with National Institutes of Health
guidelines and were approved by the University of California, Riverside
Institutional Animal Care and Use Committee (IACUC). Animals were housed
under a 12 hour light/12 hour dark cycle with food and water provided ad libitum.
7-8 week-old CD1 male mice from Charles River were used for these

experiments.
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4.3.2 Surgery

| used IHKA injections to induce epileptogenesis (Bouilleret, Ridoux et al. 1999;
Riban, Bouilleret et al. 2002; Arabadzisz, Antal et al. 2005). Briefly, mice were
anesthetized with an intraperitoneal injection of an 80mg/kg ketamine and 10
mg/kg xylazine mixture and mounted in a stereotaxic frame. The skull was
exposed with an incision and bregma was located. Using stereotaxic coordinates
of the hippocampus (Paxinos and Franklin 2001), a 0.6 mm burr hole was made
1.8 mm posterior and 1.6 mm lateral from bregma with a high-speed drill
(Drummond Scientific). Mice were injected with either 74 nL of a 20 mM solution
of kainic acid or an equal volume of 0.9% saline over a period of 4 minutes using
a microinjector (Nanoject, Drummond Scientific) into the right dorsal

hippocampus at the dorsoventral coordinate of 1.9 mm.

Animals were then monitored for behavioral seizures. All animals experienced
continuous (3 or more hours) Racine stage 3-5 seizures (Racine 1972),
described in Table 2.1. Animals that died due to SE were excluded from the
study. Otherwise, at each time point n = 5 animals were euthanized with fatal
plus (Western Medical Supply), perfused, and processed for each experiment,

unless otherwise specified.
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4.3.3 Immunohistochemistry

After mice were transcardially perfused with ice-cold phosphate buffered saline
(PBS, pH 7.4) followed by 4% paraformaldehyde (PFA), brains were quickly
removed and postfixed in 4% PFA overnight at 4°C. Next, brains were
cryoprotected in 30% sucrose in PBS at 4°C for two days. Brains were then flash
frozen and cut into 50 um coronal sections using a cryostat (Leica CM 1950,
Leica Microsytems) and slices were stored in PBS at 4°C. For each experiment,
slices were processed simultaneously. Slices were blocked for 1 hour with 5%
normal goat serum in PBS and then incubated with primary antibodies to AQP4
(1:200, Millipore AB3594) overnight at 4°C in 0.3% Triton X-100. After washing
slices with PBS, sections were incubated with a species-specific secondary
antibody conjugated with Alexa 488. Slices were mounted in Vectashield with
DAPI (Vector Laboratories) and 10x images were taken using a fluorescence

microscope (Zeiss Axio Observer Inverted Microscope).

4.3.4 Western blot analysis

Dorsal hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30
days post IHKA or intrahippocampal saline injections (n = 5 for saline controls
and all other time points). Harvested tissue was homogenized using the Bullet

Blender (Next Advance) in radioimmunoprecipitation assay buffer (Sigma)
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containing complete protease inhibitors (Roche). Protein concentrations were
assayed and protein was resolved by SDS-PAGE, 10% polyacrylamide, and
transferred to a nitrocellulose membrane. The membranes were then probed for
AQP4 (1:1,000, Millipore ABN411) and -actin (1:5,000, Sigma A1978) as an
internal control. Whole hippocampal tissue was microdissected, processed, and
probed for AQP4 (1:1,000, Millipore ABN411) while again using B-actin (1:5,000,
Sigma A1978) as an internal control. Bands were visualized and quantified using
the Li-COR Odyssey Fc Western Imaging System and protein levels were
normalized to internal B-actin levels. The upper (tetrameric) band for AQP4 is
shown, was determined to be specific (Figure 4.1), and therefore was used for

quantification.

4.3.5 Real-time polymerase chain reaction (RT-PCR) analysis

Dorsal hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30
days post IHKA or intrahippocampal saline injections. Harvested tissue was
homogenized in TRIzol using the Bullet Blender (Next Advance). RNA was
isolated using the Direct-Zol RNA mini prep kit (Zymo Research) and quantified
using a nanodrop (Thermo Scientific NanoDrop 2000c Spectrophotometer). Both
cDNA synthesis and RT-PCR were performed using the Bioline SensiFAST
SYBR NO-ROX Kit and the CFX-96 detection system (Bio-Rad). Primers for

AQP4 and 18s RNA (Table 4.1) were purchased from Integrated DNA
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Figure 4.1. Western blot analysis of aquaporin-4 (AQP4) antibodies using
wild-type and AQP4 knockout mouse tissue.

Western blots of AQP4 (red) and -actin (green) protein using hippocampal
tissue from CD1 wild-type (first three lanes) and AQP4 knockout (last 3 lanes)
mice. A. Western blot using the Millipore anti-AQP4 AB2218 antibody. AQP4
bands were observed in both wild-type and knockout tissue. Therefore, the
antibody was not used further in this study. B. Western blot using Millipore anti-
AQP4 ABN411 antibody. Bot monomeric and multimeric bands for AQP4 were
observed in the wild-type and knockout tissue and therefore were excluded from
analysis. The upper, tetrameric (~150 KDa) band was only found in the wild-type
tissue and was used exclusively for analysis in this study.
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Technologies. The reaction conditions were as follows: 1 cycle for 10 min at
45°C, 1 cycle for 2 min at 95°C, 40 cycles for 5s at 95°C, and 1 cycle for 20s at
60°C. Results were quantified using the differential CT method representing the
fold change in target gene expression. Both a no template control (NTC) and a
no reverse transcriptase (NRT) control were included in each assay to detect any

contamination or non-specific replication.

Target Gene Forward Primer Sequence Reverse Primer Sequence
AQP4 CTGGAGCCAGCATGAATCCAG TTCTTCTCTTCTCCACGGTCA
18s RNA CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG

Table 4.1. Primers used for RT-PCR experiments.
Primers are listed in the 5’ & 3’ direction.

4.3.6 Statistical analysis

Statistical analysis was performed using a one-way ANOVA with post-hoc
Bonferroni multiple comparisons test. All error bars are presented as the mean *
standard error of the mean (SEM). A comparison to saline control was considered

statistically significance by a p-value < 0.05, < 0.01 or < 0.001 and denoted with *,

*% *k%*

, or *** respectively. Any statistically significant differences between other time

points were not indicated for the purpose of clarity.
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4.4 Results

4.4.1 Decreased AQP4 immunoreactivity

Marked downregulation of AQP4 immunoreactivity in the contralateral
hippocampus has been previously demonstrated in the IHKA model (Lee, Hsu et
al. 2012). Specifically, AQP4 immunoreactivity was downregulated in all layers
of the hippocampus except the stratum oriens at 1 and 4 days post IHKA-induced
SE. AQP4 remained downregulated up to 30 days post SE with partial recovery
in the stratum pyramidale and stratum radiatum. | have demonstrated a similar
downregulation of AQP4 immunoreactivity in the ipsilateral hippocampus to IHKA
injections (Figure 4.2). An immediate downregulation of AQP4 immunoreactivity
was observed at 1 day post IHKA-induced SE in all layers of the hippocampus.

Over time, a recovery to at least baseline levels was observed.

4.4.2 Changes in aquaporin-4 (AQP4) expression

| next characterized AQP4 protein and mRNA expression changes using
Western blot and RT-PCR, respectively. | found a dramatic downregulation of
AQP4 protein 1 day and 4 days post SE in the ipsilateral dorsal hippocampus
(Figure 4.3A-B). AQP4 returned to nearly control protein levels by 7 days post

SE and significantly increased AQP4 protein levels were observed at 30 days
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7 d post SE 30 d post SE

Figure 4.2. Hippocampal aquaporin-4 (AQP4) immunoreactivity following
intrahippocampal kainic acid (IHKA)-induced status epilepticus (SE).

A significant reduction in AQP4 immunoreactivity was observed at 1 day (d) post
SE with a partial recovery over time (4, 7, and 30 days (d) post SE). One to two
slices from each animal (n = 3) were used. Scale bar =200 um.

post SE. In the contralateral dorsal hippocampus, AQP4 protein was
immediately downregulated by 1 day post SE (Figures 4.3D-E). This was

followed by a gradual return to control AQP4 levels. Increased levels of AQP4

mMRNA were observed 7 days post SE in both the ipsilateral (Figure 4.3C) and
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contralateral (Figure 4.3F) dorsal hippocampi. The highest level of AQP4 mRNA
expression, however, was observed 4 days post SE in the ipsilateral dorsal
hippocampus. Together, these results suggest that AQP4 regulation in the
dorsal hippocampus occurs both at the mRNA and protein level in the IHKA

model of epilepsy. Separate analysis of whole hippocampal AQP4 protein
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Figure 4.3. Dorsal hippocampal aquaporin-4 (AQP4) protein and mRNA
levels after kainic acid-induced status epilepticus (SE).

A. Representative Western blot of AQP4 (red) and B-actin (green) protein from
the ipsilateral hippocampus from a saline control (Sal) and 1, 4, 7, and 30 days
(d) post SE. B. Quantification of AQP4 band intensities normalized to B-actin at
each time point from the ipsilateral hippocampus. C. Fold change in AQP4
MRNA in the ipsilateral hippocampus from saline controls (Sal) and 1, 4, 7, and
30 days (d) post SE. D. Representative Western blot of AQP4 (red) and B-actin
(green) protein from the contralateral hippocampus in a saline control (Sal) and
1, 4, 7, and 30 days post kainic acid-induced SE. E. Quantification of AQP4
protein from the contralateral hippocampus normalized to B-actin in each group.
F. Quantification of AQP4 mRNA levels in the contralateral hippocampus in
tissue collected from saline controls (Sal) and at various time points post SE. *
indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001 when
compared to saline control and n = 5 for each time point.
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revealed no changes at any time point examined (Figure 4.4). AQP4 mRNA
levels, however, were significantly increased in both the ipsilateral and

contralateral hippocampi to injection at most time points examined (Figure 4.4).
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Figure 4.4. Aquaporin-4 (AQP4) protein and mRNA whole hippocampal
levels after kainic acid-induced status epilepticus (SE).

A. Representative Western blot of AQP4 (red) and B-actin (green) protein from
the ipsilateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days (d)
post kainic acid-induced SE. B. Quantification of AQP4 band intensities
normalized to B-actin in each group in the ipsilateral hippocampus. C. Fold
change in AQP4 mRNA in the ipsilateral hippocampus from saline controls (Sal)
and in tissue collected 1, 4, 7, and 30 days (d) post SE. D. Representative
Western blot of AQP4 (red) and B-actin (green) protein from the contralateral
hippocampus of a saline control (Sal) or 1, 4, 7, or 30 days (d) post kainic acid-
induced SE. E. Quantification of contralateral AQP4 protein normalized to 3-
actin in each group. F. Quantification of AQP4 mRNA levels in the contralateral
hippocampus in the saline controls (Sal) and various time points post SE. *
indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001 when
compared to saline control and n = 5 for each time point.
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4.5 Discussion

In this study, | used RT-PCR, Western blot, and immunohistochemistry to
examine changes in AQP4 at various time points post SE in the IHKA model of
epilepsy. First, | found an immediate downregulation of AQP4 immunoreactivity
with partial recovery over time. Second, | observed a parallel change in AQP4
dorsal hippocampal protein levels with increased AQP4 protein levels in the
ipsilateral hippocampus at 30 days post SE. Third, mMRNA was transiently
upregulated at various time points after kainic acid-induced SE. Importantly,
significant regulation of AQP4 expression was observed in both the hippocampi
ipsilateral and contralateral to IHKA injections. As discussed in Chapter 2, the
hippocampus ipsilateral to IHKA injections becomes sclerotic (neuronal
dispersion and cell death; gliosis) by 30 days post SE. Therefore, regulation of
AQP4 by seizure activity does not appear to require cell death/sclerosis. This
time course study is the first to examine mRNA, protein, and immunoreactivity
changes of AQP4 in a well-established model of TLE. These results support the
hypothesis that intense seizures regulate AQP4 expression and may lead to
astrocytic dysregulation of extracellular space, water, and potassium

homeostasis during epileptogenesis.

Increasing evidence suggests dysregulation of water and potassium plays a role

in epilepsy (Binder and Steinhauser 2006; Binder, Nagelhus et al. 2012).
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Expression and subcellular localization of AQP4 is altered in sclerotic human
hippocampi (Lee, Eid et al. 2004), with increased total AQP4 protein but a
reduction in perivascular membrane expression (Eid, Lee et al. 2005); this
suggests a dysregulation of AQP4 localization. AQP4 knockout mice have
significantly prolonged seizure duration associated with a deficit in extracellular
K* clearance (Binder, Yao et al. 2006; Strohschein, Huttmann et al. 2011; Haj-
Yasein, Bugge et al. 2015). These results together suggest a pro-epileptogenic
effect of AQP4 dysregulation (Dudek and Rogawski 2005; Wetherington, Serrano
et al. 2008; Binder, Nagelhus et al. 2012). In the current study, | found
decreased dorsal AQP4 protein levels in both the ipsilateral and contralateral
dorsal hippocampi 1 day post SE. These results closely align with previously
observed reductions in AQP4 immunoreactivity early after SE (Lee, Hsu et al.
2012). In the dorsal ipsilateral hippocampus, AQP4 protein levels remained
downregulated at 4 days post SE and were found to be upregulated in the
chronically epileptic brain (30 days post SE). The changes in AQP4 mRNA
levels may have been compensatory to restore AQP4 protein levels after the

significant drop in protein at early time points post SE.

Other results also suggest that AQP4 dysregulation may occur early during
epileptogenesis. Kim et al. studied regulation of various aquaporins in the rat
pilocarpine model of epilepsy (Kim, Ryu et al. 2009; Kim, Yeo et al. 2010). In

control animals, AQP4 immunoreactivity was detected diffusely in the piriform
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cortex and hippocampus, with greatest expression at astrocyte endfeet.
Following status epilepticus in this model the authors described an “AQP4-
deleted area” in the piriform cortex. However, EEG analysis for timing of
spontaneous seizure onset was not investigated. In a distinct model of
intraperitoneal kainic acid administration in rats, Alvestad et al. (2013) found
mislocalization of AQP4. In particular, using immunogold analysis these
investigators demonstrated that AQP4 was reduced in adluminal endfoot
membranes but was stable or slightly increased in abluminal endfoot membranes
(Alvestad, Hammer et al. 2013). This occurred in the early epileptogenic period
prior to the occurrence of spontaneous seizures. AQP4 regulation and
subcellular compartmentalization remains to be examined in other models of
epilepsy. In particular, distinct epilepsy models in which epileptogenesis occurs
in the absence of detectable cell death would prove useful in determining the

threshold for AQP4 regulation, such as the electrical kindling model.

Alterations in glial molecules during epileptogenesis may play a role in epilepsy-
associated cognitive dysfunction. For example, increasing evidence has
suggested an important role for AQP4 in the regulation of synaptic plasticity in
the hippocampus and amygdala (Szu and Binder 2016). AQP4-deficient mice
have been found to have marked deficits in synaptic plasticity, including deficits
in long-term potentiation and long-term depression, and impairment in location-

specific object memory (Skucas, Mathews et al. 2011). More recent studies from
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other groups have confirmed deficits in synaptic plasticity in AQP4-deficient mice
(Li, Wang et al. 2012; Fan, Liu et al. 2013; Yang, Li et al. 2013). In human
patients with mesial TLE, a correlation between IQ and AQP4 expression was
observed (Kandratavicius, Peixoto-Santos et al. 2015). Therefore, a
downregulation of AQP4 may lead not only to hyperexcitability but also to
broader deficits in synaptic plasticity and cognitive performance which are
important comorbidities in patients with epilepsy (Bell, Lin et al. 2011; Brooks-

Kayal, Bath et al. 2013).

In conclusion, | found significant changes in AQP4 expression levels during the
early epileptic period. Early disruption of astrocytic water and potassium
homeostasis could have powerful epileptogenic and cognitive effects. Increased
AQP4 expression observed in the ipsilateral (sclerotic) hippocampus at 30 days
post SE closely aligns with human tissue studies. Therefore, restoration of AQP4
levels after the initial reduction in the IHKA model may also be accompanied by
mislocalization of AQP4. Future studies should focus on elucidating the
mechanism of AQP4 dysregulation. In addition, methods to maintain steady
AQP4 expression may ameliorate hyperexcitability and provide a new astrocyte-

based antiepileptogenic strategy.
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Chapter 5: Regulation of glutamate transporter-1 (GLT1) expression in a

model of epilepsy

This chapter was modified and reproduced, with permission from Elsevier, from:
Hubbard, J.A., Szu, J.I., Yonan, J.M., Binder, D.K. (2016). “Regulation of
astrocyte glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4) expression in

a model of epilepsy. Exp Neurol, 283: 85-96. Copyright 2016.

5.1 Abstract

Prolonged elevations in extracellular glutamate can lead to neuronal cell death
and hyperexcitability. Glutamate transporter-1 (GLT1) is an astrocyte-specific
membrane protein that removes glutamate from the extracellular space in the
brain. Mice lacking GLT1 develop spontaneous lethal seizures whereas
transgenic overexpression of GLT1 in mice offers neuroprotection and anti-
seizure effects. The specific regulation of GLT1 in epilepsy, however, is not fully
understood. In this chapter, | determined GLT1 expression changes in the
intrahippocampal kainic acid (IHKA) model of temporal lobe epilepsy (TLE).
Specifically, | used real-time polymerase chain reaction (RT-PCR), Western blot,
and immunohistochemical analysis at 1, 4, 7, and 30 days after kainic acid-
induced status epilepticus (SE) to determine hippocampal GLT1 expression

changes during epileptogenesis. | observed a significant initial increase in dorsal
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hippocampal GLT1 immunoreactivity and protein levels 1 day post SE followed
by a marked downregulation at 4 and 7 days post SE with a return to near control
levels by 30 days post SE. Little changes in hippocampal GLT1 mRNA levels
were noted. The restoration of glutamate homeostasis by direct modulation of
astrocytic GLT1 protein levels could serve as a novel therapeutic strategy for the

prevention of seizures.

5.2 Introduction

Epilepsy, a group of seizure disorders, is a major public health concern estimated
to afflict 3.9% of the US population at some point in their lifetime (Hesdorffer,
Logroscino et al. 2011). TLE, the most common form of epilepsy, affects over 40
million people worldwide alone (de Lanerolle, Lee et al. 2012). Approximately
30% of patients taking antiepileptic drugs (AEDs), however, do not become
seizure-free with existing medications. Current AEDs primarily target neurons
and often cause severe cognitive, developmental, and behavioral side effects.
Thus, new drugs based on non-neuronal targets may offer an alternative
treatment method with fewer adverse effects. One potential target is astrocytes
because they are now known to contribute to the development of epilepsy

(Hubbard, Hsu et al. 2013; Hubbard and Binder 2016).
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Astrocytes were previously thought of as passive cells, but they are now known
to regulate ionic homeostasis, energy metabolism (Ransom and Ransom 2012),
the formation of synaptic networks (Ransom, Behar et al. 2003), and the
modulation of glutamatergic synaptic transmission (Volterra and Meldolesi 2005;
Halassa and Haydon 2010; Murphy-Royal, Dupuis et al. 2015; Al Awabdh,
Gupta-Agarwal et al. 2016). Striking changes in astrocytic shape and function
are observed in “reactive” cells (see Chapter 2). Based on not only
morphological alterations but also functional changes in expression of channels
and receptors, reactive astrocytes may contribute to increased neuronal

excitability (Binder and Steinhauser 2006; Hubbard, Hsu et al. 2013).

Extracellular glutamate levels determine the extent of neuronal excitability;
therefore it is crucial to maintain low glutamate levels in the extracellular space
(ECS). Glutamate transporters are responsible for removing glutamate from the
ECS. The most prominently expressed glutamate transporter in the mammalian
forebrain is GLT1 (Danbolt 2001), found almost exclusively on astrocytes,
although neuronal GLT1 has been reported (Chen, Mahadomrongkul et al. 2004;
Furness, Dehnes et al. 2008). Deletion (Tanaka, Watase et al. 1997) or
antisense oligonucleotide-mediated inhibition of synthesis (Rothstein, Dykes-
Hoberg et al. 1996) of GLT1 in rodents revealed that it is the major contributor to
extracellular glutamate clearance. Interestingly, deletion of astrocytic GLT1 led

to seizures whereas deletion of neuronal GLT1 reduced synaptosomal glutamate
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uptake by nearly 40% (Petr, Sun et al. 2015). GLT1-mediated glutamate removal
from the tripartite synapse is conducted in an activity-regulated manner, thereby
shaping synaptic transmission (Murphy-Royal, Dupuis et al. 2015). Furthermore,
homozygous mice deficient in GLT1 developed lethal spontaneous seizures
(Tanaka, Watase et al. 1997). Overexpression of GLT1, on the other hand,
attenuated epileptogenesis and reduced seizure frequency in transgenic mice
(Kong, Takahashi et al. 2012). It is widely accepted that delayed glutamate
clearance from the ECS is implicated in seizures (During and Spencer 1993;
Glass and Dragunow 1995; Tanaka, Watase et al. 1997; Campbell and Hablitz
2004; Hubbard, Hsu et al. 2013), but whether changes in GLT1 expression or

function underlie the development of epilepsy is unknown.

Here, | used the well-established IHKA mouse model of TLE (Bouilleret, Ridoux
et al. 1999; Riban, Bouilleret et al. 2002; Arabadzisz, Antal et al. 2005) to fully
examine GLT1 regulation during epileptogenesis. | used real-time polymerase
chain reaction (RT-PCR), Western blot, and immunohistochemical analysis at 1,
4, 7, and 30 days after IHKA-induced SE to determine hippocampal GLT1
expression changes during epileptogenesis. | found a significant initial increase
in dorsal hippocampal GLT1 immunoreactivity and protein levels 1 day post SE
and a significant downregulation as early as 4 days post SE. Little change in

GLT1 mRNA however, was observed. These results indicate significant
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translational or post-translational modulation of this critical glial transporter during

the early epileptogenic period in this model.

5.3 Methods

5.3.1 Animals

All experiments were conducted in accordance with National Institutes of Health
guidelines and were approved by the University of California, Riverside
Institutional Animal Care and Use Committee (IACUC). Animals were housed
under a 12 hour light/12 hour dark cycle with food and water provided ad libitum.
7-8 week-old CD1 male mice from Charles River were used for these

experiments.

5.3.2 Surgery

| used IHKA injections to induce SE (Bouilleret, Ridoux et al. 1999; Riban,
Bouilleret et al. 2002; Arabadzisz, Antal et al. 2005). Briefly, mice were
anesthetized with an intraperitoneal (i.p.) injection of a mixture of 80mg/kg
ketamine and 10 mg/kg xylazine and mounted in a stereotaxic frame. An incision
was made to expose and locate bregma. Using stereotaxic coordinates of the

hippocampus (Paxinos and Franklin 2001), a 0.6 mm burr hole was made 1.8
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mm posterior and 1.6 mm lateral from bregma with a high-speed drill (Drummond
Scientific). Mice were injected with either 74 nL of a 20 mM solution of kainic
acid or an equal volume of 0.9% saline over a period of 4 minutes using a
microinjector (Nanoject, Drummond Scientific) at the dorsoventral coordinate of
1.9 mm. After kainic acid injections, all mice experienced SE, defined by Racine
scale stage 3-5 seizures (Table 2.1, Racine 1972) continuously for at least 3
hours until they spontaneously subsided. At each time point n = 5 animals were
euthanized with fatal plus (Western Medical Supply), perfused, and processed for

each experiment, unless otherwise specified.

5.3.3 Immunohistochemistry

Mice were transcardially perfused with ice-cold PBS, pH 7.4, followed by 4%
paraformaldehyde, pH 7.4. Brains were quickly removed, postfixed in 4%
paraformaldehyde overnight at 4°C, and then cryoprotected in 30% sucrose in
PBS at 4°C for two days. Brains were frozen with ice-cold isopentane and stored
at -80°C until they were cut into 50 um coronal sections using a cryostat (Leica
CM 1950, Leica Microsytems, Bannockburn, IL). Slices were stored in PBS at
4°C and all slices were processed simultaneously. Endogenous peroxidase
activity was quenched by incubating slices in 3% H202for 1 hour at room
temperature. This was followed by a 1 hour blocking step with 5% normal goat

serum in 0.1 M PBS. Slices were then incubated with primary antibody to GLT1
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(1:3,000, AbCam AB41621) and GFAP (1:200, Millipore MAB360) in 0.3% Triton
X-100 overnight at 4°C. After washing slices with PBS, sections were incubated
with species-specific secondary antibody conjugated with Alexa 488 or Alexa 594
and a tyramide signaling amplification (TSA) kit (Molecular Probes/Invitrogen) for
visualization. Slices were mounted in Vectashield with DAPI (Vector
Laboratories) and 10x images were taken using a fluorescence microscope
(Leica DFC345 FX). Confocal 40x images were taken on the Leica SP5 inverted

microscope.

Brains were sliced and processed at 1, 4, 7, and 30 days post kainic acid-
induced SE. For controls, | initially determined that GLT1 immunoreactivity 1 day
after intrahippocampal saline injections was the same as in naive mice (n = 3,

Figure 5.1). Therefore, only intrahippocampal saline injected mice, and not naive

Naive Contralateral

Ipsilateral

Figure 5.1. Glutamate transporter-1 (GLT1) immunoreactivity in naive mice
and 1 day after intrahippocampal saline injections.

Representative 10x images of GLT1 immunoreactivity in the naive hippocampus
and the ipsilateral and contralateral hippocampi 1 day post intrahippocampal
saline injections. For each time point, 3 slices from each animal (n = 3) were
used. Scale bar =200 pm.
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mice, were used as controls for the remainder of the study. | next perfused mice
at1, 4, 7, and 30 days post saline injections (n = 3 for each time point). After it

was determined that GLT1 levels remained constant at all time points after saline
injections (Figure 5.2), | collected brains only at 7 days post saline injections (n =

5) as controls for the remainder of the experiments.

Quantification was performed on 10x fluorescent images of the hippocampus
(captured under identical settings) using the Leica Application Suite X Lite
software. As described in Chapter 2, a box delineating the region of interest
(ROI) was drawn while looking at the DAPI channel either around the whole
image of the hippocampus or at the center of each individual layer: stratum (S.)
oriens, S. pyramidale, S. radiatum, S. lacunosum moleculare (SLM), molecular
layer, granule cell layer (GCL), and hilus (Figure 2.4A). ROIs were drawn around
the S. lucidum, S. pyramidale, and S. oriens in the hippocampal CA3 region
(Figure 2.4B). The mean pixel (gray) value for each ROI was obtained for

analysis. For each time point | used 4 slices from each animal (n = 5).

5.3.4 Western blot analysis

Dorsal hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30
days post IHKA or saline injection (n=7 for 7 days post SE; n = 5 for saline

control and all other time points). Harvested tissue was homogenized using the
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Bullet Blender (Next Advance) in RIPA buffer (Sigma) containing complete
protease inhibitors (Roche). Protein concentrations were assayed and protein
was resolved by SDS-PAGE, 10% polyacrylamide, and transferred to a
nitrocellulose membrane. The membranes were then probed for GLT1 (1:5,000
of a C-terminal polyclonal antibody (Rothstein, Martin et al. 1994)) and B-actin
(1:5,000, Sigma A1978) as an internal control. Whole hippocampal tissue was
microdissected, processed, and probed for GLT1 (1:10,000, AbCam AB41621;
also confirmed with 1:5,000 of the C-terminal polyclonal antibody (Rothstein,
Martin et al. 1994)) while again using B-actin (1:5,000, Sigma A1978) as an
internal control. Bands were visualized and quantified using the Li-COR
Odyssey Fc Western Imaging System and protein levels were normalized to
internal B-actin levels. Both the upper and lower bands for GLT1 are shown but
only quantification of the lower band was included for simplicity. Similar results,

however, were observed when quantifying the upper band.

5.3.5 Real-time polymerase chain reaction (RT-PCR) analysis

Whole or dorsal hippocampus was microdissected from the mouse brain at 1, 4,
7, and 30 days post intrahippocampal kainic acid or saline injections. Harvested
tissue was homogenized using the Bullet Blender (Next Advance). RNA was
isolated using the Direct-Zol RNA mini prep kit (Zymo Research) and quantified

using a nanodrop (Thermo Scientific NanoDrop 2000c Spectrophotometer). Both

174



cDNA synthesis and RT-PCR were performed using the Bioline SensiFAST
SYBR NO-ROX Kit and the CFX-96 detection system (Bio-Rad). Primers for
GLT1 and 18s RNA (Table 5.1) were purchased from Integrated DNA
Technologies. The reaction conditions were as follows: 1 cycle for 10 min at
45°C, 1 cycle for 2 min at 95°C, 40 cycles for 5s at 95°C, and 1 cycle for 20s at
60°C. Results were quantified using the differential CT method representing the
fold change in target gene expression. Both a no template control (NTC) and a
no reverse transcriptase (NRT) control were included in each assay to detect any

contamination or non-specific replication.

Target
Gene
GLT1 CTGGTGCAAGCCTGTTTCC GCCTGTTCACCCATCTTCC
18s RNA | CTCAACACGGGAAACCTCAC | CGCTCCACCAACTAAGAACG

Forward Primer Sequence Reverse Primer Sequence

Table 5.1. Primers used for RT-PCR experiments.
All primers are listed in the 5° &> 3’ direction.

5.3.6 Statistical analysis

Statistical analysis was performed using a one-way ANOVA with post-hoc
Bonferroni multiple comparisons test. All error bars are presented as the mean +
standard error of the mean (SEM). A comparison to saline control was denoted
statistically significance by a p-value < 0.05, < 0.01 or < 0.001 and denoted with *,
** or ***, respectively. Any statistically significant differences between other time

points were not indicated for the purpose of clarity.
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5.4 Results

5.4.1 Alterations in glutamate transporter-1 (GLT1) immunoreactivity

GLT1 and DAPI immunoreactivity in the hippocampus were imaged after saline
injections (control) and at 1, 4, 7, and 30 days post kainic acid-induced SE
(Figures 5.3-5.8). Marked changes in GLT1 immunoreactivity were observed in
the ipsilateral hippocampus after IHKA injections (Figure 5.3). An initial increase
in GLT1 immunoreactivity was observed at 1 day post SE, which subsided by 4
days post SE, was followed by a significant downregulation at 7 days post SE,
and returned to near baseline levels by 30 days post SE. More specifically, a
significant increase in GLT1 immunoreactivity was observed in all layers of the
hippocampus at 1 day post SE (Figure 5.3B). By 4 days post SE, GLT1
immunoreactivity was persistently decreased in the primarily astrocytic layers (S.
radiatum, SLM, molecular layer) for the remainder of the time course study. In
the hilus, however, GLT1 immunoreactivity was downregulated at 4 and 7 days
post SE, but returned to baseline levels by 30 days post SE. The neuronal
layers, S. pyramidale and GCL, did not show any downregulation of GLT1
immunoreactivity. In fact, GLT1 levels were elevated at 4 days post SE in the S.
pyramidale layer and returned to saline control levels by 7 days post SE.
Although GLT1 immunoreactivity was no different from the saline control at 4 and

7 days post SE in the GCL, immunoreactivity was elevated at 30 days post SE.
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Figure 5.3. Glutamate transporter-1 (GLT1) immunoreactivity in the
ipsilateral hippocampus after kainic acid-induced status epilepticus (SE).
A. 10x images of GLT1 (green), DAPI (blue), and merged immunoreactivity of the
ipsilateral hippocampus after saline injections (Saline control) and 1, 4, 7, and 30
days (d) post SE. B. Quantification of GLT1 immunoreactivity in the various
layers of the hippocampus ipsilateral to kainic acid injections. * indicates p <
0.05, ** indicates p < 0.01, and *** indicates p < 0.001 when compared to saline
control. Scale bar =200 ym. SO = stratum oriens; SP = stratum pyramidale; SR
= stratum radiatum; SLM = stratum lacunosum moleculare; ML = molecular layer;
GCL = granule cell layer; H = hilus.
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This is likely due to reactive astrocytic processes protruding into the dispersed
GCL in the sclerotic hippocampus at this time point. Higher magnification (40x)
images of GLT1 and GFAP immunoreactivity in the ipsilateral hippocampus can
be seen in Figure 5.4. At 1 and 30 days post SE, GLT1 and GFAP are highly
colocalized. Notably, at 4 and 7 days post SE, many GLT1-negative/GFAP-

positive astrocytes are seen.

Downregulation of GLT1 immunoreactivity was observed at 7 days post SE and
returned to control levels by 30 days post SE in all layers analyzed in the CA3
region of the hippocampus ipsilateral to kainic acid injections (Figure 5.5). GLT1
immunoreactivity was upregulated in the S. pyramidale layer 1 day post SE. At 4
and 7 days post SE, GLT1 immunoreactivity was downregulated in the S.

lucidum in the ipsilateral hippocampus.

Similar changes in GLT1 immunoreactivity were observed in the contralateral
hippocampus (Figure 5.6). Throughout the hippocampal layers, GLT1 was
downregulated at 4 and 7 days post SE with the exception of the S. oriens at 4
days post SE (Figure 5.6B). A significant increase in GLT1 immunoreactivity 1
day post SE was only observed in the SLM and hilus of the contralateral
hippocampus. A persistent downregulation of GLT1 immunoreactivity out to 30
days post SE was only detected in the SLM. In the CAS3 region of the

hippocampus, GLT1 immunoreactivity was downregulated at 4 and 7 days post
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GLT1 GFAP Merged
Saline control

1d post SE

4 dpost SE

7 d post SE

30 d post SE

Figure 5.4. Confocal images of glutamate transporter-1 (GLT1) and glial
fibrillary acidic protein (GFAP) in the ipsilateral hippocampus after kainic
acid-induced status epilepticus (SE).

40x images of GLT1 (green), GFAP (red), and merged immunoreactivity of the
stratum radiatum (SR) and surrounding layers of the ipsilateral hippocampus
after saline injections (Saline control) and 1, 4, 7, and 30 days (d) post SE. Scale
bar = 50 ym. Images were taken under different exposure time settings to
maximize structural detail (see Figure 5.3 for quantitation by layer). SR = stratum
radiatum; SLM = stratum lacunosum moleculare; ML = molecular layer; GCL =
granule cell layer.
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Figure 5.5. Glutamate transporter-1 (GLT1) immunoreactivity in the
ipsilateral CA3 region of the hippocampus after kainic acid-induced status
epilepticus (SE).

A. 10x images of GLT1 (green), DAPI (blue), and merged immunoreactivity of
the ipsilateral CA3 region of the hippocampus after saline injections (Saline
control) and 1, 4, 7, and 30 days (d) post SE. B. Quantification of GLT1
immunoreactivity in the various layers of CA3. * indicates p < 0.05, ** indicates p
< 0.01, and *** indicates p < 0.001 when compared to saline control. Scale bar =
200 pm.

SE in all layers quantified (Figure 5.7). Thus, downregulation of
GLT1immunoreactivity was observed in both ipsilateral and contralateral
hippocampi at 4 and 7 days. Higher magnification images of GLT1
immunoreactivity in the contralateral hippocampus can be seen in Figure 5.8.
GLT1 and GFAP were highly colocalized in the saline control and 1 day post SE.
At 4 and 7 days post SE, many GLT-negative/ GFAP-positive astrocytes are

seen.
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Figure 5.6. Glutamate transporter-1 (GLT1) immunoreactivity in the
contralateral hippocampus after kainic acid-induced status epilepticus

(SE).

A. 10x images of GLT1 (green), DAPI (blue), and merged immunoreactivity of the
contralateral hippocampus after saline injections (Saline control) and 1, 4, 7, and
30 days (d) post SE. B. Quantification of GLT1 immunoreactivity in the various
layers of the hippocampus contralateral to kainic acid injections. * indicates p <
0.05, ** indicates p < 0.01, and *** indicates p < 0.001 when compared to saline
control. Scale bar = 200 ym. SO = stratum oriens; SP = stratum pyramidale; SR
= stratum radiatum; SLM = stratum lacunosum moleculare; ML = molecular layer;

GCL = granule cell layer; H = hilus.
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Figure 5.7. Glutamate transporter-1 (GLT1) immunoreactivity in the
contralateral CA3 region of the hippocampus after kainic acid-induced
status epilepticus (SE).

A. 10x images of GLT1 (green), DAPI (blue), and merged immunoreactivity of the
contralateral CA3 region of the hippocampus after saline injections (Saline
control) and 1, 4, 7, and 30 days (d) post SE. B. Quantification of GLT1
immunoreactivity in the various layers of CA3. ** indicates p < 0.01 when
compared to saline control. Scale bar = 200 ym.

5.4.2 Alterations in GLT1 protein expression

Western blot analysis revealed a significant increase in dorsal hippocampal
GLT1 protein levels at 1 day post SE followed by a significant downregulation of
GLT1 protein levels by 7 days post SE in the ipsilateral hippocampus compared
to the saline control (Figure 5.9A-B). In the contralateral dorsal hippocampus, a
significant downregulation of GLT1 protein was found at 4 and 7 days post SE
(Figures 5.9D-E). These results were consistent with the immunohistochemical
findings both in direction and time course. Quantitative RT-PCR analysis of
GLT1 mRNA revealed no changes in GLT1 mRNA levels in either the ipsilateral
(Figure 5.9C) or contralateral (Figure 5.9F) dorsal hippocampus with the

exception of an increase in GLT1 mRNA in the ipsilateral hippocampus 7 days
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1 d post SE ¢

7 d post SE

30 d post SE

Figure 5.8: Confocal images of glutamate transporter-1 (GLT1) and glial
fibrillary acidic protein (GFAP) in the contralateral hippocampus after
kainic acid-induced status epilepticus (SE).

40x images of GLT1 (green), GFAP (red), and merged immunoreactivity of the
stratum radiatum (SR) and surrounding layers of the contralateral hippocampus
after saline injections (Saline control) and 1, 4, 7, and 30 days (d) post SE. Scale
bar = 50 um. Images were taken under different exposure time settings to
maximize structural detail (see Figure 5.6 for quantitation by layer). SR = stratum
radiatum; SLM = stratum lacunosum moleculare; ML = molecular layer; GCL =
granule cell layer.
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Figure 5.9. Dorsal hippocampal glutamate transporter-1 (GLT1) protein and
mRNA levels after kainic acid-induced status epilepticus (SE).

A. Representative Western blot of GLT1 (red) and B-actin (green) protein from
the ipsilateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days (d)
post kainic acid-induced SE. B. Quantification of GLT1 lower band intensity
normalized to B-actin at each time point in the ipsilateral hippocampus. C. Fold
change in GLT1 mRNA in the ipsilateral hippocampus from tissue collected from
saline controls (Sal) and at 1, 4, 7, and 30 days (d) post kainic acid-induced SE.
D. Representative Western blot of GLT1 (red) and B-actin (green) protein from
the contralateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days
post SE. E. Quantification of contralateral hippocampal GLT1 lower protein
band normalized to B-actin in each group. F. Quantification of GLT1 mRNA
levels in the contralateral hippocampus from tissue collected from saline controls
(Sal) and at various time points post kainic acid-induced SE. * indicates p < 0.05
and ** indicates p < 0.01 when compared to saline control. For each time point,
n = 5 except protein for 7 days post SE (n=7).

post SE. Overall, these results indicate a strong regulation of GLT1 dorsal
hippocampal protein levels with an increase at 1 day and significant decreases at
4 and 7 days post SE in this model, with little accompanying change in GLT1

mMRNA levels. Separate analysis of whole hippocampal GLT1 protein and mRNA
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levels revealed no change in protein levels but small decrease in GLT1 mRNA in
the ipsilateral hippocampus 1 day post SE and an increase in GLT1 mRNA in the

contralateral hippocampus 7 days post SE (Figure 5.10).
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Figure 5.10. Glutamate transporter-1 (GLT1) protein and mRNA whole
hippocampal levels after kainic acid-induced status epilepticus (SE).

A. Representative Western blot of GLT1 (red) and B-actin (green) protein from
the ipsilateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days (d)
post kainic acid-induced SE. B. Quantification of GLT1 lower band intensity
normalized to B-actin at each time point in the ipsilateral hippocampus. C. Fold
change in GLT1 mRNA levels in the ipsilateral hippocampus of saline controls
(Sal) and in tissue collected 1, 4, 7, and 30 days (d) post kainic acid-induced SE.
D. Representative Western blot of GLT1 (red) and B-actin (green) protein from
the contralateral hippocampus in a saline control (Sal) and 1, 4, 7, and 30 days
post kainic acid-induced SE. E. Quantification of contralateral GLT1 lower band
intensity normalized to B-actin at each time point. F. Quantification of GLT1
mRNA levels in the contralateral hippocampus in saline controls (Sal) and
various time points after kainic acid-induced SE. * indicates p < 0.05 and **
indicates p < 0.01 when compared to saline control and n = 5 for each time point.
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5.5 Discussion

In this study, | used RT-PCR, Western blot, and immunohistochemistry to
examine changes in GLT1 expression at various time points post SE in the IHKA
model of epilepsy. | observed an upregulation of dorsal hippocampal GLT1
immunoreactivity and protein at 1 day post SE. This was followed by a
significant reduction in dorsal hippocampal GLT1 immunoreactivity and protein
expression at 4 and 7 days post SE, which returned to near control levels by 30
days post SE. GLT1 hippocampal mRNA levels, however, were rarely altered
during the time course of this study. Interestingly, | observed significant
regulation of GLT1 in both the contralateral and ipsilateral hippocampi to IHKA
injections, suggesting that only seizure spread, and not sclerosis, was sufficient
for GLT1 regulation. These results support the hypothesis that intense seizures
regulate GLT1 expression and may lead to a functionally relevant astrocytic

dysregulation of glutamate uptake during epileptogenesis.

It is well known that extracellular levels of glutamate are elevated during seizures
(During and Spencer 1993; Glass and Dragunow 1995; Tanaka, Watase et al.
1997; Campbell and Hablitz 2004; Hubbard, Hsu et al. 2013). Increased levels of
glutamate in the ECS are likely due either to increased glutamate release and/or

impaired reuptake. GLT1 is responsible for the majority of glutamate uptake from
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the ECS (Danbolt 2001) and therefore reduced levels of glutamate uptake by

GLT1 could powerfully contribute to hyperexcitability and seizure generation.

Human tissue data have revealed reduced GLT1 (human analog is called
excitatory amino acid transporter 2, EAATZ2) immunoreactivity in the sclerotic
hippocampus (Mathern, Mendoza et al. 1999; Proper, Hoogland et al. 2002; van
der Hel, Notenboom et al. 2005) and either no change (Mathern, Mendoza et al.
1999) or increased GLT1/EAAT2 expression in the non-sclerotic hippocampus
(Tessler, Danbolt et al. 1999; Eid, Thomas et al. 2004; Bjgrnsen, Eid et al. 2007).
The use of animal models, on the other hand, have demonstrated equivocal
results on the regulation of GLT1 expression in epilepsy. Downregulation
(Samuelsson, Kumlien et al. 2000; Ueda, Doi et al. 2001; Lopes, Soares et al.
2013; Sakurai, Kurokawa et al. 2015), upregulation (Simantov, Crispino et al.
1999), or no change (Miller, Levey et al. 1997) in GLT1 have all been reported in
a variety of epilepsy models. These differences, however, can be accounted for
by several factors, including mRNA vs. protein evaluation, distinct models used,
brain region examined, and time point(s) used in the study (e.g., latent or chronic
phase). For example, | demonstrated an initial increase in GLT1 expression that
subsided and subsequently became downregulated in the dorsal hippocampus.
This study is the first to examine both early and chronic time points, regional
specificity (dorsal vs. whole hippocampus and laminar analysis), and combine

immunoreactivity with Western blot and RT-PCR analysis.
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Recent studies have shown dynamic regulation of astrocyte GLT1. Sakurai et al.
(2015) demonstrated neuronal cell death was associated with a focal loss of
GLT1 immunoreactivity and stronger immunoreactivity for glutamate (Sakurai,
Kurokawa et al. 2015). In addition, GLT1 can be untethered from the membrane
at synapses after glutamate release and can undergo rapid, activity-regulated
surface diffusion between synaptic and non-synaptic sites to ensure effective
glutamate clearance (Murphy-Royal, Dupuis et al. 2015; Al Awabdh, Gupta-
Agarwal et al. 2016). Since GLT1 may be regulated by the intensity of neuronal
activity, its expression may vary during the course of epileptogenesis, as | have
shown here. Increased levels were found at 1 day post SE (after a long duration
of high intensity seizures) with decreased levels becoming apparent as early as 4
days post SE. The early reduction of GLT1 expression may lead to increased
extracellular glutamate levels that consequently contribute to hyperexcitability
and neuronal cell death. The loss of GLT1, therefore, could contribute to the
transition from a healthy brain to an epileptic one. Further studies will need to
characterize (i) mechanisms of regulation of GLT1 by seizures; (ii) subcellular
trafficking of GLT1; and (iii) posttranslational modification(s) of GLT1 in epilepsy.
Posttranslational modifications such as sumoylation (Foran, Rosenblum et al.
2014) and S-nitrosylation (Raju, Doulias et al. 2015) have been described that

may contribute to alterations in plasma membrane vs. cytosolic localization of
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GLT1. Subcellular trafficking of GLT1 would carry significant implications for the

efficacy of glutamate clearance and thus network hyperexcitability.

In conclusion, | demonstrated alterations in GLT1 during the early epileptogenic
period. Early disruption of glutamate homeostasis could have powerful
epileptogenic and cognitive effects. While there is some apparent partial
recovery of overall GLT1 expression at the longest time point studied (30 days),
the pattern of expression remains quite distinct. Future studies could examine
mechanisms of activity-regulated GLT1 in vitro and in vivo. In addition, if
normalization of GLT1 expression and function ameliorates hyperexcitability, this

could provide a new astrocyte-based antiepileptogenic strategy.
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Chapter 6: B-lactam antibiotics are an ineffective treatment option for
restoration of aquaporin-4 (AQP4) and glutamate transporter-1 (GLT1) in an

epilepsy model

6.1 Abstract

Astrocytes primarily regulate glutamate and water homeostasis through the
membrane proteins glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4),
respectively. GLT1 is responsible for over 90% of glutamate clearance from the
extracellular space and AQP4 regulates extracellular space volume and K*
distribution. Cell swelling and increased extracellular glutamate and K* levels
can lead to excitotoxicity and can be detrimental to the health of neurons in the
brain. For example, reduced expression of AQP4 and GLT1 have been reported
in the epileptic brain. Therefore, it is crucial to maintain levels of AQP4 and
GLTH1, but a therapeutic strategy to do so in a model of epilepsy has not been
established. Ceftriaxone, a B-lactam antibiotic, has been shown to increase
GLT1 in vivo. The effects of ceftriaxone on AQP4, however, have not been well
studied. Furthermore, the ability of other p-lactam drugs to increase AQP4 and
GLT1 expression has not been investigated. Therefore, | studied the effects of
the B-lactam antibiotics ceftriaxone, clavulanic acid, and tazobactam on
regulating AQP4 and GLT1 expression in wild-type mice. | then examined the

therapeutic potential of ceftriaxone and tazobactam on restoring GLT1 levels and
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ameliorating histological changes in the intrahippocampal kainic acid (IHKA)
model of temporal lobe epilepsy (TLE). | found that these drugs failed to alter
AQP4 or GLT1 expression in wild-type animals at doses that were previously
reported to be effective (Rothstein, Patel et al. 2005; Lee, Ruby et al. 2013).
Furthermore, ceftriaxone and tazobactam failed to increase GLT1, reduce
astrogliosis, and prevent morphological changes in the hippocampus after IHKA
injections in multiple, separate groups of experiments at a variety of doses.
Therefore, B-lactam antibiotics may not be a promising therapeutic option for the

prevention of epileptogenesis.

6.2 Introduction

Excitatory amino acid transporters (EAATSs) are a family of 5 membrane proteins
that are primarily responsible for the synaptic reuptake of glutamate. The rodent
homologs to EAAT1-5 are glutamate aspartate transporter (GLAST) glutamate
transporter-1 (GLT1), excitatory amino acid carrier-1 (EAAC1), EAAT4, and
EAATS, respectively. GLAST and GLT1 are predominantly expressed on
astrocytes whereas EAAC1, EAAT4, and EAATS are largely expressed by
neurons. At the tripartite synapse, GLT1 is responsible for the majority of
glutamate clearance from the extracellular space (Kim, Lee et al. 2011).
Interestingly, the cycle time of glutamate transport is relatively slow, but it was

hypothesized that the ability of GLT1 to efficiently remove glutamate from the
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extracellular space was due to its ability to quickly bind glutamate and its sheer
abundance (Danbolt 2001). More recently, however, it was discovered that
GLT1 can diffuse between synaptic and nonsynaptic sites in an activity-
dependent manner (Murphy-Royal, Dupuis et al. 2015; Al Awabdh, Gupta-
Agarwal et al. 2016). Since extracellular glutamate levels can determine the
extent of receptor stimulation, it is critical to maintain low glutamate levels to

prevent neurotoxicity.

GLT1 is downregulated in a variety of neurological diseases, including
amyotrophic lateral sclerosis (ALS) (Rothstein, Van Kammen et al. 1995),
Alzheimer’s disease (Li, Mallory et al. 1997), and epilepsy (Hubbard, Szu et al.
2016). Itis crucial to maintain GLT1 levels to prevent accumulation of glutamate
in the extracellular space. In 2005, it was discovered that ceftriaxone, a B-lactam
antibiotic, can increase GLT1 levels in vitro and in vivo (Rothstein, Patel et al.
2005). Since then, several other research groups have confirmed its
effectiveness (Chu, Lee et al. 2007; Miller, Dorner et al. 2008; Bellesi, Melone et
al. 2009; Lin, Tian et al. 2009; Sari, Smith et al. 2009; Nizzardo, Nardini et al.
2011; Rasmussen, Baron et al. 2011; Sari, Sakai et al. 2011; Inquimbert, Bartels
et al. 2012; Wei, Pan et al. 2012; Feng, Wang et al. 2014), although this remains
controversial (Melzer, Meuth et al. 2008; Thone-Reineke, Neumann et al. 2008;
Lai, Huang et al. 2011; Carbone, Duty et al. 2012; Cudkowicz, Titus et al. 2014).

Ceftriaxone and the B-lactam drugs clavulanic acid and tazobactam have been

200



shown to reduce seizure-like activity in an invertebrate model (Rawls, Karaca et
al. 2010), but their effects on hippocampal GLT1 restoration in a chronic model of
epilepsy have not been investigated. More recently, ceftriaxone has been used
to increase GLT1 levels in aquaporin-4 knockout mice (Li, Wang et al. 2012;

Yang, Li et al. 2013).

The aquaporins are a family of at least 13 water channels expressed throughout
a variety of mammalian tissues. The main water channel in the CNS is
aquaporin-4 (AQP4) and it is responsible for the bidirectional fluid exchange in
response to changes in the osmotic gradient. AQP4 is primarily found on
astrocytic end-feet surrounding capillaries, the blood-brain barrier, and glia
limitans (Nielsen, Nagelhus et al. 1997; Nagelhus, Mathiisen et al. 2004; Oshio,
Binder et al. 2004; Costa, Tortosa et al. 2007). Mice deficient in AQP4 (Ma,
Yang et al. 1997) have been used to determine several different functions of
AQP4 including K* buffering (Binder, Yao et al. 2006), synaptic plasticity
(Skucas, Mathews et al. 2011), and even addictive behavior (Ding, Sha et al.
2007; Wu, Lu et al. 2008; Chen, Bao et al. 2010). Furthermore, reduced levels of
AQP4 expression have been reported in several neurological disorders, including
a model of temporal lobe epilepsy (Lee, Hsu et al. 2012; Hubbard, Szu et al.
2016). The effects of ceftriaxone, clavulanic acid, and tazobactam on AQP4

expression, however, have not yet to be studied.
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In this group of experiments, | used Western blot and immunohistochemistry to
examine the effects of B-lactam drugs on GLT1 and AQP4 expression in wild-
type mice. | next tested the efficacy of various treatment paradigms involving
ceftriaxone and tazobactam in the IHKA model of TLE. In wild-type mice, two
weeks of treatment with 3-lactam drugs had no effect on AQP4 or GLT1
expression. Furthermore, GLT1 levels were not rescued after IHKA-induced
downregulation. No IHKA-induced astrogliosis or hippocampal morphological
changes were ameliorated by either ceftriaxone or tazobactam. Several different
treatment paradigms were tested. Therefore, B-lactam drugs may not be a

promising treatment option for patients with temporal lobe epilepsy.

6.3 Methods

6.3.1 Animals

All experiments were conducted in accordance with the guidelines set forth by
the National Institutes of Health and were approved by the University of
California, Riverside Institutional Animal Care and Use Committee (IACUC).
Animals were housed under controlled conditions (12 hour light/12 hour dark)
and had access to food and water ad libitum. Adult CD1 male mice were used

for all experiments.
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6.3.2 Drug Treatment

Ceftriaxone, clavulanic acid, or tazobactam (Table 6.1) were given to mice
through intraperitoneal (i.p.) injections. While ceftriaxone and clavulanic acid
were given at 200 mg/kg, tazobactam was given at 1/10'" the dose. Rothstein et
al. (2005) previously determined that i.p. injections of 200 mg/kg ceftriaxone per
day is both safe and effective (Rothstein, Patel et al. 2005). Clavulanic acid has
previously been demonstrated to be effective at a similar concentration to
ceftriaxone whereas a significantly lower amount of tazobactam (less than 1/10t"
the dosage) was required to have the same effect (Rawls, Karaca et al. 2010).
Equal volumes of saline (0.9%) were used for the control group. Treatment
lasted 1-2 weeks and was given to either wild-type mice (n = 3 for each
experimental condition) or during an intrahippocampal kainic acid (IHKA)

treatment paradigm (see Table 6.2).

Drug Name Daily dosage Company Catalog number

Ceftriaxone 200 mg/kg Sigma-Aldrich 1098184
Clavulanic acid 200 mg/kg Sigma-Aldrich 61177-45-5

Tazobactam 20 mg/kg LKT Laboratories, Inc. T0298

Table 6.1. B-lactam drug Information.
Daily dosage and purchasing information for ceftriaxone, clavulanic acid, and
tazobactam.
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6.3.3 Western blot

After 2 weeks of drug treatment, CD1 wild-type mice (n=3 for each experimental
group) were deeply anesthetized with an i.p. injection of sodium pentobarbital
(200 mg/kg) and were transcardially perfused with ice-cold PBS containing
protease inhibitors (Roche). Brains were quickly removed from the skull and
either the cortex or the hippocampus was rapidly microdissected according to the
mouse brain atlas of Paxinos and Watson (Paxinos and Franklin 2001). Tissue
was mechanically homogenized in ice-cold RIPA buffer (Sigma) containing
protease inhibitor cocktail (Roche) using a glass dounce tissue grinder
(Wheaton). Lysates were centrifuged at 10,0009 for 5 minutes and the
supernatant extracted. Protein concentrations were determined using Bio-Rad
BSA detection system and Bio-Tek plate reader. Protein was then
electrophoresed through a 12% SDS-PAGE gel and transferred to a
nitrocellulose membrane. The membranes were then incubated overnight in a
5% milk in tris-buffered saline with tween (TBST) blocking solution with
antibodies to either AQP4 (1:1,000; EMD Millipore) or GLT1 (1:5,000, AbCam)
and mouse anti--actin (1:5,000, Calbiochem). The next day, membranes with
cortex protein were washed and incubated for two hours at room temperature
with peroxidase-conjugated goat anti-rabbit and goat anti-mouse secondary
antibodies. They were then washed, and visualized with ECL

chemiluminescence (Pierce) and captured on Hyblot film (Denville). Membranes
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with hippocampal protein were washed and incubated with IRDye (Leica)
species-specific secondary antibodies. They were then washed and imaged
using the Li-COR Odyssey Infrared Western Imaging System. Band intensities
were determined using densitometry (Imaged or Li-COR software) and AQP4
and GLT1 levels were normalized to internal B-actin. Statistical analysis was
performed with GraphPad Prism 5 using a one-way ANOVA with post-hoc

Bonferroni pairs of columns comparison test.

6.3.4 Intrahippocampal kainic acid injections

Epileptogenesis was induced with IHKA injections (Bouilleret, Ridoux et al. 1999;
Riban, Bouilleret et al. 2002; Arabadzisz, Antal et al. 2005). Briefly, mice were
anesthetized with an i.p. injection of a mixture of 80mg/kg ketamine and 10
mg/kg xylazine and mounted in a stereotaxic frame. The skull was exposed and
stereotaxic coordinates (Paxinos and Franklin 2001) were used to drill a 0.6 mm
burr hole 1.8 mm posterior and 1.6 mm lateral from bregma with a high-speed
drill (Drummond Scientific). Mice were injected with either 74 nL (moderate;
amount used for all previous studies) or 110 nL (severe) of a 20 mM solution of
kainic acid over a period of 4 minutes using a microinjector (Nanoject,
Drummond Scientific) into the right dorsal hippocampus (dorsoventral coordinate
1.9 mm). After kainic acid injections, all mice experienced status epilepticus

(SE), defined by Racine scale stage 3-5 seizures (Table 2.1, Racine 1972)
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continuously for a period of 3 or more hours, which spontaneously subsided.
The survival rate was high (over 80%) for the “moderate” IHKA, but very low
(only ~30%) for the “severe” IHKA; animals that died due to SE were excluded

from the study.

Before and/or after IHKA injections, animals were treated with either tazobactam
or ceftriaxone (see treatment paradigms in Table 6.2). Treatment history was
blinded before IHKA injections. After completion of the treatment paradigms,
mice were euthanized with fatal plus (Western Medical Supply), perfused, and
processed for each experiment. For each different treatment group, n = 2 mice
were used. As a control, saline was used in place of 3-lactam drugs and
treatment length was matched. All tissue in each different paradigm was

processed in parallel with the i.p. saline-treated controls.

Treatment paradigm Description of treatment paradigm
Pre-treatment 7 days of drug treatment with the final day of
treatment done on same day as IHKA injections
Pre- and post- 7 days of drug treatment with the final “pre” day of
treatment treatment done on same day as IHKA injections; first

day of “post” treatment began 1 day after IHKA
injections; therefore, 14 consecutive days of
treatment total

Post-treatment 7 or 14 days of drug treatment with first day of
treatment done on same day as IHKA injections

Table 6.2. Treatment paradigms.
Explanation of ceftriaxone or tazobactam treatment paradigms used in this
chapter.
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6.3.5 Immunohistochemistry

Mice were transcardially perfused with ice-cold PBS, pH 7.4, followed by 4%
paraformaldehyde, pH 7.4. Brains were quickly removed and postfixed in 4%
paraformaldehyde overnight at 4°C followed by two days of cryoprotection in
30% sucrose in PBS at 4°C. Brains were frozen with ice-cold isopentane and
stored at -80°C until they were cut into 50 um coronal sections using a cryostat
(Leica CM 1950, Leica Microsytems, Bannockburn, IL). Slices were stored in
PBS at 4°C and all slices were processed simultaneously. Endogenous
peroxidase activity was quenched by incubating slices in 3% H202for 1 hour at
room temperature. This was followed by a 1 hour blocking step with 5% normal
goat serum in 0.1 M PBS. Slices were then incubated with primary antibody to
AQP4 (1:200, EMD Millipore), GLT1 (1:3,000, AbCam) and/or GFAP (1:200,
EMD Millipore) in 0.3% Triton X-100 overnight at 4°C. After washing slices with
PBS, sections were incubated with species-specific secondary antibody
conjugated with Alexa 488 or Alexa 594 and a tyramide signaling amplification
(TSA) kit (Molecular Probes/Invitrogen) for visualization. Slices were mounted in
Vectorshield with DAPI (Vector Laboratories) and 10x images were taken using a

fluorescence microscope (Leica DFC345 FX).
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6.4 Results

6.4.1 B-lactam drugs do not alter GLT1 expression in wild-type mice

| first wanted to determine the effects, if any, of ceftriaxone (200 mg/kg),
clavulanic acid (200 mg/kg), and tazobactam (20 mg/kg) on GLT1 expression in
wild-type mice. Mice were treated once a day for 14 days with i.p. injections of
the B-lactam drugs or with an equal volume of saline as a control. | found no
change in GLT1 cortex protein expression using Western blotting (n = 3, Figure

6.1). This was confirmed immunohistochemically (n = 3, Figure 6.2).

KDa Sal CFE CA TZB
150

GLT1 5.

2.0

1.5

1.04

50-

Actin

Normalized GLT1 expression

Figure 6.1. No change in wild-type glutamate transporter-1 (GLT1) cortical
protein levels after treatment with B-lactam drugs.

A. A representative Western blot image of GLT1 (upper bands) and B-actin
(lower band) cortical protein levels in CD1 wild-type male mice after being treated
once a day for 2 weeks with i.p. injections of either saline (0.9%), ceftriaxone
(CFE, 200 mg/kg), clavulanic acid (CA, 200 mg/kg), or tazobactam (TZB, 20
mg/kg). KDa = kilodaltons. B. Quantification of GLT1 cortical protein levels after
treatment with saline (control), ceftriaxone, clavulanic acid, or tazobactam. For
each treatment group, n = 3.
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Furthermore, no structural alterations or change in the staining pattern of GLT1

were noted.

Ceftriaxone

Clavulanic acid Tazobactam

Figure 6.2. No change in wild-type glutamate transporter-1 (GLT1) cortical
immunoreactivity after treatment with p-lactam drugs.

GLT1 immunoreactivity in the cortex of CD1 wild-type male mice after being
treated once a day for 2 weeks with i.p. injections of either saline (0.9%, upper
left), ceftriaxone (200 mg/kg, upper right), clavulanic acid (200 mg/kg, lower left),
or tazobactam (20 mg/kg, lower right). For each treatment group, 8-12 slices
were taken from each animal (n = 3). Scale bar = 100 ym.
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GLT1 is highly expressed in the hippocampus. Therefore, | then wanted to
determine whether B-lactam drugs would exhibit different effects on hippocampal
GLT1 expression. After 2 weeks of treatment, GLT1 hippocampal protein levels
(Figure 6.3) and immunoreactivity (Figure 6.4) were unaltered in the wild-type
mice. No alterations in GLT1 hippocampal staining patters were noticed.

Therefore, B-lactam drugs do not alter GLT1 protein expression in wild-type mice.

>
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Normalized GLT1 expression
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Figure 6.3. No change in wild-type glutamate transporter-1 (GLT1)
hippocampal protein levels after treatment with B-lactam drugs.

A. A representative Western blot image of GLT1 (upper red bands) and 3-actin
(lower green band) hippocampal protein levels in CD1 wild-type male mice after
being treated once a day for 2 weeks with i.p. injections of either saline (0.9%),
ceftriaxone (CFE, 200 mg/kg), clavulanic acid (CA, 200 mg/kg), or tazobactam
(TZB, 20 mg/kg). KDa = kilodaltons. B. Quantification of GLT1 hippocampal
protein levels after treatment with saline (control), ceftriaxone, clavulanic acid, or
tazobactam. For each treatment group, n = 3.
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Ceftriaxone

Clavulanic acid Tazobactam

Figure 6.4. No change in wild-type glutamate transporter-1 (GLT1)
hippocampal immunoreactivity after treatment with B-lactam drugs.

GLT1 immunoreactivity in the hippocampus of CD1 wild-type male mice after
being treated once a day for 2 weeks with i.p. injections of either saline (0.9%,
upper left), ceftriaxone (200 mg/kg, upper right), clavulanic acid (200 mg/kg,
lower left), or tazobactam (20 mg/kg, lower right). For each treatment group, 8-
12 slices were taken from each animal (n = 3). Scale bar = 100 pm.

6.4.2 p-lactam drugs do not alter AQP4 expression in wild-type mice

Next | investigated the effects of ceftriaxone (200 mg/kg), clavulanic acid (200

mg/kg), and tazobactam (20 mg/kg) on hippocampal and cortical AQP4 protein

expression. Wild-type CD1 male mice were treated once a day for 14 days with
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i.p. injections of each B-lactam drug or with equal volumes of saline as an internal
control. After this treatment, | found no changes in cortical AQP4 protein
expression (Figure 6.5). Similarly, AQP4 immunoreactivity and cortical

expression pattern remained unaltered after drug treatment (Figure 6.6).
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Figure 6.5. No change in wild-type aquaporin-4 (AQP4) cortical protein
levels after treatment with B-lactam drugs.

A. A representative Western blot image of AQP4 (upper band, ~60 KDa) and [3-
actin (lower band, ~42 KDa) cortical protein levels in CD1 wild-type male mice
after being treated once a day for 2 weeks with i.p. injections of either saline
(0.9%), ceftriaxone (CFE, 200 mg/kg), clavulanic acid (CA, 200 mg/kg), or
tazobactam (TZB, 20 mg/kg). KDa = kilodaltons. B. Quantification of AQP4
cortical protein levels after treatment with saline (control), ceftriaxone, clavulanic
acid, or tazobactam. For each treatment group, n = 3.

Due to the vastly different expression pattern of AQP4 in the cortex and
hippocampus (Hubbard, Hsu et al. 2015), | wanted to see whether the B-lactam
drugs would have a different effect on hippocampal AQP4 expression. | again

discovered no alteration in hippocampal AQP4 protein expression (Figure 6.7) or
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Ceftriaxone

Figure 6.6. No change in wild-type aquaporin-4 (AQP4) cortical
immunoreactivity after treatment with B-lactam drugs.

AQP4 immunoreactivity in the cortex of CD1 wild-type male mice after being
treated once a day for 2 weeks with i.p. injections of either saline (0.9%, upper
left), ceftriaxone (200 mg/kg, upper right), clavulanic acid (200 mg/kg, lower left),
or tazobactam (20 mg/kg, lower right). For each treatment group, 8-12 slices
were taken from each animal (n = 3). Scale bar = 100 ym.

immunoreactivity (Figure 6.8) after two weeks of treatment. Alterations in AQP4
expression by 3-lactam drugs were not apparent and not studied further in this

chapter.
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Figure 6.7. No change in wild-type aquaporin-4 (AQP4) hippocampal
protein levels after treatment with B-lactam drugs.

A. A representative Western blot image of AQP4 (upper band, ~60 KDa) and [3-
actin (lower band, ~42 KDa) hippocampal protein levels in CD1 wild-type male
mice after being treated once a day for 2 weeks with i.p. injections of either saline
(0.9%), ceftriaxone (CFE, 200 mg/kg), clavulanic acid (CA, 200 mg/kg), or
tazobactam (TZB, 20 mg/kg). KDa = kilodaltons. B. Quantification of AQP4

hippocampal protein levels after treatment with saline (control), ceftriaxone,
clavulanic acid, or tazobactam. For each treatment group, n = 3.

6.4.3 Tazobactam does not ameliorate histological changes in the IHKA

epilepsy model

It is possible that reductions in GLT1 levels are required for B-lactam antibiotics
to be able to rescue GLT1 expression. Therefore, | wanted to investigate the
effects of the B-lactam antibiotics in a disease model where GLT1 levels are
reduced. | studied only the effects of ceftriaxone and tazobactam (not clavulanic
acid, as it had a similar potency as ceftriaxone but was not as well established) in

the IHKA model of epilepsy.

| began with a severe model of epilepsy, where mice received an exceptionally

high dose of intrahippocampal kainic acid (110 nL of 20 mM kainic acid). All
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Saline Ceftriaxone

Clavulanic acid

Figure 6.8. No change in wild-type aquaporin-4 (AQP4) cortical
immunoreactivity after treatment with B-lactam drugs.

AQP4 immunoreactivity in the hippocampus of CD1 wild-type male mice after
being treated once a day for 2 weeks with i.p. injections of either saline (0.9%,
upper left), ceftriaxone (200 mg/kg, upper right), clavulanic acid (200 mg/kg,
lower left), or tazobactam (20 mg/kg, lower right). For each treatment group, 8-
12 slices were taken from each animal (n = 3). Scale bar = 100 pm.

mice experienced severe SE. Beginning immediately after IHKA injections, mice
received i.p. injections of either tazobactam (20 mg/kg) or saline every day for 7
days. Immunohistochemical analysis revealed that both GLT1 and GFAP
immunoreactivity remained unaltered in the ipsilateral hippocampus to injections

after 1 week of treatment (Figure 6.9). Instead, severely reduced levels of GLT1

and increased GFAP expression were observed, as commonly seen at this time
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point in the IHKA model (see Chapter 5). DAPI staining also revealed
morphological changes in the ipsilateral hippocampus at this time point. In the
contralateral hippocampus, GLT1 and GFAP levels also remained similar
between the saline-treated and tazobactam-treated animals (Figure 6.10). As
expected, no major morphological changes, were noted in the DAPI stain in the

contralateral hippocampus to IHKA injections in either treatment paradigm.

Next, | wanted to investigate the effects of tazobactam in the typical (moderate)
IHKA model where all mice receive the regular intrahippocampal dose of 74 nL of
kainic acid (20 mM). In addition, | tested 3 different treatment paradigms (Table
6.2): 1 week of pre-treatment with tazobactam; 1 week of post-treatment with
tazobactam; or 1 week of pre-treatment with tazobactam + 1 week of post-
treatment of tazobactam (14 days of tazobactam treatment total). In each
treatment paradigm, mice received daily i.p. injections of 20 mg/kg tazobactam.
Seven days after IHKA injections, all mice were sacrificed for tissue processing.
In the ipsilateral hippocampus to IHKA injections, no difference in GLT1 and
GFAP levels were observed between saline post-treated animals and
tazobactam-treated (pre-, post-, or pre- and post-treated) animals (Figure 6.11).
In all cases, a reduction in GLT1 immunoreactivity from that seen in naive mice
or after intrahippocampal saline levels (Chapter 5) was observed. This reduction,
however, was not as drastic as that seen in the severe IHKA model (Figure 6.9).

Therefore, GLT1 reduction is kainic acid-dose dependent. Similarly, DAPI
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Figure 6.11. Pre- and post-treatment with tazobactam failed to ameliorate
histological changes in the ipsilateral hippocampus in the
intrahippocampal kainic acid (IHKA) model of epilepsy.

Glutamate transporter-1 (GLT1), glial fibrillary acidic protein (GFAP), 4,6-
diamidino-2-phenylindole (DAPI), and merged immunoreactivity in the ipsilateral
hippocampus after intrahippocampal kainic acid (74 nL of 20 mM solution)
injections. All animals were perfused 7 days after IHKA injections. Saline:
immunoreactivity after 7 days of daily i.p. saline injections. Tazobactam pre-
treat: immunoreactivity after 7 days of daily i.p. tazobactam (20 mg/kg) injections
before IHKA injections. Tazobactam post-treat: immunoreactivity after 7 days of
daily i.p. tazobactam (20 mg/kg) injections after IHKA injections. Tazobactam
pre- and post-treat: 7 days of daily i.p. tazobactam injections followed by IHKA
injections and 7 more days of daily i.p. tazobatam injections (total of 14 days of
treatment). Scale bar = 200 uym.
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revealed only minor structural changes (slight dispersion of the granule cell layer)
compared to that seen in Figure 6.9 (striking reorganization of the hippocampus).
In the contralateral hippocampus to IHKA injections, marked reduction of GLT1
immunoreactivity was observed in all treatment paradigms (Figure 6.12).
Similarly, GFAP staining revealed astrocytic ramification in both the saline-
treated and tazobactam-treated mice. As expected, DAPI revealed no major
structural changes in the contralateral hippocampus after IHKA injections in any

treatment group.

Finally, | wanted to test the efficacy of a longer treatment paradigm of
tazobactam. Therefore, | treated animals with 20 mg/kg i.p. injections of
tazobactam for 14 days after IHKA injections (see “post-treatment” in Table 6.2).
Animals were sacrificed 14 days after IHKA injections for tissue processing.
Again, no difference in GLT1 or GFAP expression was observed between saline
post-treated or tazobactam post-treated animals after 2 weeks in either the
ipsilateral (Figure 6.13) or contralateral (Figure 6.14) hippocampus. While
structural changes were observed in the ipsilateral hippocampus (DAPI staining,
Figure 6.13), the hippocampus maintained laminar organization in the
contralateral hippocampus (DAPI, Figure 6.14). Taken together, these results
demonstrate that tazobactam does not provide neuroprotective effects in the

IHKA model of epilepsy.
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Figure 6.12. Pre- and post-treatment with tazobactam failed to ameliorate
histological changes in the contralateral hippocampus in the
intrahippocampal kainic acid (IHKA) model of epilepsy.

Glutamate transporter-1 (GLT1), glial fibrillary acidic protein (GFAP), 4,6-
diamidino-2-phenylindole (DAPI), and merged immunoreactivity in the
contralateral hippocampus after intrahippocampal kainic acid (74 nL of 20 mM
solution) injections. All animals were perfused 7 days after IHKA injections.
Saline: immunoreactivity after 7 days of daily i.p. saline injections. Tazobactam
pre-treat: immunoreactivity after 7 days of daily i.p. tazobactam (20 mg/kg)
injections before IHKA injections. Tazobactam post-treat: immunoreactivity after
7 days of daily i.p. tazobactam (20 mg/kg) injections after IHKA injections.
Tazobactam pre- and post-treat: 7 days of daily i.p. tazobactam injections
followed by IHKA injections and 7 more days of daily i.p. tazobatam injections
(total of 14 days of treatment). Scale bar = 200 uym.
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6.4.4 Ceftriaxone fails to ameliorate histological changes in the IHKA model of

epilepsy

Finally, | wanted to determine whether the well-established (-lactam drug,
ceftriaxone, could prevent the downregulation of GLT1 and/or offer protection
against histological changes in the IHKA model of epilepsy. All mice received
intrahippocamapal kainic acid (74 nL of 20 mM solution) injections. Mice then
received either 7 days of i.p. saline injections (control), 7 of pre-treatment with
ceftriaxone, or 7 days of post-treatment with ceftriaxone (Table 6.2). One week
after IHKA injections, all animals were sacrificed and tissue was processed. |
again found no alterations in GLT1 and GFAP immunoreactivity between the
saline- and ceftriaxone-treated groups in the ipsilateral hippocampus to IHKA
injections (Figure 6.15). Similar structural changes (slight dispersion of cells in
the granule cell layer) were noted in all 3 treatment paradigms. Likewise, no
differences were seen in the contralateral hippocampus to injections in any group
tested (Figure 6.16). Similar to what | have previously observed at this time point
(Chapter 2), no structural changes were seen in the contralateral hippocampus 7
days after IHKA injections. Therefore, ceftriaxone failed to restore GLT1

immunoreactivity or reduce GFAP reactivity in the IHKA model of epilepsy.
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6.5 Discussion

Here | have demonstrated a lack of effect of the B-lactam antibiotics ceftriaxone,
clavulanic acid, and tazobactam on AQP4 and GLT1 expression in wild-type
mice. GLT1 is a highly abundant protein that may represent about 1.3% of total
tissue protein in the hippocampus (Lehre and Danbolt 1998). One previous
study has demonstrated a lack of effect of ceftriaxone in wild-type mice but found
a rescue of GLT1 protein when it was downregulated in AQP4 knockout mice
(Yang, Li et al. 2013). Therefore, it is possible that the levels of GLT1 are at a
“ceiling high” and B-lactam drugs are ineffective at increasing its expression

unless expression levels are first reduced.

Thus far, only one study has reported that ceftriaxone can increase AQP4
expression (Lee, Ruby et al. 2013). Specifically, Lee et al. (2013) reported an
increase in AQP4 mRNA in the caudate-putamen and nucleus accumbens in
wild-type and equilibrative nucleoside transporter-1 (ENT1) knockout mice. They
also reported an increase in AQP4 protein in the caudate-putamen, but no
change in the nucleus accumbens (Lee, Ruby et al. 2013). The mechanism of
AQP4 regulation, however, has not been addressed. | have demonstrated a lack
of effect of ceftriaxone, clavulanic acid, or tazobactam on AQP4 expression in
altering AQP4 expression in the cortex and hippocampus of wild-type mice. The

discrepancy may lie in the genetic background of the mice (ENT1 knockout vs.
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wild-type) and the area of the brain (cortex and hippocampus vs. caudate-
putamen and nucleus accumbens) studied. Future studies should (1) determine
the effect of ceftriaxone, if any, on AQP4 in disease models; and (2) investigate

possible mechanisms of this effect.

Ceftriaxone has rescued GLT1 levels in models of ethanol withdrawal (Sari,
Sakai et al. 2011; Lee, Ruby et al. 2013; Qrunfleh, Alazizi et al. 2013; Sari,
Franklin et al. 2013; Sari, Sreemantula et al. 2013; Abulseoud, Camsari et al.
2014; Alhaddad, Das et al. 2014; Rao and Sari 2014; Sari, Toalston et al. 2016),
substance abuse (Sari, Smith et al. 2009; Fischer, Houston et al. 2013; Dodman,
Featherstone et al. 2015), ALS (Rothstein, Patel et al. 2005), visceral pain (Lin,
Tian et al. 2009; Ackerman, Jellison et al. 2015), neuropathic pain (Inquimbert,
Bartels et al. 2012), hypoxia (Jagadapillai, Mellen et al. 2014), ischemia (Chu,
Lee et al. 2007), Huntington’s disease (Miller, Dorner et al. 2008; Sari, Prieto et
al. 2010), prepulse inhibition of the acoustic startle reflex (Bellesi, Melone et al.
2009), subarachnoid hemorrhage (Feng, Wang et al. 2014), spinal muscular
atrophy (Nizzardo, Nardini et al. 2011), traumatic brain injury (Wei, Pan et al.
2012; Goodrich, Kabakov et al. 2013), thiamine deficiency (Jhala, Wang et al.
2011), and memory deficits in aquaporin-4 knockout mice (Li, Wang et al. 2012;
Yang, Li et al. 2013). Others have demonstrated therapeutic effects of
ceftriaxone, but did not investigate the levels of GLT1 in models of ischemic

cortical lesions (Kim and Jones 2013), neuropathic pain (Amin, Hajhashemi et al.
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2012; Hajhashemi, Hosseinzadeh et al. 2013), and seizures (Jelenkovic,
Jovanovic et al. 2008; Rawls, Karaca et al. 2010). Region-specific ceftriaxone-
induced increases in GLT1, with no effect in other areas of the brain, have also
been reported. For example, in a model of thiamine deficiency, ceftriaxone
increased GLT1 in the inferior colliculus but not the thalamus or frontal cortex
(Jhala, Wang et al. 2011). The therapeutic benefit of ceftriaxone, however, has
been debated. Several papers have shown that ceftriaxone does not increase
levels of GLT1 (Melzer, Meuth et al. 2008; Thone-Reineke, Neumann et al. 2008;
Lai, Huang et al. 2011; Carbone, Duty et al. 2012; Cudkowicz, Titus et al. 2014),
but may offer therapeutic benefits through other protective mechanisms. Clinical
studies of ceftriaxone for the treatment of ALS revealed that although ceftriaxone
was initially reported as tolerable and exhibiting linear pharmacokinetics (Berry,
Shefner et al. 2013), ceftriaxone failed to show any clinical efficacy and resulted
in adverse effects including gastrointestinal and hepatobiliary problems

(Cudkowicz, Titus et al. 2014).

The therapeutic benefit of increasing GLT1 expression in an epilepsy model has
been clearly demonstrated with transgenic mice (Kong, Takahashi et al. 2012).
Ceftriaxone has offered anticonvulsant effects against pentylenetetrazole-evoked
seizures (Jelenkovic, Jovanovic et al. 2008) and post-traumatic seizures
(Goodrich, Kabakov et al. 2013), but has never been investigated in a chronic

temporal lobe epilepsy model. All 3 B-lactam drugs tested in this chapter
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(ceftriaxone, clavulanic acid, and tazobactam) displayed anti-seizure properties
in an invertebrate seizure-like model (Rawls, Karaca et al. 2010). The effects of
these B-lactam drugs on hippocampal GLT1 expression in an epilepsy model,
however, have never been investigated. | have demonstrated for the first time
that B-lactam drugs do not increase hippocampal GLT1 immunoreactivity in the
IHKA model of TLE through the use of multiple treatment paradigms including
pre-treatment, post-treatment, combined pre- and post-treatment, and varied
treatment lengths using dosages that were previously reported to be effective in

other models.

In this chapter, | determined that ceftriaxone may be an ineffective treatment for
epileptogenesis. | have also demonstrated that GLT1 mRNA is largely
unaffected in the IHKA model of epilepsy (Chapter 5; Hubbard, Szu et al. 2016),
suggesting that GLT1 is downregulated at the post-transcriptional level. The
proposed mechanism of action of ceftriaxone is increasing GLT1 mRNA through
the nuclear factor-kB (NF-kB) pathway (Lee, Su et al. 2008). Therefore, it is
possible that this treatment was ineffective due to the lack of mMRNA regulation of
GLT1 in the epilepsy model. Further understanding of GLT1 regulation
(increased translation, post translational modifications, etc.) will be needed to find
a suitable drug to ameliorate symptoms of epileptogenesis. It is interesting to
note that ceftriaxone has been reported to have an anti-inflammatory effect in the

brain (Melzer, Meuth et al. 2008; Wei, Pan et al. 2012). Therefore, it may be
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effective at preventing the neuroinflammatory response seen in a number of

epilepsy models (Hubbard and Binder 2016).

In conclusion, it is clear that modulating AQP4 and GLT1 expression could have
a therapeutic effect in this model of epilepsy. The use of 3-lactam drugs to do
so, however, has proven to be ineffective. This is possibly due to the difference
in the mechanism of action of these drugs and the mechanism of regulation of
AQP4 and GLT1. Therefore, an increased understanding of the mechanism of
regulation of both AQP4 and GLT1 in the IHKA model of epilepsy is needed.
This would provide a more specific target for new antiepileptogenic treatment

paradigms.
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Chapter 7: Lack of a physical interaction between glutamate transporter-1

(GLT1) and aquaporin-4 (AQP4)

71 Abstract

Maintenance of glutamate and water homeostasis in the brain is crucial to
healthy brain activity. Astrocytic glutamate transporter-1 (GLT1) and aquaporin-4
(AQP4) are the main regulators of extracellular glutamate and osmolarity,
respectively. Several studies have reported co-localization of GLT1 and AQP4,
but the existence of a physical interaction between the two has not been well
studied. Therefore, | used co-immunoprecipitation (co-IP) to determine whether
a strong interaction exists between these two important molecules in mice on
both a CD1 and C57BL/6 background. Furthermore, | used Western blot and
immunohistochemistry to examine GLT1 levels in AQP4 knockout (AQP47") mice.
| did not detect an AQP4-GLT1 precipitate, suggesting the lack of a strong
physical interaction between AQP4 and GLT1. In addition, | determined that
GLT1 protein levels remained unaltered in tissue from CD1 and C57BL/6 AQP4-
mice. Finally, | used immunohistochemical analysis to determine that AQP4 and
GLT1 do co-localize, but only in a region-specific manner. Taken together, my
findings suggest that AQP4 and GLT1 do not have a strong physical interaction

between them and are, instead, differentially regulated.
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7.2 Introduction

The excitatory amino acid transporters are a family of five membrane proteins
that are responsible for clearing glutamate from the extracellular space.
Glutamate aspartate transporter (GLAST) and GLT1 are largely expressed by
astrocytes; excitatory amino acid carrier-1 (EAAC1) and excitatory amino acid
transporter (EAAT) 4 are predominantly found in neurons; and EAATS is
exclusively found in rod photoreceptor and bipolar cells in the retina (Kim, Lee et
al. 2011). GLT1 is responsible for the majority of glutamate clearance in the
forebrain (Danbolt 2001). More recently, it was discovered that GLT1, although
anchored to the membrane at synapses, can become untethered to perform
rapid-activity-regulated surface diffusion to efficiently clear glutamate after
synaptic activity (Murphy-Royal, Dupuis et al. 2015; Al Awabdh, Gupta-Agarwal

et al. 2016). In this manner, GLT1 can shape excitatory postsynaptic currents.

A few studies have found that GLT1 co-localizes with another important brain
protein, aquaporin-4 (AQP4) (Hinson, Roemer et al. 2008; Lee, Ruby et al. 2013;
Yang, Li et al. 2013; Mogoanta, Ciurea et al. 2014). A member of the aquaporin
family of water channels, AQP4 and is responsible for bi-directional fluid
exchange in response to changes in the osmotic gradient. AQP4 is the main
water channel in the CNS and, like GLT1, is found almost exclusively on

astrocytes (Nielsen, Nagelhus et al. 1997; Nagelhus, Mathiisen et al. 2004; Hsu,
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Seldin et al. 2011). AQP4 exhibits highly polarized expression with abundant
levels found at sites of fluid transport, such as ventricular membranes, glia
limitans, as well as pial and ependymal surfaces in contact with cerebrospinal
fluid (Nielsen, Nagelhus et al. 1997; Rash, Yasumura et al. 1998; Nagelhus,
Mathiisen et al. 2004; Oshio, Binder et al. 2004; Costa, Tortosa et al. 2007;

Hubbard, Hsu et al. 2015).

Since the generation of AQP4 knockout (AQP47-) mice (Ma, Yang et al. 1997),
several different functions of AQP4 have been elucidated. It is now known that
AQP4 plays a variety of roles in the brain, including (but not limited to) synaptic
plasticity (Skucas, Mathews et al. 2011; Scharfman and Binder 2013), K*
buffering (Binder, Yao et al. 2006), and macromolecular diffusion in the brain
extracellular space (Binder, Papadopoulos et al. 2004). Therefore, AQP4-- mice
exhibit several deficits such as cognitive impairment (Skucas, Mathews et al.
2011; Fan, Liu et al. 2013; Scharfman and Binder 2013; Szu and Binder 2016),
perturbed K* homeostasis (Strohschein, Huttmann et al. 2011; Haj-Yasein,
Bugge et al. 2015), and an enlarged extracellular space (Yao, Hrabetova et al.

2008; Haj-Yasein, Jensen et al. 2012).
Reduced levels of GLT1 protein have been reported in AQP4”- mice (Zeng, Sun
et al. 2007; Wu, Lu et al. 2008; Chen, Bao et al. 2010; Li, Wang et al. 2012; Yan,

Wu et al. 2013; Yang, Li et al. 2013; Kong, Zeng et al. 2014). Therefore, this
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expression and functional downregulation has been used to explain some of the
impairments seen in AQP4~- mice. For example, downregulation of GLT1 has
been hypothesized to play a role in synaptic plasticity and memory formation
deficits in the AQP4- mice (Li, Wang et al. 2012; Szu and Binder 2016). One
study found an interaction between AQP4 and GLT1 in transfected HEK293 cells
(Hinson, Roemer et al. 2008). A physical interaction between AQP4 and GLT1,
however, has never been confirmed in tissue from healthy, wild-type mice.
Therefore, | performed co-immunopreciptation on both C57BL/6 and CD1 mice. |
found no AQP4-GLT1 precipitate. Furthermore, | used Western blotting and
immunohistochemistry to demonstrate no altered GLT1 protein expression in
AQP4 mice compared to wild-type mice. Therefore, a physical interaction
between AQP4 and GLT1 is unlikely, although a weak interaction between the

two proteins cannot be ruled out.

7.3 Methods

7.3.1 Animals

All experiments were conducted in accordance with National Institutes of Health
guidelines and were approved by the University of California, Riverside
Institutional Animal Care and Use Committee (IACUC). Animals were housed

under a 12-hour light/dark cycle with food and water provided ad libitum. CD1
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and C57BL/6 wild-type and AQP4 knockout mice were used. All animals were 8-

10 weeks old.

7.3.2 Tissue collection

Mice were euthanized with fatal plus (Western Medical Supply) and perfused with
phosphate buffered saline (PBS), pH 7.4, with protease inhibitors (Roche).
Whole brains were quickly removed from C57BL/6 wild-type (n = 6), C57BL/6
AQP47 (n = 6), CD1 wild-type (n = 6), and CD1 AQP4”- (n = 5) mice. A separate
subset of mice were euthanized, perfused, and hippocampal and cortex tissue
was microdissected out from C57BL/6 wild-type (n = 7), C57BL/6 AQP4" (n =7),
CD1 wild-type (n = 5), and CD1 AQP4- (n = 5) mice. Harvested tissue was
homogenized using the Bullet Blender (Next Advance) and protein concentration
was quantified via Bradford assay. Protein was frozen at -80°C until further

processing.

For immunohistochemistry, C57BL/6 wild-type (n = 3), C57BL/6 AQP4 knockout
(n =3), CD1 wild-type (n = 3), and CD1 AQP4 knockout (n = 3) mice were
transcardially perfused with ice-cold phosphate buffered saline (PBS), pH 7.4,
followed by 4% paraformaldehyde, pH 7.4. Brains were quickly removed and

postfixed in 4% paraformaldehyde overnight at 4°C followed by two days of
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cryoprotection in 30% sucrose in PBS at 4°C. Brains were then frozen and

stored at -80°C until further use.

7.3.3 Co-immunoprecipitation (co-IP)

Protein A agarose bead slurry (Roche) was equilibrated with 1% NP-40
substitute lysis buffer (50 mM Tris-HCI, pH 8; 150 mM NaCl; 1% NP-40
substitute). Protein samples (50 ug) were pre-cleared by incubation with the
equilibrated beads and then added to a new tube. Rabbit anti-AQP4 (Millipore
ABN411), mouse anti-GLT1 (C-terminal polyclonal antibody (Rothstein, Martin et
al. 1994)), normal rabbit IgG (Invitrogen 10500C), or normal mouse IgG
(Invitrogen 10400C) was added to the samples, which were then incubated
overnight under rotation at 4°C. The next day, protein A agarose beads were
added to each sample and incubated for 3 hours under rotation at 4°C. Samples
were centrifuged and supernatant removed (but saved). Beads with bound
sample were then washed with 1% NP-40 lysis buffer. Finally, an SDS loading
buffer was added to each sample and samples were then boiled at 120°C for 10
minutes to both denature the protein and separate it from the beads. All tubes

were centrifuged and the supernatant was saved for Western blot.
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7.3.4 Western blot

Protein was resolved by SDS-PAGE using 10% polyacrylamide gels and then
transferred to a nitrocellulose membrane. Membranes containing co-
immunoprecipitated protein samples were probed with rabbit anti-AQP4 (1:1,000,
Millipore ABN411) or mouse anti GLT1 (1:2,500 of a C-terminal polyclonal
antibody (Rothstein, Martin et al. 1994)). Membranes containing whole brain,
hippocampal, or cortical protein for quantification were probed with rabbit anti-
GLT1 (1:5,000 of a C-terminal polyclonal antibody (Rothstein, Martin et al. 1994))
and mouse anti-B-actin (1:5,000, Sigma A1978) as an internal control. Bands
were visualized using the Li-COR Odyssey Fc Western Imaging System. GLT1

lower bands were normalized to internal B-actin bands for quantification.

7.3.5 Immunohistochemistry

Brains were thawed and cut into 50 um sagittal sections using a cryostat (Leica
CM 1950, Leica Microsytems, Bannockburn, IL) and slices were stored in PBS at
4°C. Two slices from each animal (n = 3 for each group) were used.
Endogenous peroxidase activity was quenched by incubating slices in 3% H20:2
for 1 hour at room temperature. This was followed by a 1 hour blocking step with
5% normal goat serum in 0.1 M PBS. Slices were then incubated with primary

antibody to AQP4 (1:200, Millipore ABN411) and/or GLT1 (1:200, C-terminal
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polyclonal antibody (Rothstein, Martin et al. 1994)) in 0.3% Triton X-100
overnight at 4°C. After washing slices with PBS, sections were incubated with
species-specific secondary antibody conjugated with Alexa 488 or 594 and a
tyramide signaling amplification (TSA) kit (Molecular Probes/Invitrogen) for
visualization. Slices were mounted in Vectorshield with DAPI (Vector
Laboratories) and confocal images were taken using the Leica SP5 inverted

microscope.

7.4 Results

7.4.1 AQP4 and GLT1 do not co-immunoprecipitate

Co-immunoprecipitation was used to determine whether a physical interaction

exists between AQP4 and GLT1. | found, however, no resulting precipitate in

whole brain tissue from C57BL/6 (Figure 7.1) or CD1 (Figure 7.2) mice under the

conditions of 1% NP-40 lysis buffer. Both proteins were only detectable in the
supernatant, representing the unbound population of protein. As positive

controls, | determined that both AQP4 and GLT1 can be successfully

immunoblotted after immunoprecipitation. When no antibodies or only mouse or

rabbit IgG were immunoprecipitated, neither AQP4 nor GLT1 were detected with

immunoblotting. In addition, | immunoblotted AQP4 after immunoprecipitation of

GLT1 in AQP4™ tissue and saw no detectable AQP4 band in either the
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A
IP: AQP4 sup GLT1sup IgG sup NoAb sup

GLT1

B
IP: GLT1 AQP4

IB: AQP4 sup GLT1 sup

Figure 7.1. Lack of co-immunoprecipitation between glutamate transporter-
1 (GLT1) and aquaporin-4 (AQP4) in C57BL/6 mice.

A. Co-immunoprecipitation of AQP4 and GLT1 in C57BL/6 wild-type mice.
Representative images of AQP4, GLT1, normal IgG (mouse or rabbit), and no
antibodies immunoprecipitated (IP) and either AQP4 or GLT1 immunoblotted
(IB). In addition, the supernatant (sup) from each sample was also run to
represent the unbound sample. B. Co-immunoprecipitation of GLT1 and AQP4
in C57BL/6 AQP4- tissue. After GLT1 was immunoprecipitated (IP), AQP4 was
not detected in either the IP sample or the supernatant (sup). GLT1, however,
was detected in the supernatant (but not the IP sample) after AQP4 was
immunoprecipitated.

immunoprecipitated sample or the supernatant. When AQP4 was
immunoprecipitated out from AQP4- tissue, GLT1 was only detectable in the
supernatant (unbound) sample, as expected. Therefore, a strong physical

interaction between AQP4 and GLT1 is unlikely.
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A
IP: AQP4 sup GLT1sup 1gG sup NoAb sup

IP: GLT1 AQP4
IB: AQP4 sup GLT1 sup

Figure 7.2. Lack of co-immunoprecipitation between glutamate transporter-
1 (GLT1) and aquaporin-4 (AQP4) in CD1 mice.

A. Co-immunoprecipitation of AQP4 and GLT1 in CD1 wild-type mice.
Representative images of AQP4, GLT1, normal IgG (mouse or rabbit), and no
antibodies immunoprecipitated (IP) and either AQP4 or GLT1 immunoblotted
(IB). In addition, the supernatant (sup) from each sample was also run to
represent the unbound sample. B. Co-immunoprecipitation of GLT1 and AQP4
in CD1 AQP4- tissue. After GLT1 was immunoprecipitated (IP), AQP4 was not
detected in either the IP sample or the supernatant (sup). GLT1, however, was
detected in the supernatant (but not the IP sample) after AQP4 was
immunoprecipitated.

B

7.4.2 GLT1 expression levels are not altered in AQP4 knockout mice

It is possible, however, for proteins to have a weak interaction that was not

detected in our conditions. Therefore, | hypothesized that if GLT1 does interact

with AQP4, then GLT1 levels may be downregulated in AQP4”- mice. |
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measured GLT1 protein levels in wild-type and AQP4”- mice. | found no
significant difference in GLT1 protein levels in whole brain tissue in either

C57BL/6 or CD1 AQP4- mice compared to wild-type mice (Figure 7.3).

vs)

KDa WT KO

C57 Whole Brain

Normalized GLT1 expression

O

KDa WT KO

CD1 Whole Brain

Normalized GLT1 expression

Figure 7.3. Glutamate transporter-1 (GLT1) protein expression in whole
brain tissue from C57BL/6 and CD1 wild-type and aquaporin-4 (AQP4)
knockout mice.

A. Representative Western blot of GLT1 (red) and B-actin (green) protein in
whole brain tissue from C57BL/6 wild-type (WT) and AQP4 knockout (KO) mice.
B. Quantification of whole brain tissue from C57BL/6 WT (n = 6) and KO (n = 6)
mice. C. Representative Western blot of GLT1 (red) and 3-actin (green) protein
in whole brain tissue from CD1 wild-type (WT) and AQP4 knockout (KO) mice.
D. Quantification of whole brain tissue from CD1 WT (n = 6) and KO (n = 5)
mice. KDa = kilodaltons.
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| next decided to look for region-specific downregulation of GLT1. Since GLT1 is
the predominant glutamate transporter in the forebrain, | microdissected out

hippocampal and cortex tissue and analyzed it for GLT1 levels. | found no

B
KDa wT KO

150! ! C57 Hippocampus

kDa WT ko D

150-
75-
50-

Figure 7.4. Glutamate transporter-1 (GLT1) protein expression in
hippocampal and cortical tissue from C57BL/6 wild-type and aquaporin-4
knockout (AQP4) knockout mice.

A. Representative Western blot of GLT1 (red) and B-actin (green) protein in
hippocampal tissue from C57BL/6 wild-type (WT) and AQP4 knockout (KO) mice.
B. Quantification of hippocampal tissue from C57BL/6 WT (n = 7) and KO (n = 7)
mice. C. Representative Western blot of GLT1 (red) and 3-actin (green) protein
in cortical tissue from C57BL/6 wild-type (WT) and AQP4 knockout (KO) mice.

D. Quantification of cortical tissue from C57BL/6 WT (n =7) and KO (n =7)
mice. KDa = kilodaltons.
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changes in hippocampal or cortex levels of GLT1 in C57BL/6 AQP4”- mice
compared to C57BL/6 wild-type animals (Figure 7.4). This was confirmed with

immunohistochemistry demonstrating no changes in GLT1 localization patterns

Hippocampus Cortex

C57 WT

AQP4 KO

-

Figure 7.5. Glutamate transporter-1 (GLT1) immunoreactivity in C57BL/6
wild-type aquaporin-4 (AQP4) knockout mice.

20x images of GLT1 immunoreactivity in C57BL/6 wild-type (A, B) and AQP4
knockout (C,D) mice. Representative images of the hippocampus (A, C) and
cortex (B, D) are shown. Scale bar = 200 um. For each group, 2 slices from
each animal (n = 3) were used.
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in the hippocampus or cortex of C57BL/6 AQP4”- mice (Figure 7.5). Similarly, no

change in GLT1 protein (Figure 7.6) or immunoreactivity (Figure 7.7) levels were

>
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Figure 7.6. Glutamate transporter-1 (GLT1) protein expression in
hippocampal and cortical tissue from CD1 wild-type and aquaporin-4
(AQP4) knockout mice.

A. Representative Western blot of GLT1 (red) and B-actin (green) protein in
hippocampal tissue from CD1 wild-type (WT) and AQP4 knockout (KO) mice. B.
Quantification of hippocampal tissue from CD1 WT (n = 5) and KO (n = 5) mice.
C. Representative Western blot of GLT1 (red) and B-actin (green) protein in
cortical tissue from CD1 wild-type (WT) and AQP4 knockout (KO) mice. D.
Quantification of cortical tissue from CD1 WT (n = 5) and KO (n = 5) mice. KDa
= kilodaltons.
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observed in the hippocampus or cortex of CD1 AQP4-- mice compared to wild-

type mice.

Hippocampus Cortex

.

Figure 7.7. Glutamate transporter-1 (GLT1) immunoreactivity in CD1 wild-
type and aquaporin-4 (AQP4) knockout mice.

20x images of GLT1 immunoreactivity in CD1 wild-type (A, B) and AQP4

knockout (C,D) mice. Representative images of the hippocampus (A, C) and

cortex (B, D) are shown. Scale bar = 200 um. For each group, 2 slices from
each animal (n = 3) were used.

CD1WT

AQP4 KO
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7.4.3 AQP4 and GLT1 co-localize in the brain

Finally, | examined both AQP4 and GLT1 immunoreactivity to determine whether
any co-localization exists between these two proteins in the hippocampus of
C57BL/6 and CD1 mice (Figure 7.8). GLT1 is highly expressed throughout the
mouse hippocampus whereas AQP4 is largely found on astrocyte end-feet

surrounding capillaries and in the stratum lacunosum moleculare (SLM) layer of

C57 |

CD1

Figure 7.8. Aquaporin-4 (AQP4) and glutamate transporter-1 (GLT1)
immunoreactivity in C57BL/6 and CD1 wild-type mice.

10x images of AQP4 (green), GLT1 (red), and merged immunoreactivity of the
hippocampus of C57BL/6 (top panels) and CD1 (bottom panels) wild-type mice.
Scale bar = 200 pym.
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the hippocampus. AQP4 and GLT1 are highly co-localized in the SLM of both
C57BL/6 and CD1 mice but lack co-localization in other layers of the
hippocampus such as such as the stratum oriens and stratum radiatum. A small
portion of the cortex can also be seen, demonstrating AQP4 and GLT1 co-
expression again on astrocyte end-feet surrounding capillaries but only GLT1

cellular membrane expression throughout the cortex. Higher magnification

Merged

C57

CD1

Figure 7.9. Aquaporin-4 (AQP4) and glutamate transporter-1 (GLT1)
immunoreactivity in the hippocampus of C57BL/6 and CD1 wild-type mice.
63x images of AQP4 (green), GLT1 (red), and merged immunoreactivity of the
hippocampus from C57BL/6 (top panels) and CD1 (bottom panels) wild-type
mice. Although AQP4 and GLT1 are highly co-localized (seen as yellow in the
Merged images), there are patches of GLT1 immunoreactivity that lack AQP4
immunoreactivity. Scale bar = 50 pm.
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images confirmed abundant co-localization of AQP4 and GLT1 in the SLM layer
of the hippocampus, although patches of GLT1-positive, AQP4-negative staining
can be seen (Figure 7.9). In the cortex, AQP4 is almost exclusively found on
astrocyte end-feet surrounding capillaries whereas GLT1 is expressed
throughout (Figure 7.10). Therefore, AQP4 and GLT1 primarily lack co-

localization in the cortex.

C57

cD1 [

Figure 7.10. Aquaporin-4 (AQP4) and glutamate transporter-1 (GLT1)
immunoreactivity in the cortex of C57BL/6 and CD1 wild-type mice.

40x images of AQP4 (green), GLT1 (red), and merged immunoreactivity in the
cortex of C57BL/6 (top panels) and CD1 (bottom panels) wild-type mice. AQP4
is highly expressed on astrocyte end-feet surrounding capillaries and GLT1 is
abundantly found on cell membranes. Scale bar = 100 pym.
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7.5 Discussion

Here | used co-immunoprecipitation, Western blotting, and
immunohistochemistry to determine (1) whether interaction between GLT1 and
AQP4 exists; and (2) whether GLT1 levels are altered in mice lacking AQP4. |
found that in conditions of 1% NP-40 lysis buffer, a mild detergent, GLT1 and
AQP4 do not co-immunoprecipitate in either CD1 or C57BL/6 whole brain
lysates, suggesting the lack of a strong physical interaction between the two
proteins. A weak interaction, however, is still possible and cannot be ruled out. |
also found no alterations in GLT1 expression in the whole brain, hippocampus, or
cortex of wild-type and AQP4-- mice. Furthermore, | observed region-specific co-
localization of GLT1 and AQP4, rather than complete co-localization throughout
the brain. Taken together, these data suggest the lack of any strong physical

interaction between AQP4 and GLT1.

Several other studies have found co-localization between AQP4 and GLT1 in
various regions of the brain and spinal cord (Hinson, Roemer et al. 2008; Lee,
Ruby et al. 2013; Yang, Li et al. 2013; Mogoanta, Ciurea et al. 2014), but only
one study has conducted a co-IP between AQP4 and GLT1. Hinson et al. (2008)
solubilized GFP-labeled AQP4-transfected cells and probed the lysates with an
antibody to GLT1; AQP4 was found to co-immunoprecipitate with GLT1 (Hinson,

Roemer et al. 2008). This is in direct contrast to our results demonstrating a
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complete lack of interaction between these two proteins. Our approaches,
however, were very different. Although we both used a 1% NP-40 lysis buffer, |
used tissue from both CD1 and C57BL/6 adult mice whereas Hinson et al. used
in vitro techniques, specifically looking at HEK-293 cells transfected with a GFP-
AQP4 construct. Itis possible, however, that a weak interaction between AQP4
and GLT1 exists that was not detectable in my co-IP. Arguing against this
interpretation is (1) the robust ability to immunoprecipitate both GLT1 and AQP4
with the antibodies used; and (2) the robust ability to detect supernatant GLT1

and AQP4 under the same conditions.

Although no other studies have reported on the physical interaction between
AQP4 and GLT1, several other studies have examined GLT1 expression levels
in AQP47 mice. Specifically, a reduction in GLT1 protein levels was reported in
primary astrocyte cell cultures from cerebral cortices of wild-type and AQP4"
mice (Zeng, Sun et al. 2007). GLT1 protein expression was reduced by less than
20% in spinal cord tissue (Chen, Bao et al. 2010) and by nearly 30% in the
cerebellum (Yan, Wu et al. 2013) of AQP4-- mice. A drastic reduction of GLT1
protein levels (~50%) was reported in the amygdala of AQP4”- mice (Li, Wang et
al. 2012). AQP4-- mice clearly exhibited a region-specific reduction of GLT1
expression. In direct contrast to our findings, a 20-35% reduction in GLT1
hippocampal levels in AQP4-- mice has been reported (Yan, Wu et al. 2013;

Yang, Li et al. 2013; Kong, Zeng et al. 2014). Similarly, cortical regions of

261



AQP47 mice exhibited a 14-26% reduction of GLT1 expression (Wu, Lu et al.
2008; Yan, Wu et al. 2013). Further studies will be needed to clarify these

discrepancies.

It has been hypothesized that a downregulation of GLT1 may be partially
responsible for the impaired synaptic plasticity observed in AQP4-- mice (Skucas,
Mathews et al. 2011; Li, Wang et al. 2012; Szu and Binder 2016). Our findings,
however, suggest that GLT1 levels are fully intact in AQP4” mice. Therefore,
impairments such as difficulties in learning and memory formation in AQP4-"
mice cannot be accounted for by reduced GLT1-dependent glutamate clearance.
As suggested by Skucas et al. (2011), synaptic plasticity deficits in AQP4”- mice
may be instead due to neurotrophin dysregulation (Skucas, Mathews et al. 2011).
Specifically, AQP4 may be important to the regulation of the low-affinity
neurotrophin receptor p75NTR, which was downregulated in AQP4-- mice

(Skucas, Mathews et al. 2011).

Aquaporin-4 plays a role in regulating extracellular space (ECS) volume (Binder,
Papadopoulos et al. 2004; Yao, Hrabetova et al. 2008). Specifically, AQP4-"
mice have an increase in ECS volume with no difference in tortuosity (Yao,
Hrabetova et al. 2008). AQP4”- mice also have delayed clearance of
extracellular K* (Amiry-Moghaddam, Williamson et al. 2003; Binder, Yao et al.

2006; Haj-Yasein, Bugge et al. 2015). The uptake of K" into astrocytes after
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neuronal activity produces a change in the osmotic driving force in favor of water
uptake into astrocytes (Jin 2013). This uptake causes astrocytes to swell, thus
reducing the ECS volume. With an increased ECS volume, such as in AQP4"
mice, a reduced accumulation of K* may be observed after a mild stimuli and
may not alter astrocyte swelling (Jin, Zhang et al. 2013; Anderova, Benesova et
al. 2014). After neuroexcitation or more severe stimuli, such as hypoosmotic
stress, oxygen glucose deprivation, or high K*, reduced water permeability
causes slowed ECS contraction (Anderova 2014, Jin 2013; Haj-Yasein 2012)
and consequently may alter the electrochemical driving force for K* reuptake by

astrocytes in AQP4”- mice (Jin, Zhang et al. 2013).

Altered ECS dynamics may explain the different disease courses seen in AQP4-
mice, such as in models of edema and epilepsy. AQP4 deficiency can be
neuroprotective in cytotoxic edema but leads to a worsened prognosis (impaired
water removal through glia limitans) in vasogenic edema (Papadopoulos, Manley
et al. 2004). Similarly, AQP4"- mice had a higher seizure threshold but prolonged
seizure duration (Binder, Yao et al. 2006) and increased number of seizures
(Lee, Hsu et al. 2012) in models of epilepsy. While the increased ECS volume
may increase the threshold to seizure generation (Binder, Papadopoulos et al.
2004), slowed de-swelling of astrocytes could lead to prolonged and more severe
seizures (Binder et al 2006). Therefore, perturbed extracellular space volume

dynamics and consequently altered ion and neurotransmitter clearance, not
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reduced GLT1 expression, may offer an alternative explanation to differences in

disease progression seen in AQP4”- mice.
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Chapter 8: Characterization of glutamate aspartate transporter (GLAST)

expression in an epilepsy model

8.1 Abstract

Epilepsy is a chronic neurological condition that manifests as spontaneous
seizures. The most common form is temporal lobe epilepsy (TLE). Traditionally,
epilepsy was considered a neuronal disease but increasing evidence has
suggested that astrocytes also play a major role in the disease. In particular,
glutamate clearance through astrocytic glutamate transporter-1 (GLT1) and
glutamate aspartate transporter (GLAST) is essential in maintaining glutamate
homeostasis. If this system fails, then increased extracellular glutamate may
lead to neuronal hyperexcitability and seizure generation. In a previous chapter,
| discussed the regulation of GLT1 in the intrahippocampal kainic acid (IHKA)
model of TLE. Here, | used the same model combined with
immunohistochemistry, Western blotting, and real-time polymerase chain
reaction to determine expression changes of GLAST during the development of
epilepsy. | found an immediate increase in GLAST immunoreactivity in the
ipsilateral hippocampus to kainic acid injections followed by a layer-specific
downregulation at 7 days post IHKA injections. GLAST immunoreactivity
returned to baseline levels by 30 days post IHKA injections. Both GLAST protein

and mRNA levels remained unaltered with the exception of an increase in
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GLAST mRNA in the contralateral hippocampus 7 days after IHKA injections.
Therefore, only minor changes in GLAST expression were found in a mouse
model of TLE. This is an important contradistinction to GLT1 which exhibited

remarkable downregulation (Chapter 5).

8.2 Introduction

Epilepsy is a chronic seizure disorder resulting from abnormally synchronized
activity among neurons. The most common form of epilepsy is TLE,
characterized by seizures that originate in the temporal lobe. In TLE, seizures
most commonly originate from the hippocampus (ILAE 1989). Sclerosis of the
hippocampus, characterized by death of pyramidal neurons and dispersion of
granule cell neurons, is the most prevalent histopathological abnormality in TLE
(Blimcke, Thom et al. 2013). Other common features that present in
hippocampal sclerosis include mossy fiber sprouting, microgliosis, astrogliosis,
microvascular proliferation, and synaptic remodeling (Margerison and Corsellis
1966; Mathern, Pretorius et al. 1995; Blumcke, Beck et al. 1999; Clasadonte and
Haydon 2012; de Lanerolle, Lee et al. 2012). Some of these features, such as
astrogliosis, however, are not exclusive to the sclerotic hippocampus and

therefore are not usually used to define hippocampal sclerosis (Chapter 2).
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Astrogliosis is characterized by a profound change in astrocyte morphology. The
cells become reactive (hypertrophic) and the expression of a number of genes
and proteins become altered. This pathological feature occurs in several
neurological disorders. Interestingly, astrogliosis is a highly heterogeneous and
the expression changes that occur are disease- or injury-dependent (Zamanian,
Xu et al. 2012). In TLE, astrogliosis occurs in both the sclerotic and non-sclerotic
hippocampus (Lee, Hsu et al. 2012; Hubbard, Szu et al. 2016). It is possible that
astrocytes in the sclerotic and non-sclerotic exhibit different expression profiles
and therefore, it is important to examine both when studying TLE. For example,
aquaporin-4 (AQP4) expression is upregulated in the sclerotic hippocampus but
near control levels in the non-sclerotic hippocampus in a mouse model of TLE
(Hubbard, Szu et al. 2016). Furthermore, glutamate transporter-1 (GLT1)
exhibited different regulation patterns in the hippocampus that developed
sclerosis compared to the one that did not in that same model (Hubbard, Szu et

al. 2016).

It is well-established that high extracellular glutamate levels can lead to
prolonged neuronal stimulation and consequently seizure activity and spread
(During and Spencer 1993; Glass and Dragunow 1995; Tanaka, Watase et al.
1997; Campbell and Hablitz 2004; Hubbard, Hsu et al. 2013). Therefore, it is
crucial to maintain low extracellular glutamate concentrations. Glutamate

transporters are a family of 5 membrane proteins that clears glutamate after
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neuronal activity. Glutamate transporter-1 (GLT1) and glutamate aspartate
transporter (GLAST) are found primarily on astrocytes and together regulate
extracellular glutamate levels in the forebrain (Kim, Lee et al. 2011). GLT1 is
considered the primary regulator of extracellular glutamate in the brain and its
expression is altered in a mouse model of TLE (Hubbard, Szu et al. 2016). Mice
deficient in GLAST have prolonged electrical- and pentylenetetrazol-induced
seizures (Watanabe, Morimoto et al. 1999). Although GLAST expression has
been studied in models of TLE, the results have been equivocal (Simantov,
Crispino et al. 1999; Ueda, Doi et al. 2001; Lopes, Soares et al. 2013).
Therefore, a thorough time course study of GLAST expression could help

elucidate the role, if any, that GLAST plays in the development of TLE.

In this chapter, | summarize experiments performed using the IHKA model of
epilepsy to determine expression changes of GLAST. | collected tissue at 1, 4,7
and 30 days post kainic acid-induced status epilepticus (SE) and examined
mMRNA, protein, and immunoreactivity using real-time polymerase chain reaction
(RT-PCR), Western blotting, and immunohistochemistry, respectively. GLAST
mRNA was largely unaltered, although a significant elevation was noted in the
hippocampus contralateral to injections at 7 days post SE. Overall, no change in
GLAST protein was observed. An increase in GLAST immunoreactivity was
observed at 1 day post SE throughout the ipsilateral hippocampus. Furthermore,

a transient layer-specific reduction in GLAST immunoreactivity was observed at 7
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days post SE in the ipsilateral hippocampus. Overall, these results suggest that

minor changes in GLAST expression occur in the IHKA model of epilepsy.

8.3 Methods

8.3.1 Animals

All experiments were conducted in accordance with the guidelines set forth by
the National Institutes of Health and were approved by the University of
California, Riverside Institutional Animal Care and Use Committee (IACUC).
Animals were housed under controlled conditions with a 12 hour light and 12
hour dark cycle and had access to food and water ad libitum. CD1 male mice, 7-

8 weeks old, from Charles River were used for all experiments.

8.3.2 Intrahippocampal injections

Mice were anesthetized with an intraperitoneal injection of 80mg/kg ketamine
and 10 mg/kg xylazine and mounted in a stereotaxic frame. The skull was
exposed and stereotaxic coordinates (Paxinos and Franklin 2001) were used to
drill a small burr hole 1.8 mm posterior and 1.6 mm lateral from bregma with a
high-speed drill (Drummond Scientific). Over a period of 4 minutes, mice were

injected with either 74 nL of a 20 mM solution of kainic acid or an equal volume
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of 0.9% saline using a microinjector (Nanoject, Drummond Scientific) at a depth
of 1.9 mm. After kainic acid injections, all mice experienced status epilepticus
(SE), defined by Racine scale stage 3-5 seizures (Table 2.1, Racine 1972)
continuously for at least 3 hours, which spontaneously subsided. Animals that
died due to SE were excluded from the study. Otherwise, at each time point n =
5 animals were euthanized with fatal plus (Western Medical Supply), perfused,

and processed for each experiment, unless otherwise specified.

8.3.3 Immunohistochemistry

Mice were euthanized at 1, 4, 7, and 30 days post kainic acid-induced SE and 7
days post intrahippocampal saline injections (control). Transcardial perfusions
were performed with ice-cold PBS, pH 7.4, followed by 4% paraformaldehyde,
pH 7.4. Brains were quickly removed and postfixed in 4% paraformaldehyde
overnight at 4°C followed by two days of cryoprotection in 30% sucrose in PBS at
4°C. Brains were frozen with ice-cold isopentane and stored at -80°C until they
were cut into 50 um coronal sections using a cryostat (Leica CM 1950, Leica
Microsytems, Bannockburn, IL). Slices were stored in PBS at 4°C and all slices
were processed simultaneously. Endogenous peroxidase activity was quenched
by incubating slices in 3% H202for 1 hour at room temperature. This was
followed by a 1 hour blocking step with 5% normal goat serum in 0.1 M PBS.

Slices were then incubated with primary antibody to GLAST (1:200, Abcam,
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ab416) in 0.3% Triton X-100 overnight at 4°C. After washing slices with PBS,
sections were incubated with species-specific secondary antibody conjugated
with Alexa 488 and a tyramide signaling amplification (TSA) kit (Molecular
Probes/Invitrogen) for visualization. Slices were mounted in Vectashield with
DAPI (Vector Laboratories) and 10x images were taken using a fluorescence
microscope (Leica DFC345 FX). For each group, 4 slices from each animal (n =

5 for all groups, except 4 days post SE, where n = 4) was used.

8.3.4 Western blot analysis

Whole hippocampal tissue was microdissected from the mouse brain at 1, 4, 7,
and 30 days post IHKA or 7 days post saline injection (n = 5 for each group).
Harvested tissue was homogenized using the Bullet Blender (Next Advance) in
RIPA buffer (Sigma) containing complete protease inhibitors (Roche). Protein
concentrations were assayed and protein was resolved by SDS-PAGE, 10%
polyacrylamide, and transferred to a nitrocellulose membrane. The membranes
were then probed for GLAST (1:500, Abcam, ab416) and B-actin (1:10,000,
Sigma A1978) as an internal control. Bands were visualized and quantified using
the Li-COR Odyssey Fc Western Imaging System and protein levels were
normalized to internal B-actin levels. Both the upper and lower bands for GLAST

are shown but only quantification of the lower band was included for simplicity.
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8.3.5 Real-time polymerase chain reaction (RT-PCR) analysis

Whole hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30
days post intrahippocampal kainic acid or 7 days post saline injections (for each
group, n = 5). Harvested tissue was homogenized using the Bullet Blender (Next
Advance). RNA was isolated using the Direct-Zol RNA mini prep kit (Zymo
Research) and quantified using a nanodrop (Thermo Scientific NanoDrop 2000c
Spectrophotometer). Both cDNA synthesis and RT-PCR were performed using
the Bioline SensiFAST SYBR NO-ROX Kit and the CFX-96 detection system
(Bio-Rad). Primers for GLAST and 18s RNA (Table 8.1) were purchased from
Integrated DNA Technologies. The reaction conditions were as follows: 1 cycle
for 10 min at 45°C, 1 cycle for 2 min at 95°C, 40 cycles for 5s at 95°C, and 1
cycle for 20s at 60°C. Results were quantified using the differential CT method
representing the fold change in target gene expression. Both a no template
control (NTC) and a no reverse transcriptase (NRT) control were included in

each assay to detect any contamination or non-specific replication.

Target Gene Forward Primer Sequence Reverse Primer Sequence
GLAST GGATGCGCGCTGTAGTCTAT | CGATCACGAAACCGAAGCAC
18s RNA CTCAACACGGGAAACCTCAC | CGCTCCACCAACTAAGAACG

Table 8.1. Primers used for RT-PCR experiments.
All primers are listed in the 5° - 3’ direction.
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8.3.6 Statistical analysis

Statistical analysis was performed using a one-way ANOVA with post-hoc
Bonferroni multiple comparisons test. All error bars are presented as the mean %
standard error of the mean (SEM). A statistically significant comparison to saline
control was denoted with two asterisks (**) when p < 0.01. Any statistically
significant differences between other time points were not indicated for the

purpose of clarity.

8.4 Results

8.4.1 GLAST immunoreactivity in an epilepsy model

GLAST immunoreactivity in the ipsilateral hippocampus was imaged after saline
injections and 1, 4, 7, and 30 days post kainic acid-induced SE (Figure 8.1). A
marked increase in GLAST immunoreactivity was observed 1 day post SE
throughout the hippocampus. By 4 days post-SE, however, GLAST
immunoreactivity returned to control levels. Although marked morphological
changes were observed at 7 days post SE, GLAST immunoreactivity remained
similar to control levels with the exception of a significant reduction in the stratum
radiatum. This reduction, however, was recovered by 30 days post SE. In the

hippocampus contralateral to injections, GLAST exhibited similar
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Saline control 1 d post SE
4 d post SE 7 d post SE

30 d post SE
|

Figure 8.1. Glutamate aspartate transporter (GLAST) immunoreactivity in
the ipsilateral hippocampus after kainic acid-induced status epilepticus
(SE).

10x images of GLAST immunoreactivity in the ipsilateral hippocampus after
saline injections (Saline control) and 1, 4, 7, and 30 days (d) post SE. Scale bar
=200 pm.
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Saline control 1 d post SE

4 d post SE 7 d post SE

30 d post SE

Figure 8.2. Glutamate aspartate transporter (GLAST) immunoreactivity in
the contralateral hippocampus after kainic acid-induced status epilepticus
(SE).

10x images of GLAST immunoreactivity in the contralateral hippocampus after
saline injections (Saline control) and 1, 4, 7, and 30 days (d) post SE. Scale bar
=200 pm.
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immunoreactivity to the controls at all time points post kainic acid-induced SE

(Figure 8.2).

8.4.2 GLAST mRNA and protein in an epilepsy model

To determine any changes in GLAST protein and mRNA levels, Western blots
and RT-PCR were performed on whole hippocampal tissue. In the ipsilateral
hippocampus, no changes in either protein or mRNA levels were observed at any

time point examined (Figure 8.3). In the contralateral hippocampus, however, a

A B C

KDaSal 1d 4d 7d 30d
150-

g
o
T
N
o
]

-
o
1
-
o
1

-
o
1

75-

e
il

o
T
mRNA fold change

e
(=3
e
<

50-

Normalized GLAST Expression
o

Sal 1d 4d 7d

Figure 8.3. Glutamate aspartate transporter (GLAST) protein and mRNA
levels in the ipsilateral hippocampus after kainic acid-induced status
epilepticus (SE).

A. Representative Western blot of GLAST (red) and 3-actin (green) protein from
the ipsilateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days (d)
post kainic acid-induced SE. B. Quantification of GLAST lower band intensity
normalized to B-actin at each time point in the ipsilateral hippocampus. C. Fold
change in GLAST mRNA levels in the ipsilateral hippocampus of saline controls
(Sal) and in tissue collected 1, 4, 7, and 30 days (d) post kainic acid-induced SE.
For each time point, n = 5. KDa = kilodaltons.
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hippocampus, no changes in either protein or mRNA levels were observed at any
transient increase at 7 days post SE was observed (Figure 8.4). No changes in

GLAST protein levels in the contralateral hippocampus were noted.
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Figure 8.4. Glutamate aspartate transporter (GLAST) protein and mRNA
levels after in the contralateral hippocampus after kainic acid-induced
status epilepticus (SE).

A. Representative Western blot of GLAST (red) and B-actin (green) protein from
the contralateral hippocampus of a saline control (Sal) and 1, 4, 7, and 30 days
(d) post kainic acid-induced SE. B. Quantification of GLAST lower band
intensity normalized to 3-actin at each time point in the contralateral
hippocampus. C. Fold change in GLAST mRNA levels in the contralateral
hippocampus of saline controls (Sal) and in tissue collected 1, 4, 7, and 30 days
(d) post kainic acid-induced SE. For each time point, n = 5. KDa = kilodaltons.

8.5 Discussion

Here | observed upregulated GLAST immunoreactivity at 1 day post kainic acid-
induced SE, but did not observe any change in GLAST protein levels at that time
point. In Chapter 5, | showed similar results with GLT1 where its
immunoreactivity was upregulated at 1 day post SE, but whole hippocampal

protein was unaltered (Hubbard, Szu et al. 2016). Upon further examination, it
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was revealed that GLT1 protein was upregulated only in the dorsal hippocampus,
thus matching the immunohistochemical studies. Therefore, it is possible that
GLAST exhibits a similar behavior and GLAST regulation in the dorsal

hippocampus is different from regulation in the ventral hippocampus.

Maintaining glutamate homeostasis is crucial to protect and sustain a healthy
brain. Increased glutamate levels have been observed during and after seizure
activity (During and Spencer 1993; Glass and Dragunow 1995; Tanaka, Watase
et al. 1997; Campbell and Hablitz 2004). This may be due to decreased
glutamate transporters in the brain. Here | have shown that reduced levels of
GLAST immunoreactivity was observed in the stratum radiatum of the ipsilateral
hippocampus 7 days post IHKA-induced SE. Otherwise, no change in GLAST
protein levels or immunoreactivity were observed. Therefore, GLAST is likely not
the key contributor to perturbed glutamate homeostasis and seizure activity. In
Chapter 5, | demonstrated that GLT1 is downregulated as early as 4 days post
IHKA-induced SE (Hubbard, Szu et al. 2016). The downregulation of these two
crucial glutamate transporters at 7 days post SE together may contribute to the

spontaneous seizures that occur in this model.

In studies of tissue from patients with TLE, GLAST mRNA was unaltered in both
the sclerotic and non-sclerotic hippocampi (Proper, Hoogland et al. 2002). This

is similar to what | observed at the 30 day time points in the ipsilateral (sclerotic)
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and contralateral (non-sclerotic) hippocampi in the IHKA model. GLAST
immunoreactivity, on the other hand, was increased or decreased in human TLE
depending on the hippocampal region examined; for example, GLAST was
increased in the CA2/3 stratum radiatum but decreased in the dentate gyrus in
the sclerotic hippocampus (Mathern, Mendoza et al. 1999). In the IHKA model
used in this study, GLAST expression was generally preserved in the sclerotic
hippocampus. A detailed laminar-specific analysis, however, would be

necessary to compare these results to this human tissue study.

Reduced levels of GLAST mRNA and protein were observed 60 days after
intraamygdala kainic acid injections in both the ipsilateral and contralateral
hippocampi (Ueda, Doi et al. 2001). GLAST hippocampal mRNA was elevated
within 2 days after intraperitoneal injections of kainic acid but returned to baseline
levels by 7 days post SE (Nonaka, Kohmura et al. 1998). Although | observed a
transient increase in GLAST mRNA, it was at 7 days post SE. This difference
could be due to the different modes of delivery (intraperitoneal vs.
intrahippocampal). Despite the fact that histological changes are similar in these
two models, the time course of cellular and molecular changes can differ

drastically.

In conclusion, hippocampal GLAST expression may be slightly altered in models

of temporal lobe epilepsy. These changes, however, were transient. Therefore,
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it is likely that other perturbations, such as reduced GLT1 levels, are major
contributors to seizure generation and spread. Future studies should focus on
understanding the mechanisms behind astrocyte glutamate transporter regulation

in epilepsy.
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Chapter 9: Conclusions and future directions

9.1 Intrahippocampal kainic acid model of epilepsy

The intrahippocampal kainic acid (IHKA) model has proven to be a valuable tool
in studying temporal lobe epilepsy. Not only is it a highly reproducible model, but
it recapitulates histopathological aspects of the disease. In addition, this model
provides a “latent” period which allows for the study of epileptogenesis. In
Chapter 2, | showed changes in both neurons and glial cells including: (1)
granule cell dispersion; (2) death of CA1 pyramidal neurons; (3) microgliosis; and
(4) astrogliosis. In chapters 4, 5, and 8, | demonstrated that the expression of
the astrocytic proteins aquaporin-4 (AQP4), glutamate transporter-1 (GLT), and,
to a lesser extent, glutamate aspartate transporter-1 (GLAST) become altered in
the IHKA model of epilepsy. Now that | have established that reproducible
histopathological changes and altered membrane protein expression occur in this
model of TLE, it would be valuable to study these important molecular and
protein changes in other epilepsy models. For example, a direct comparison to
the pilocarpine model of temporal lobe epilepsy could be made to determine the
robustness of these changes. In addition, models of febrile seizures, post-
traumatic epilepsy, or seizures due to blood-brain barrier (BBB) disruption could
be assessed to determine the generality of AQP4, GLT1, and GLAST regulation

as well as neuronal cell death/dispersion and gliosis in distinct epilepsy models.
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9.2 Aquaporin-4 (AQP4) in epilepsy

In Chapter 3, | reviewed the expression pattern of AQP4 in the healthy brain.
AQP4 protein levels were highest in the cerebellum and AQP4 exhibited laminar-
specific expression patterns in the hippocampus. | then demonstrated AQP4
expression changes in the hippocampus after IHKA-induced epileptogenesis in
Chapter 4. An immediate reduction of AQP4 protein with recovery over time was
shown during epileptogenesis. At 30 days post IHKA-induced SE, increased
AQP4 protein was found in the sclerotic, but not the non-sclerotic, hippocampus.

A mechanistic explanation for this change, however, was not provided.

In 2001, Neely et al. demonstrated that AQP4 is tethered to the membrane
through an interaction with a-syntrophin, a dystrophin-associated protein (Neely,
Amiry-Moghaddam et al. 2001). Interestingly, initial examination of a-syntrophin
(Neely, Amiry-Moghaddam et al. 2001) and dystrophin (Vajda, Pedersen et al.
2002) knockout mice suggested that total AQP4 expression was unaltered.

Upon further investigation, it was discovered that although the overall AQP4
levels were unaltered, the polarized expression pattern of AQP4 was reversed.
Immunogold or immunohistological analysis of AQP4 distribution in these
knockout mice revealed that AQP4 expression was reduced in astrocytic end-feet
membranes adjacent to blood vessels as well as perivascular and subpial

membranes but was increased in areas facing neuropil (Frigeri, Nicchia et al.
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2001; Neely, Amiry-Moghaddam et al. 2001; Vajda, Pedersen et al. 2002; Amiry-
Moghaddam, Otsuka et al. 2003; Enger, Gundersen et al. 2012; Anderova,
Benesova et al. 2014). This is in direct contrast to the normal expression pattern
of AQP4 (Chapter 3). Furthermore, swollen perivascular and subpial anstroglial
end-feet were found in a-syntrophin knockout mice (Frigeri, Nicchia et al. 2001;
Amiry-Moghaddam, Otsuka et al. 2003). In response to ischemia or hyoosmotic
stress, brain edema and astrocyte swelling were attenuated in a-syntrophin
knockout mice (Amiry-Moghaddam, Otsuka et al. 2003; Anderova, Benesova et
al. 2014). Together these data suggest that AQP4 localization is largely

determined by a-syntrophin anchoring to the membrane.

Mislocalization of AQP4 following reduced a-syntrophin and dystrophin levels
was observed in the i.p. kainic acid and pilocarpine models of TLE (Kim, Yeo et
al. 2010; Alvestad, Hammer et al. 2013). In human TLE, an overall increase in
AQP4 expression but a downregulation of a-syntrophin and dystrophin were
noted (Lee, Eid et al. 2004; Eid, Lee et al. 2005; Das, Wallace et al. 2012).
Immunogold electron microscopy again revealed that AQP4 density along
perivascular membranes was reduced whereas neuropil AQP4 levels were
unaltered (Eid, Lee et al. 2005). In focal cortical dysplasia (FCD) type IIB, AQP4
and dystrophin exhibited strong expression around the neuropil and dysplastic
neurons with a reduction around vessels (Medici, Frassoni et al. 2011). Again,

these data suggest that a perivascular loss of AQP4 is secondary to disruption of
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the dystrophin complex. It is therefore likely that the increased AQP4 expression
| observed in the sclerotic hippocampus (ipsilateral to injection, 30 days post SE;

Chapter 4) may be accompanied by reduced a-syntrophin and dystrophin levels.

Whole hippocampal and dorsal hippocampal AQP4 levels were differently
regulated during the early epileptogenic period (Chapter 4). Mislocalization could
have occurred at these early time points. Future studies should use the IHKA
and other models of epilepsy to (1) examine dystrophin complex expression
changes during epileptogenesis; (2) determine whether the level of interaction
between the dystrophin complex and AQP4 is altered over time; (3) and
definitively confirm that a-syntrophin-induced AQP4 mislocalization is indeed the
cause of AQP4 regulation in epilepsy. Evidence for dystrophin/a-syntrophin
downregulation leading to AQP4 mislocalization has been either from knockout
animal studies or expression studies in disease models. Direct evidence, such
as antisense reduction of a-syntrophin in adult mice, would confirm this
hypothesis. Furthermore, a detailed analysis comparing the sclerotic
hippocampus to the non-sclerotic hippocampus would give insight into glial

scarring and the formation of sclerosis.

Frigeri et al. (2001) determined that dystrophin knockout mice had a major
reduction of AQP4 protein but not AQP4 mRNA (Frigeri, Nicchia et al. 2001). If

a-syntrophin-induced mislocalization of AQP4 is the mechanism of dysregulation
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in epilepsy, then targeting AQP4 mRNA may not exhibit any therapeutic benefit.
The B-lactam drug ceftriaxone is thought to work though increasing transcription
through the NF-kB pathway (Lee, Su et al. 2008). This could explain the lack of
effect that ceftriaxone and other p-lactam drugs had on AQP4 expression
(Chapter 8). Therefore, alternative approaches that target dystrophin-associated
localization of AQP4 may be a better therapeutic option. A potential strategy
may through agrin, a heparin sulfate proteoglycan of the extracellular matrix
protein known to play a role in both the clustering of AQP4 into orthogonal arrays
of particles and their insertion into astrocytic end-feet membranes (Noell, Fallier-
Becker et al. 2007; Noell, Fallier-Becker et al. 2009; Wolburg, Noell et al. 2009;

Fallier-Becker, Sperveslage et al. 2011).

9.3 Astrocytic glutamate transporters in epilepsy

Glutamate transporter-1 (GLT1) and glutamate aspartate transporter (GLAST)
are astrocyte-specific regulators of extracellular glutamate concentrations. In
Chapter 5, | demonstrated a unique regulation pattern of GLT1 in the IHKA
model of epilepsy. An immediate upregulation of GLT1 was followed by a
persistent downregulation of GLT1 protein as early as 4 days post SE. GLAST,
on the other hand, only exhibited increased immunoreactivity in the ipsilateral
hippocampus 1 day post IHKA injections (Chapter 8). Otherwise, very little

regulation of GLAST was observed. Therefore, it is clear that GLT1
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dysregulation plays a major role in epileptogenesis whereas GLAST regulation
plays a more minor role. Furthermore, due to the lack of strong interaction
between GLT1 and AQP4 (Chapter 7), it is likely that these two proteins are

independently regulated.

In 2015, Murphy-Royal et al. (2015) transfected tagged GLT1 into astrocytes of
mixed primary hippocampal cultures and monitored GLT1 mobility using
nanoparticle tracking (Murphy-Royal, Dupuis et al. 2015). GLT1 gets untethered
from the membrane and becomes highly mobile in response to neuronal activity
and the uncaging of glutamate (Murphy-Royal, Dupuis et al. 2015). These
results were expanded by Awabdh et al. (2016) who discovered that GLT1 can
rapidly and reversibly cluster on membranes (Al Awabdh, Gupta-Agarwal et al.
2016). Glutamate and neuronal activity dispersed these clusters and regulated
surface diffusion. Moreover, clustered GLT1 was more stable than diffuse GLT1
and diffuse GLT1 was more mobile than clustered GLT1 (Al Awabdh, Gupta-
Agarwal et al. 2016). Both of these studies were done in vitro and confirmed that
GLT1 diffusion was increased in the presence of neurons (Murphy-Royal, Dupuis
et al. 2015; Al Awabdh, Gupta-Agarwal et al. 2016). A focal loss of GLT1
immunoreactivity and increased glutamate immunoreactivity near patches of
neuronal death was reported in an i.p. kainic acid epilepsy model (Sakurai,
Kurokawa et al. 2015). In the IHKA model, | found that GLT1 was differentially

regulated in the dorsal hippocampus compared to the rest of the hippocampus
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(Chapter 5). The dorsal and ventral hippocampi very exhibit different excitability
properties (Akaike, Tanaka et al. 2001). Therefore, activity-dependent regulation
of GLT1 mobility may account for the region-specific expression changes of

GLT1.

In Chapter 5, | demonstrated that dorsal hippocampal GLT1 protein underwent
significant changes during epileptogenesis, specifically at 1-7 days post IHKA-
induced SE, but GLT1 mRNA underwent almost no change within that same time
period. Therefore, GLT1 is not regulated solely at the transcriptional level and
other mechanisms must be involved. | hypothesize that (1) GLT1 mRNA
undergoes increased translation or (2) GLT1 protein is post-translationally
modified. Previous studies have demonstrated that GLT1 can be regulated by
sumoylation (Foran, Rosenblum et al. 2014) and S-nitrosylation (Raju, Doulias et
al. 2015). Both post-translational modifications resulted in reduced glutamate
uptake by GLT1 (Foran, Rosenblum et al. 2014; Raju, Doulias et al. 2015).
Furthermore, when GLT1 was either sumoylated or nitrosylated, it became
internalized, thus decreasing the membrane pool of GLT1. If GLT1 undergoes
either post-translational modification in the IHKA model of epilepsy, then it would
likely lead to the higher pools of cytoplasmic GLT1, decreased functional
membrane GLT1, and consequently decreased glutamate uptake. Together, this
could lead to accumulation of glutamate in the extracellular space, overexcitation

of neurons, seizure generation and spread, and neuronal cell death. It would be
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interesting to determine the levels of post-translational modification of GLT1 in

the IHKA model of epilepsy.

It was previously believed that GLT1 protein was solely expressed on astrocytes
and only GLT1 mRNA was found on neurons (Danbolt 2001). More recently,
however GLT1 functional protein has been detected in axon terminals (Chen,
Mahadomrongkul et al. 2004; Furness, Dehnes et al. 2008). To decipher the role
of astrocytic versus neuronal GLT1, Petr et al. (2015) created conditional
knockout mice. These studies revealed that the conditional deletion of GLT1
from astrocytes led to seizures, mortality, and decreased body weight (Petr, Sun
et al. 2015), a similar phenotype to homozygous mice deficient in GLT1 (Tanaka,
Watase et al. 1997). Furthermore, astrocytic GLT1 deletion significantly reduced
glutamate uptake activity in reconstituted liposomes but only led to a small
reduction in glutamate uptake in crude forebrain synaptosomes. The deletion of
neuronal GLT1, on the other hand, had no effect on glutamate activity when
reconstituted into liposomes, but did reduce synaptosomal glutamate uptake
capacity by ~40% (Petr, Sun et al. 2015). Therefore, it is important to consider
the contribution of neuronal GLT1 when interpreting the role of GLT1 in
epileptogenesis, particularly at or near axon terminals. Future studies should

examine the role of astrocytic versus neuronal GLT1 in the IHKA model of

epilepsy.
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The B-lactam drugs ceftriaxone, clavulanic acid, and tazobactam failed to
regulate GLT1 protein expression in wild-type mice (Chapter 6). More
importantly, neither ceftriaxone nor tazobactam alleviated immunohistological
changes in GLT1 or GFAP expression in the IHKA model of epilepsy. This,
however, is not too surprising if one considers the mechanism of action of
ceftriaxone. As discussed previously, it is thought that this B-lactam antibiotic
works to increase GLT1 expression by increasing transcription of GLT1 (Lee, Su
et al. 2008). If GLT1 is not being transcribed or is constantly undergoing
internalization during epileptogenesis, then increasing GLT1 mRNA may not be
an effective treatment. Therefore, understanding the mechanism of GLT1
regulation during epileptogenesis is essential in determining how to best regulate
this important protein. For example, if GLT1 is sumolyated, internalized, and
degraded in epilepsy, then an appropriate antiepileptogenic drug would be an
anti-sumolyation agent. Due to lack of interaction between AQP4 and GLT1 and
the high probability that these molecules are differentially regulated, separate
and distinct therapeutic mechanisms may be necessary to target the proteins
individually. In either case, viral vectors, cellular transplants, or transcriptional

activators may be promising options.
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9.4 Summary

In conclusion, | have characterized glial cell changes in the IHKA model of
epilepsy with a particular focus on AQP4 and GLT1 expression. | found that both
proteins are significantly altered during early time points. More specifically,
dorsal hippocampal AQP4 is immediately downregulated with a partial recovery
over time. GLT1 protein exhibited an immediate increase before a persistent
downregulation 4-7 days post IHKA-induced SE. Furthermore, AQP4 mRNA is
significantly upregulated in the hippocampus whereas GLT1 mRNA remained
largely unaltered. Taken together, my data suggest that both AQP4 and GLT1
play a role in the conversion of the healthy brain into an epileptic one. AQP4 and
GLT1 are likely differentially regulated and future studies should focus on
deciphering the mechanisms behind the changes during epileptogenesis. This
information could then be used to create targeted interventions for the prevention

of epilepsy.
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