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ABSTRACT

Kainic acid is a non-degradable analogue of the excitatory neurotransmitter glutamate that, when
injected systemically into adult rats, can trigger seizures and progressive neuronal loss in a manner
that mirrors the neuropathology of human mesial temporal lobe epilepsy (MTLE), most prevalent
form of partial epilepsy. However, the biomolecular mechanisms responsible for the neuronal loss
that occurs as a consequence of this treatment remain elusive. Recent studies from our lab have
shown that kainic acid administration can lead to increased levels/processing of amyloid precursor
protein (APP) in activated astrocytes leading to enhanced production of amyloid-$ (AB) peptides,
which are known to play a critical role in the neurodegeneration observed in Alzheimer’s disease.
At present, however, the functional consequences of AP peptides on kainic acid-induced loss of
neurons remain unclear. Thus, in this study, we seek to establish the potential role of kainic acid-
induced astrocytic AP peptides on the degeneration of neurons. Our results show that kainic acid
treatment of human U373 astrocytoma and rat primary astrocyte cells yields increased
levels/processing of APP, resulting in enhanced AP production/secretion without compromising
cell viability. Additionally, we reveal that kainic acid induces neuronal loss more in
neuronal/astrocyte co-cultures than pure neuronal cultures, and this is attenuated by precluding A
production. Furthermore, using selective ionotropic glutamate receptor antagonists, we show that
the kainate receptor is specifically responsible for facilitating enhanced amyloidogenesis in
astrocytes, thus implying an important role for this underexplored receptor in a disease context.
These results suggest that AP peptides derived from astrocytes may have a role in kainic acid-
induced neurodegeneration. Since administering kainic acid can recapitulate the main pathological
features of MTLE, it is possible that the mechanisms similar to those observed in this study may

also be responsible for the degeneration of neurons in this disease.
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1. Introduction

1.1. Epilepsy and seizures overview: Epilepsy is one of the oldest known human conditions and
the third most commonly diagnosed medical disorder, affecting approximately 50 million people
worldwide (Hirtz et al., 2007). This disease is characterized as the state of having recurring
episodes of aberrant neural activity known as seizures, wherein groups of neurons within select
brain regions discharge inappropriately in synchronized, repetitive bursts (Hirtz et al., 2007).
Seizures arise as a result of a combination of factors, such as an external insult like trauma,
hypoxia, stroke, etc., which ultimately lead to neural circuit reorganization that favors neuronal
hyperexcitability and reduces inhibition (Scharfman et. al., 2007). This process can subsequently
incite the affected neurons to become progressively more vulnerable and seizure-prone, which can
further increase the risk of epilepsy. It should be noted that, despite the current understanding of
seizure mechanisms, the initial triggering factor is oftentimes unknown in most epilepsy cases;
likewise, epilepsy as a condition specifically refers to seizures which appear to be spontaneous —
it does not include febrile seizures (due to high body temperature) or those caused as a result of a

specific chemical or condition, such as drug withdrawal.

Seizures are typically classified as either partial, which are localized to a particular brain
region or area, or general, which propagate throughout and affect the entire brain. Partial seizures
are further categorized as either complex or simple, based on whether they are accompanied by
alterations in consciousness or not, respectively. Depending on the brain regions involved, seizures
can lead to a wide variety of neurological and psychiatric symptoms, such as amnesia,
hallucinations, cognitive impairment, mood disorders, and psychosis (Algreeshah et al., 2014;
Bancaud et al., 1994). On the other hand, generalized seizures affect the whole brain, and therefore
typically manifest as a loss of consciousness coupled with a simultaneous loss of motor control
which ranges from brief lapses in muscle tone (atonus) to involuntary twitching (myoclonus) to
violent convulsions (tonic-clonic seizures). Notably, different types of seizures can occur
concurrently, and partial seizures can potentially propagate into generalized seizures. As a direct
consequence, the brain areas affected by seizures may experience compensatory synaptic
remodeling, astrogliosis, and neuronal loss (Weiser et al., 2004). Over time, this can lead to chronic

neurological damage and cognitive impairment which greatly diminishes one’s quality of life.



Likewise, the duration and intensity of a seizure correlates with the severity of potential danger it
poses to an individual; the longer the seizure, the greater the risk for lasting neural damage

(Oyegbile et al., 2004).

1.2. Mesial temporal lobe epilepsy: Of the many types of epilepsies, the most common type is
mesial temporal lobe epilepsy (MTLE), which accounts for approximately 48% of all epilepsies
(T¢llez-Zenteno and Hernandez-Ronquillo, 2012), and occurs at a rate as frequent as 4-10 cases
per 1000 people in developed countries, and 14-57 cases per 1000 in developing and tropical
countries. The peak incidence for MTLE occurs in early childhood and adolescence, tapering off
around middle age. Interestingly, the rate of occurrence for MTLE drastically increases again after
the age of 60 and is especially prevalent as a co-morbidity in populations with dementia (Chin and
Scharfman, 2013). This often leads to issues with proper diagnosis, as early cognitive impairment
in dementia can oftentimes be confused with the types of psychiatric symptoms that result from
MTLE (Noebels, 2011). Hence, it is possible that the reported frequency of epilepsy is significantly
underestimated and that the true incidence of MTLE is much higher in demented and elderly

populations.

Unfortunately, MTLE is also the most resistant to pharmacotherapy. Whereas other types
of epilepsies can typically be controlled by anti-epileptic drugs, such as acetazolamide and
levetiracetam, most MTLE cases either become refractory or don’t respond well to treatment to
begin with — in these situations, the best recourse for MTLE is often surgery (Al Otabi, et al.,
2012). Surgery, however, is not without its drawbacks, in that there are inherent risks for the patient
associated with invasive neurosurgical procedures, which can sometimes lead to behavioral
changes and memory loss as unintended consequences (Acosta et al., 2008; McLachlan et al.,
1992). Given the increasing prevalence of epilepsy with old age and the lack of an effective, long-
term treatment, the projected increases in the global average age demographics renders this
condition one of the major medical challenges of our time (Acharya and Acharya, 2014; Houser
et al., 1996). As such, understanding its molecular mechanisms and etiology is critical to opening

up new avenues to therapeutic approaches.

1.3. MTLE pathophysiology: MTLE is so named because the seizures involved in this condition

originate from the mesial temporal lobe structures of the brain; specifically, the hippocampus,



surrounding cortical areas and, less frequently, the amygdala (Weiser et al., 2004). Because these
structures are most intimately associated with memory formation, spatial perception, and
emotional processing, MTLE most often involves complex partial seizures which generate
syndromes such as fixed staring, impaired consciousness and memory, and altered sensations such
as déja vu (Kaplan et al., 2005; Bancaud et al., 1994). In terms of pathophysiology, MTLE is most
commonly associated with hippocampal sclerosis (Weiser et al., 2004) (Figure 1.1). This condition
results from progressive adverse changes in the hippocampal formation as a result of epileptic

activity, including but not limited to:

- widespread neuronal loss and gliosis (which occurs throughout the hippocampus to varying
degrees, but is particularly prominent in the CA1 and CA3 regions)

- synaptic reorganization, especially involving mossy fibers and supragranular layer of the
dentate gyrus formation

- functional and structural changes in astrocytes and microglia

- granule cell dispersion; and

- atrophic induration (a shrinkage and hardening) of the hippocampus

Control over excitability in different areas of the brain is mediated in part by the precise
arrangement of neurons within a given neural circuit (Hazra et al., 2013). In the hippocampus, for
instance, glutamatergic projection neurons are connected to elaborate circuits involving inhibitory
interneurons, thus forming multiple levels of feed-forward and feedback inhibition that modulates
their overall activity; changing the circuitry can trigger changes in the overall activity involved.
Accordingly, the pathological changes triggered by hippocampal sclerosis can directly influence
network excitability by either stimulating the formation of excitatory circuits through synaptic
reorganization and axonal sprouting, or decreasing the presence of inhibitory circuits through cell
death (Palop et al., 2006). The overall consequence is that the sclerotic hippocampus becomes
progressively more epileptogenic over time. This is supported by depth electrode recordings from
patients with MTLE which indicate that most seizures specifically originate from sclerotic
hippocampal tissue; conversely, surgical removal of these areas terminates the occurrence of

seizures in 85% of patients (Al-Otaibi et al., 2012).



1.4. Glutamate and molecular mechanisms of excitotoxicity: On a molecular level, these
pathological changes are mediated, at least in part, by the neurotransmitter glutamate. Glutamate
is the principal excitatory neurotransmitter in the mammalian nervous system and an essential
component of neural networks in the hippocampus responsible for memory formation and learning.
Its function is predominantly facilitated by three ionotropic receptors named after their respective
selective agonists — N-methyl D-aspartate (NMDA), alpha-amino-2,3-dihydro-5-methyl-3-ox0-4-
isoxazolepropionic acid (AMPA), and kainic acid (KA) receptors; glutamate function is further
modulated by the activity of eight metabotropic glutamate receptors (mGluRs), as well as other
neurotransmitter molecules such as the inhibitory y-aminobutyric acid (GABA) (Kew and Kemp,
2005). The activation of ionotropic receptors by glutamate triggers an influx of sodium cations
which drive action potentials; furthermore, prolonged glutamate stimulation can result in the influx
of Ca*" either specifically through the NMDA receptor itself, or indirectly via the opening of other
calcium channels. Intracellular Ca*" subsequently acts as a secondary messenger molecule for the
propagation of intracellular signaling cascades that modify the neuron’s response to stimuli. Under
physiological conditions, this forms a mechanism for activity-dependent changes in gene
expression and protein synthesis which alter the connectivity and synapses between stimulated
neurons. However, it also presents a biological caveat — if the intracellular Ca** ion concentration
rises above a certain threshold for an extended period of time, the neuron may instead be forced to
undergo cell death through either necrotic or apoptotic mechanisms — a process termed
excitotoxicity (Olney et al., 1986). Large influxes of Ca®" can inappropriately activate a myriad of
calcium-dependent enzymes, including proteases and phosphatases which can degenerate
intracellular compartments (Berliocci et al., 2005). Influxes of Ca?" typically trigger a rapid uptake
by the mitochondria, which act as sinks to buffer excessive intracellular concentrations. However,
a prolonged flood of Ca** can overload and damage the mitochondria, causing a disruption in
membrane potential, loss of ATP production, and an increase in membrane permeability. A direct
consequence of permeability is the leakage of cytochrome ¢ into the cytoplasm, leading to the
formation of the apoptosome complex and the subsequent initiation of the caspase-dependent
apoptotic cell death. Alternatively, the loss of ATP production in the mitochondria also coincides
with a rapid rise in reactive oxygen species (ROS), which themselves act as agents that induce
intracellular damage and push a cell towards necrotic cell death (Dong et al., 2009; Choi, 1992).

Collectively, these events underlie the mechanism by which excessive neural activity can



precipitate neurodegeneration and epileptogenesis. In MTLE, for instance, baseline extracellular
hippocampal glutamate levels are five times higher than in non-MTLE patients (Cavus et. al.,
2005); notably, these levels increase 30-fold during a seizure and remain markedly elevated for
approximately 20 minutes after (During and Spencer, 1993). The role of this mechanism in MTLE
is further supported by evidence that administration of glutamate analogues, such as KA, can
induce seizures and neuronal loss in animal models in a manner that mimics the pathology
observed in MTLE patients (Olney et. al.1986; L'evesque, M. and Avoli, 2013). Conversely,
glutamate receptor antagonists such as ketamine are capable of reducing seizure-induced neuronal
loss in animal models of MTLE (Eid et al., 2008; Seifert et al., 2010). Collectively, these findings
highlight the importance of aberrant glutamate neurotransmission as a critical initiation point in
the excitotoxic cascade (Sattler and Tymianski, 2001) and a key element in the pathological

development of epilepsy.

1.5. Glutamate regulation and the importance of astrocytes: Under normal conditions, the
presence of glutamate in the synapse is tightly controlled by reuptake mechanisms (Anderson and
Swanson, 2000). The bulk of this reuptake is mediated by astrocyte cells via the sodium-coupled
glutamate transporters, excitatory amino acid transporter-1 (EAAT-1) and EAAT-2. Once inside
the astrocyte, glutamate is rapidly converted to glutamine by the enzyme glutamine synthase and
transported back to the neurons, where it is re-converted to glutamate and packaged into pre-
synaptic vesicles. As such, glutamate in the central nervous system (CNS) is constantly recycled
and its homeostasis is maintained by astrocytes. Astrocytes are therefore integral to proper neural
communication; dysfunctions in either the transport function of EAAT-2, or the glutamine
turnover by glutamine synthase has been identified as a key aspect of various neurodegenerative
disorders, including epilepsy (Tian et al. 2005). The expression of both EAAT-2 and glutamine
synthase have been shown to be reduced in sclerotic hippocampi (Proper et al. 2002, Eid et al.
2004), and the inhibition of the EAAT-2 homolog glutamate transporter 1 (Glt-1) reduces the
threshold for epileptiform activity (Campbell and Hablitz, 2004), whilst its knock-out induces
spontaneous seizures and MTLE-like pathology in mouse models (Tanaka et al., 1997). Astrocytes
are also shown to release glutamate in a Ca?" dependent manner (Tian et al., 2005), which

highlights a possible feed-forward mechanism towards excitotoxicity in an epileptic environment.



Furthermore, astrocytes may become inflamed or “activated” in response to CNS injury or
pathological stress. In this state, astrocytes become hypertrophic, develop processes, and begin to
express a number of inflammatory markers such as Interleukin-18 (IL-1B) and Glial Fibrillary
Acidic Protein (GFAP) (Johnstone et al., 1999), whilst simultaneously modifying the majority of
their metabolic functions, including maintaining glutamate homeostasis. In sclerotic hippocampi,
neuronal loss is accompanied by an 80% increase in glial density, many of which express the
reactive marker GFAP (Blumke et al., 2002). Collectively, given the vital role astrocytes play with
regards to glutamate homeostasis, it is likely that these reactive cells are critical in propagating

epileptiform activity by exacerbating aberrant glutamatergic neurotransmission.

1.6. MTLE and amyloid-beta peptides: Despite an understanding of the general epileptogenic
processes by which MTLE can develop, many aspects of MTLE pathology have yet to be fully
elucidated and described. Moreover, the factor which initiates MTLE development is oftentimes
unknown. Since many different neural insults, such as stroke or traumatic brain injury, can
potentially lead to mesial temporal seizures, it is possible that these different conditions can

potentially share overlapping mechanisms of pathology with MTLE.

Recently, given its increased incidence in aged populations, there has been a developing interest
in the relationship between MTLE and Alzheimer’s disease (AD). AD is an insidious
neurodegenerative condition which begins as mild cognitive impairment and lapses in memory,
and progresses to the eventual loss of all higher cognitive functions (O’Brien & Wong, 2011;
Clippingdale et al., 2001). AD is also the leading cause of dementia, affecting approximately 44
million worldwide, and its incidence increases exponentially after the age of 65. One of the
hallmark characteristics of AD is the development of extracellular deposits in the brain
parenchyma that consist predominantly of the protein amyloid-B (A); these deposits build up
initially in the entorhinal cortex and hippocampus of affected patients, and subsequently spread to
higher cortical areas (Wragg and Jeste, 1989; Braak and Braak, 1991). Remarkably, AD also
frequently features temporal complex partial seizures as a co-morbidity (Powell 2014). These
seizures are remarkably similar to the ones present most commonly in MTLE and generate similar
cognitive symptoms; so much so, that differentiating between the early stages of AD and MTLE
is sometimes difficult (Noebells, 2011; Scharfman, 2012a).



Although seizures and dementia are traditionally considered distinct disorders, there are
several lines of evidence which suggest that there are shared mechanisms of pathology between
the two, and that furthermore these mechanisms involve the AP protein. These include the
observation that patients with AD exhibit seizures at frequencies that are far greater than age-
matched reference populations (Chin & Scharfman, 2013). This is especially true for patients with
familial early-onset form of the disease, which is explicitly caused by mutations that lead to the
overproduction of AP (Scarmeas et al. 2009). Likewise, patients with Trisomy 21 (Down’s
syndrome) are also known to be highly susceptible to MTLE; because of their extra copy of
chromosome 21, these patients have an increased neural load of AB and ubiquitously develop AD-
like symptoms by the age of 45. These observations have been further confirmed by studies which
indicate transgenic mice and rats overexpressing AP peptides may develop spontaneous non-
convulsive seizures (Mohajeri et al., 2002; Del Vecchio et al., 2004; Palop et al., 2007; Westmark
et al., 2008; Lalonde et al., 2012). Furthermore, biopsies from patients with MTLE indicate that
some epileptic brains are subject to developing amyloid deposits similar to the neuritic plaques
that are characteristic of AD (Mackenzie and Miller, 1994). Soluble AB can modulate
glutamatergic signaling, thereby rendering hippocampal neurons more susceptible to
excitotoxicity and thus facilitating the occurrence of epilepsy (Palop and Mucke, 2010). Likewise,
prolonged activation of the NMDA receptor is known to enhance amyloidogenic processing of
APP, leading to the production and secretion of more AP (Lesne et al., 2005; Bordji et al., 2010;
Noebels, 2011; Rush and Buisson, 2014). Whether the causative factor in each case is the seizures
or the AP remains controversial. It has been shown that AP triggers glutamate release in the
hippocampus and exacerbates neuronal susceptibility to KA-induced neurotoxicity (Kabogo et al.,
2010; Revett et al., 2013); conversely, it is possible that seizures themselves can trigger AP
pathology, as studies from our lab as well as others have found that KA treatment increases the
expression of APP and several of its processing enzymes (Siman et al., 1989; Morimoto and Oda,
2003; Kodam et al., 2017). Additionally, blockage of the NMDA receptor via antagonists such as
memantine has been found to protect neurons from AP toxicity (Song et al., 2008); similarly, it
has recently been shown that treatment with the antiepileptic drug levetiracetam ablates most
behavioral and cognitive deficits in a rat model of AD based on AP overexpression (Sanchez et al.
2012; Xiao, 2016). Despite these findings, much about the relationship between AP and MTLE

remains unclear, especially with regards to A} and neuronal loss in the context of epilepsy. Hence,



it is our interest to elucidate this connection, as it may lead to new avenues of medical research
and therapeutic development. In particular, we are interested in A metabolism in the context of

MTLE, and how this AP can affect neurodegeneration.

1.7. Amyloid precursor protein metabolism and Ap biosynthesis: AP peptides are generated from
proteolytic processing of Amyloid Precursor Protein (APP), an integral membrane protein
purported to regulate various cellular processes including cell survival/death, synaptogenesis,
synaptic plasticity, neuronal excitability, calcium and metal homeostasis, and cell adhesion
(O’Brien and Wong, 2011). APP is constitutively expressed by the brain and can be processed by
either one of two pathways (Figure 1.2). The first pathway involves the a-secretase enzyme, a
disintegrin and metalloprotease (ADAM 10 or ADAM 17), which cleaves APP within the AP
sequence to yield a soluble APP fragment (sAPPa) and a membrane-bound C-terminal fragment
(CTFa). Since the cleavage occurs within the AP sequence, this a-secretase pathway precludes AP
generation, and is hence non-amyloidogenic, eventually producing a soluble fragment known as
P3, which is not known to self-aggregate into oligomers. Alternatively, APP can be cleaved by the
B-secretase, B-site APP cleaving enzyme 1 (BACE1), resulting in a C-terminal fragment (CTFp)
which contains an intact AP sequence. In both pathways, the corresponding CTFs are subsequently
cleaved by the multimeric protein complex y-secretase, consisting of the aspartyl protease
presenilin 1 or 2 (PS1/2) stabilized by three co-factors, nicastrin, presenilin enhancer homolog 2
(PEN2) and anterior pharynx defective 1 (APH1) (Cole and Vassar, 2008; Wolfe, 2010). The
enzyme y-secretase cuts at the C-terminal end of the amyloid sequence; in the case of the
amyloidogenic B-secretase pathway, this results in a full-length A peptide. Given the variability
of y-secretase cleavage, the amyloidogenic pathway can generate AP peptides between 39-43 a.a.
long, with the most common isoforms being ABi-40 and ABi-42 (Chavez-Gutierrez et al., 2012). AB
peptides are synthesized along the endocytic pathway, with the majority of synthesis occurring on
endosomes, although some are also generated in plasma membrane, endoplasmic reticulum (ER)
and Golgi apparatus. Once produced, AP is secreted into the extracellular space, where it
aggregates into soluble oligomers, which convert into insoluble fibrils, eventually forming
plaques. Of the two most common isoforms of AP, APi-42 is highly fibrillogenic and more toxic to
cells (Selkoe, 2001). However, it is also less common, with AB1.40 making up about 90% of the all

AP peptides.



1.8. Ap clearance and degradation: The net amount of AP in a cell is not simply a function of
APP proteolysis and AP production, but is a balance between the relative rates of synthesis and its
clearance/degradation. Discussing AP elimination is arguably more difficult and complex than its
synthesis, predominantly because while only two enzymes are involved in its production, there are
many different mechanisms by which AP can be degraded or eliminated (Baranello et al., 2015;
Saido and Leissring, 2012). These mechanisms include proteolytic degradation, cell-mediated
clearance, passive and active transport across membranes. Given the propensity of AP peptides to
form oligomers and fibrils, the overall rate of aggregation also counts as a sink for monomeric Ap.
Enzyme-mediated proteolysis is arguably the most important form of A elimination; this process
is mediated by a diverse array of peptidases which may have overlapping functions and can
collectively or individually contribute in a significant manner to the rate of clearance. Two
important enzymes particularly worth discussing are Nephrilysin (NEP) and Insulin Degrading
Enzyme (IDE). Of the various enzymes that degrade AP, NEP is the most extensively characterized
(Marr et al., 2004). NEP is a transmembrane zinc metallopeptidase of the M 13 family; it is almost
exclusively expressed in neurons (as opposed to glia) and typically localizes on presynaptic
terminals. NEP alone can have a tremendous effect on cellular A levels, as NEP-knock outs result
in a doubling in the load of both ABi.40 and ABi-42 (Huang et al., 2006). Its effect appears to be
dependent on gene dose, as both genetic and pharmacologically-induced overexpression of NEP
can effectively abolish AP deposition (Poirier et al., 2006; Leissring et al., 2003). NEP activity is
not limited to monomeric AP; it can also degrade oligomeric forms of the peptides. This process
has been shown to ameliorate some of the cognitive deficits in APP-Tg mice, although such
findings have been controversial (Meilandt et al., 2009). Similar to NEP, IDE is a zinc
metallopeptidase. However, an important difference lies in its inability to fit oligomeric A into
its catalytic site; hence, IDE exclusively degrades AP monomers (Chesneau et al., 2000). Another
key difference is its expression pattern; IDE is found primarily in the cytosol, as well as various
intracellular compartments including endosomes/lysosomes, the ER, and peroxisomes (Caccamo
et al., 2005). This enzyme can also be secreted into the brain parenchyma, and hence has potential
roles in degrading extracellular AP. Other enzymes and protein complexes, including cathepsins

B and D, proteasomes, etc. can also contribute to the overall clearance rate of Ap.



Recently, there has also been increased interest in the role of autophagy in APP turnover and
AP generation (Zare-shahabadi et al., 2015). Autophagy is a process by which cells degrade
damaged or extracellular components, abnormal proteins, and bulk cytoplasmic material. This
process involves the envelopment of the particle in question within a double membrane structure,
essentially forming a specialized vacuole known as the autophagosome. Once the autophagosome
is formed, degradation is induced by fusing the autophagosome with the endosomal/lysosomal
system. Key regulators of this process, which are also used as biomarkers for identifying and
studying autophagy include the proteins Autophagy Protein 5 (ATGS), Microtubule-associated
protein 1A/1B light-chain 3 (LC3), Beclin-1, and p62 (Glick et al., 2010). The autophagic pathway
is constitutively active and essential for cellular survival; in neurons, it plays an especially
prominent role during states of nutrient deprivation by serving as a means to derive energy by
recycling superfluous and non-essential cellular contents. On the other hand, dysfunctions in
autophagy have been linked to various diseases; normally autophagosomes are scarcely found in
healthy neurons and accumulate in abundance in various neurodegenerative conditions, including
AD. Autophagy is an active pathway for APP turnover and A clearance (Nixon 2007). Under
conditions of nutrient starvation, y-secretase components translocate from endosomal/ER
compartments to autophagosomes (Tung et al., 2012). This results in the increasing levels of
immunoreactive AP, its precursor BCTF, and y-secretase activity. Autophagosomes subsequently
fuse with lysosomes to facilitate degradation of their luminal components. Alternatively, it has
been suggested that a small pool of autophagosomal A is also excreted into the extracellular space
via the dynamic interaction with late-endosomes and exosomes. On the other hand, pathological

conditions can trigger AB-enriched autophagosomes to accumulate intracellularly.

Overall, the total AP load within a cell is governed by various dynamic processes. Likewise,
the half-life of APP, its proteolytic intermediates, and its A product varies depending on the cell’s
state and can be disrupted or manipulated by external factors. Thus far, however, the extent of

changes in cellular AB metabolism that occur as a result of MTLE has not been evaluated.

1.9. Astrocytic involvement in Af production and APP metabolism: At present, the bulk of
scientific literature focuses on APP metabolism and AP generation within the context of neurons.
However, astrocytes are no less crucial to this process, as these cells also express an abundance of

APP and are capable of generating AP (Lesne et al., 2013). Because of their close proximity and

10



association with amyloid plaques in AD, astrocytes were presumed to play a role in mediating the
clearance of extracellular AP deposits via phagocytosis. This process was demonstrated in vitro
(Wyss-Coray et al., 2003). However, subsequent studies demonstrated that amyloid clearance is
only facilitated by healthy astrocytes, and that astrocytes derived from APP-Tg mouse brains had
no such function (Zhao et al., 2011). Instead, reactive astrocytes in AD are shown to express
BACEI, acquiring amyloidogenic capabilities. Since astrocytes vastly outnumber neurons, it is
possible that they represent a significant, if unappreciated, source of AP under pathological
conditions. Furthermore, studies by our lab using animal models of MTLE have determined that
epileptic activity in the hippocampus triggers the extensive proliferation of GFAP-positive
astrocytes which overexpress APP; this process occurs simultaneously with the rapid loss of APP-
positive neuronal populations, thereby suggesting that reactive astrocytes potentially supplant
degenerating neurons as the primary source of pathological APP processing under epileptogenic
conditions (Kodam et al., 2017). However, what involvement astrocytes have with respect to AP
and MTLE pathology, and whether astrocyte-derived AP can facilitate neurodegeneration has

hitherto been unexplored.

1.10. The kainic acid model of MTLE: Our lab utilizes the KA model of MTLE (Wang et al.,
2005; Levesque and Avoli, 2013). KA is a non-degradable analog of glutamate, and a potent
excitotoxin and epileptogen. This chemical exerts its effects by specifically activating kainate
receptors, leading to subsequent influxes in Ca?", ROS production, mitochondrial dysfunction and
other aforementioned excitotoxic processes culminating in neuronal necrosis and apoptosis (Ben-
Ari and Cossart, 2000). In animal models, systemic administration of KA results in the selective
degeneration of hippocampal neurons, yielding a well-characterized seizure syndrome that closely
mirrors the effects of MTLE in humans. Kainate receptors are most abundant in the CA3 region
of the hippocampus, and because of the connectivity in this region, KA administration results in
extensive damage within the CA1, hilus, and CA3 areas (Vincent and Mulle, 2009). KA-induced
neuronal death is further accompanied by extensive astrogliosis in this region. This gliosis is
indicated as the steady increase in GFAP-positive cells beginning as early as 24h following

administration (Kodam et al., 2017).

The KA model of MTLE has some inherent advantages over other models of epilepsy such as

NMDA and ibotenic acid (IBO). Both NMDA and IBO act in a non-specific manner on many
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different cell types, and oftentimes fail to result in pervasive seizures. Likewise, KA confers a
degree of flexibility over models such as kindling, since KA can be applied in both in vivo and in
vitro experimental paradigms, generating a consistent, characteristic set of symptoms which can
be assessed over an extended period of time. KA also has a dose-dependent effect, which can be
optimized to the experimental model at hand. Nevertheless, there are several limitations to this
model (Zheng et al., 2011). MTLE is a chronic neurodegenerative disorder which progresses over
time; KA-induced neurogeneration on the other hand is an acute monophasic event. This fact
cannot be mitigated by applying smaller doses of KA over an extended period of time, since this
technique fails to mimic MTLE pathology adequately. Furthermore, kainate receptors are
tetrameric ion channels consisting of 5 potential subunits — GluRs, GluRe, GluR7, KA1, and KA2
— in various permutations; these subunits are expressed heterogeneously in various brain regions,
and hence it is difficult to isolate or ascertain the effects imposed on any particular kainate receptor
subtype (Vincent and Mulle, 2009). Likewise, the genetic backgrounds of various animal models
lead to varying degrees of resistance to KA toxicity (Mckhann et al., 2003). To mitigate these
confounding factors, we have restricted the use of our KA model to the well-characterized
astrocytoma cell line U-373 (Volknandt et al., 2002), and Sprague Dawley rat hippocampus-

derived primary neuron and astrocyte cultures.

1.11. Prior work leading up to this project: A recent study by our lab group (Kodam et al., 2017)
characterized the alterations in astrocyte APP and A production/degradation that result from KA
treatment by evaluating time-dependent alterations in the levels and cellular distribution of APP
and its processing enzymes in the hippocampus of KA-treated rats. In parallel, the study also
assessed the activity of - and y-secretase enzymes, as well as the levels of their products, the APP-
CTFs and AB-related peptides to establish whether APP processing in KA-treated animals is

altered towards the increased production of AP peptides.

Collectively, the results of this study reveal that KA administration increased the endogenous
levels of AP peptides in rat hippocampi in addition to triggering seizures and neuronal loss. The
presence of these peptides suggests that they may have a role in triggering neuronal loss in the KA
model of TLE. Thus, defining the potential signaling pathways that underlie the degeneration of

neurons following KA-induced seizure may provide a better understanding of the pathology
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associated with MTLE. However, changes in APP processing, AP synthesis, and its possible

downstream consequences have thus far not been evaluated in astrocytes.

1.12. Hypothesis and objectives: On the basis of earlier literature, as well as data obtained from
our lab, we hypothesize that AP peptides derived from reactive astrocytes may have an important
role in the degeneration of neurons in the KA model of epilepsy. To address this hypothesis, we

will:

i) Characterize the effect of KA on the expression and processing of APP and its
proteolytic products in astrocyte cells
ii) Define the functional significance, if any, of astrocyte-derived Af on the viability

of hippocampal neurons.

Collectively, these experiments will provide an understanding of the potential amyloid-related
mechanisms involved in KA. Establishing the significance of astrocyte-derived AP peptides,
derived from reactive astrocytes, will provide an underlying basis for a role of these peptides in
the loss of neurons in MTLE. Elucidating this connection has implications for both MTLE and

AD, and may lead to new avenues of medical research and therapeutic development.
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Physiological Hippocampus

Reactive Astrocytes

Figure 1.1: Graphic depiction of healthy and sclerotic hippocampi. Hippocampal sclerosis is

highlighted by gross atrophy, neuronal death, and the proliferation of reactive astrocytes.
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2. Materials and Methods

2.1. Reagents: U-373 MG human astrocytoma cells (ATCC HTB 17) were obtained from
American Type Culture Collection (Rockville, MD, USA). Rat hippocampal primary astrocytes
and associated media components were acquired from ScienCell (Carlsbad, CA, USA), while all
other cell culture reagents, including Dubecco’s Modified Eagle Medium (DMEM) and fetal
bovine serum (FBS), Hank’s balanced salt solution, Neurobasal media, B27 and N2 supplements,
and TrypLE Express were purchased from Invitrogen (Burlington, ON, Canada). Also from
Invitrogen were the NuPAGE electrophoresis (4-12%) Bis-Tris gels and the ELISA kits for the
detection of rat ABi-40 and APi-42. High sensitivity ELISA kits for the detection of human ABi-40
and APi-42, were purchased from Millipore (Etobicoke, ON, Canada), along with Amicon Ultra-4
centrifugal filter columns. The enhanced chemiluminescence kit (ECL) and the bicinchoninic acid
(BCA) protein assay kits were from Thermo Fisher Scientific (Montreal, QC, Canada).
Cycloheximide, KA, y-secretase inhibitor = N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT) and 3-(4,5-dimethylthiozolyl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich (Oakville, ON, Canada), kainate receptor
antagonist (S)-1-(2-amino-2-carboxyethyl)-3-(2-carboxy-5-phenylthiophene-3-yl-methyl)-5-
methylpyrimidine-2,4-dione (ACET) and AMPA-R antagonist 1-(4-Aminophenyl)-3-
methylcarbamyl-4-methyl-3,4-dihydro-7,8-methylenedioxy-5H-2,3-benzodiazepine

hydrochloride (GYKI-54266) were from Tocris Bioscience (Bristol, United Kingdom), whereas
the NMDA receptor antagonist 2-amino-5-phosphopentanoic acid (D-APS5) and B-secretase
activity assay kit were from Abcam (Cambridge, United Kingdom). Protease inhibitor cocktail,
BACEI inhibitor BIV and fluorogenic y-secretase substrate were from Calbiochem (San Diego,
CA, USA). Sources of all primary antibodies used in the study are listed in Table 2.1. The
associated horseradish peroxidase-conjugated secondary antibodies were purchased from Santa
Cruz (Pasa Robles, CA, USA). All other reagents were from either Sigma-Aldrich or Fisher

Scientific.

2.2. U373 human astrocytoma culturing and treatment paradigms: U-373 MG human
astrocytoma cells were cultured in DMEM with 10% heat-inactivated FBS and maintained at 37°C

and 5% COy/air-humidified incubator. Cells were seeded at 1x10* cells/cm?, and the medium was
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replaced every 2-3 days. For experiments, cells were plated on 6-well plates at 1x10* cells/cm? for
24hrs and grown to confluency. Media was replaced prior treatment with any reagents. In a series
of experiments, U373 cells were first treated with different concentrations (10uM, 100uM, 1mM)
of KA over a range of time-points (3, 6, 12, 24, and 48hrs). Following this protocol, we ascertained
that 100uM KA for 24hr treatment is the most optimal condition and hence this concentration of
KA was used in all subsequent experiments. In some experiments, U373 cells were first treated
with either 100uM KA or saline, and then exposed to 30pg/ml cycloheximide for 0.5h, 1h, 2h, or
4h (Leem et al., 2002). In parallel, U373 cells were treated with or without 100uM KA for 24hr in
the presence or absence of KA receptor antagonist ACET (100uM), NMDA receptor antagonist
D-AP5 (100uM) or AMPA receptor antagonist GYKI-52466 (20uM). The concentrations used
for ACET, D-APS and GYKI-52466 were based on previous results (Dargan et al., 2009, Choi et
al., 1988, Paternain et al., 1995). After various experiments, cells were harvested and either used

immediately or stored at -80°C until further processing.

2.3. Primary rat hippocampal astrocyte cultures and treatment: Primary rat hippocampal
astrocytes (ScienCell, CA, USA) were seeded on Poly-D-lysine-coated plates and grown in the
accompanying astrocyte media at 37°C as per the manufacturer’s instructions. Cells were grown
to confluency and passaged using TrypLE Express. For experiments, cells were plated on 6-well
plates at 1x10* cells/cm? for 24hrs and grown to confluency. Media was replaced prior treatment
with any drug/substance. In a series of experiments, cultured primary astrocytes were treated with
100uM KA for different periods of time (3, 6, 12, 24, and 48hrs) and then processed for Western
blotting, ELISA or cell viability assays. In parallel, cultured astrocytes were treated with 100uM
KA for 24hr in the presence or absence of 20uM DAPT (inhibitor of y-secretase activity) and the

cells were processed for ELISA to detect cellular and secretory AP levels.

2.4. Primary rat hippocampal neuronal and astrocyte/neuronal co-culture and treatment:
Primary rat hippocampal neuronal cultures were prepared from 17/18-day-old embryos of time-
pregnant Sprague-Dawley rats (Charles River, Quebec, Canada) as described previously (Zheng
et al., 2002; Wei et al., 2008). All animal protocols were in accordance with the Institutional and
Canadian Council on Animal Care guidelines. In brief, the hippocampal region was dissected in
Hanks balanced salt solution supplemented with 100uM HEPES, 10mM Na-pyruvate, 5S0uM L-
glutamine, 10U/ml penicillin and 10mg/ml streptomycin and digested with 0.25% trypsin/EDTA.
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The cell suspension was filtered through a cell strainer and then plated on 6-well plates. The
cultures were grown at 37°C in a 5% CO;-humidified atmosphere in Neurobasal medium
supplemented with B27, 50uM L-glutamine, 100uM HEPES, 10mM Na-pyruvate, 10U/ml
penicillin and 10mg/ml streptomycin, and 1% FBS. The medium was replaced 1day later without
FBS and all experiments were performed on day 6 after plating. To prepare astrocyte-neuronal co-
cultures, hippocampal neurons were prepared as described above, and then seeded directly on a
layer of astrocytes grown to confluency. Media conditions for co-cultures follow the protocol for
neuronal culture and all experiments were performed 6 days following cell plating. To determine
the effect of KA treatment on cell survival, pure neuronal cultures and mixed primary
neuron/astrocyte cocultures were exposed to a range of KA concentrations (50-200uM) over the
course of 24 or 48hrs with or without 20uM DAPT. In all cases, cell viability was assessed via

MTT assay (Maulik et al., 2015).

2.5. Western blotting: U373 and rat primary astrocyte cultured cells from different experimental
paradigms were lysed with radioimmunoprecipitation assay (RIPA) buffer, and the protein
contents were quantified with a BCA kit. Samples were then denatured and resolved by either 7-
17% gradient polyacrylamide gels made in house, or premade NuPAGE 4-12% Bis-Tris gels from
Invitrogen. Following electrophoresis, proteins were transferred to nitrocellulose membranes,
blocked with 5% milk and incubated overnight at 4°C with anti-APP (22C11), anti-CTF (Y188),
anti-ADAMI10, anti-BACE]I, anti-nicastrin, anti-PEN2, anti-APH1, anti-PS1, anti-IDE or anti-
neprilysin antisera. Following day, membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:5000) and immunoreactive proteins were detected with
enhanced chemiluminescence. All blots were re-probed with anti-f-actin antibody as a loading
control and quantified using a MCID image analysis system as described earlier (Wang et al.,

2015).

2.6. p- and y-secretase activity assays: Control and KA-treated cultured U373 astrocytes were
homogenized with RIPA buffer, centrifuged at 10,000g for Smin and then processed to measure
B-secretase BACEI activity according to the manufacturer’s instructions as described earlier
(Maulik et al., 2015). The fluorescence was measured at excitation wave length of 355 nm and
emission wave length of 495nm. The y-secretase activity was measured on crude membrane

fractions. Briefly, control and treated cells were lysed using sample buffer (10mM Tris base, ImM
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EDTA, 1x Protease Inhibitor Cocktail, pH 7.4) and then centrifuged to remove nuclei and cell
debris. The supernatant was further centrifuged at 100,000g to separate the membrane fraction
which was solubilized and its protein content was determined using BCA. The y-secretase activity
was then measured in 50mM Tris-HCI (pH 6.8), 2mM EDTA and 0.25% CHAPSO with 8uM
fluorogenic y-secretase substrate in 50ug protein as described earlier (Maulik et al., 2015). The
fluorescence was detected at excitation wavelength of 355nm and emission wavelength of 440nm
and the specificity was determined by incubating samples with 100uM vy-secretase inhibitor L-
658,458. All samples were assayed in duplicate and results were obtained from four independent

experiments.

2.7. ELISA for Af1-401-42: To measure cellular AP levels, KA-treated cultured and control U373
cells were solubilized in RIPA buffer, centrifuged, and then assayed for human ABi.40 and APi-42
using respective human ELISA Kkits as described earlier (Wang et al., 2015). For the measurement
of secreted Ai-40/1-42 peptides, conditioned media collected from control and KA-treated cells were
concentrated using Amicon filtration columns with 3kDa MW cut-off and then analyzed using the
ELISA kits. The absorbance was read with a microplate reader, and the amount of ABi.40/1-42 in
each sample was calculated from the standard curve. The levels of cellular and secreted APi-40/1-42
peptides in rat primary astrocyte cells treated with either saline, 100uM KA with or without 20uM
DAPT were also similarly measured with commercial rat/mouse ELISA kits as per the
manufacturer’s instructions. All samples were assayed in duplicate and results presented were

obtained from four independent experiments.

2.8. Cell viability assays: The viability of cultured U373 cells, primary rat neurons, astrocytes, or
mixed neuron/astrocyte cultures exposed to various treatment paradigms outlined above was
assessed using the cell proliferation colorimetric MTT assay as described earlier (Maulik et al.,
2015). In brief, control and treated culture plates were replaced with new medium containing
0.25% MTT and then incubated for 4hr at 37°C. The reaction was terminated and measured
spectrophotometrically at 570nm. All experiments were performed in quadruplicate and results

presented were obtained from four independent experiments.

2.9. Statistical analysis: All data were collected from four biological repeats and expressed as

means = SEM. In instances of two independent mean comparisons, Student’s t-test was used. In
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instances of multiple mean comparisons, ANOVA was used, followed by Bonferroni’s post hoc
analysis. A p value under 0.05 was accepted as statistically significant. All statistical analysis were

performed using GraphPad Prism (GraphPad Software, Inc., CA, USA).

Table 2.1: Details of the primary antibodies used in this study

ANTIBODY NAME | TYPE | Western Dilution SOURCE | |
Anti-Amyloid Precursor Protein (22¢11) Monoclonal 1-3000 EMD Millipore
Anti-Amyloid Precursor Protein (Y188) Monoclonal 1-3000 Abcam (Cambrnidge, MA)
Anti-Beta site APP Cleaving Enzyme 1 (BACE1) Polyclonal 1-2000 Chemicon Intl.

(Temecula, CA)

Anti-A Disintegrin and metalloproteinase domain-containing

protein 10 Polyclonal 1-2000 EMD Millipore
Anti-Presenilin 1 (PS1) Polyclonal 1-2000 Dr. G. Thinakaran’
Anti-Nicastrin Polyclonal 1-800 Santa Cruz

Anti-APH1 Polyclonal 1-800 Dr. G. Thinakaran’
Anti-Presenilin Enhancer Homolog 2 (PEN2) Polyclonal 1-2000 Dr. G. Thinakaran’
Anti-Insulin Degrading Enzyme Polyclonal 1-500 Abcam (Cambrnidge, MA)
Anti-Neprilysin Monoclonal 1-500 Abcam (Cambrnidge, MA)
Anti-Glial Fibrillary Acidic Protein (GFAP) Polyclonal 1-5000 Sigma (Oakville, ON)
Anti-B-actin Polyclonal 1-5000 Sigma (Oakville, ON)

'The University of Chicago, IL, USA
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3. Results

3.1. Effects of kainic acid on APP metabolism in U-373 cells: U-373 MG is a well characterized
human glioblastoma cell line enriched with GFAP-positive astrocytes which have been used
extensively for various experimental paradigms (Volknandt et al., 2002). To characterize the
potential effects of KA on APP metabolism in astrocytes, we first evaluated APP holoprotein
levels in U373 cell following exposure to different concentrations (10uM, 100uM and 1mM) of
KA for varying lengths (3h - 48h) of time. Our results revealed a significant time-dependent
increase followed by decline in APP levels as a consequence of treatment with different doses of
KA (Fig. 3.1). A significant increase in APP level was evident at 3h with 10uM KA, 6-24hr with
100uM KA and 12-24hr with ImM KA. The upregulation of APP was most prominent at 24h
following treatment with ImM KA, reaching ~250% of the control levels before declining by 48h
of treatment (Fig. 3.1C). Since 100uM KA showed a protracted increase in APP levels over 6-
24hr post-treatment (Fig. 3.1B), this dose of KA was used in all subsequent experiments. In
parallel to APP, we analysed the levels of a- and B-secretase cleavage products (a-CTF and (-
CTF, respectively) following exposure to KA for different periods of time (Fig. 3.2). Our results
indicate that 100uM KA induces a parallel increase in both a-CTF and B-CTF levels between 6-
24hr post-treatment. Although the levels of both CTFs increased following KA treatment, the
magnitude of change was more prominent for B-CTF (Fig. 3.2B) compared to a-CTF (Fig. 3.2A).

To assess whether altered levels of a-/B-CTFs are the consequence of differential APP processing,
we first evaluated steady state levels of a-secretase ADAMI10 (Fig. 3.3A), B-secretase BACE1
(Fig. 3.3B) and the components of the y-secretase complex (Fig. 3.4) in U373 cells following
exposure to 100uM KA over 3-4hr periods. Interestingly, our results revealed no significant
changes in ADAMI10, BACE], or any of the four components of the y-secretase complex (PS1,
nicastrin, APH1 or PEN2) at any time point. Considering the evidence that steady-state levels of
BACEI or y-secretase complex does not necessarily correspond with enzyme activity (Ourdev et
al., 2015; Thinakaran et al., 1997), we subsequently assessed changes in the activity of these three
secretases (Fig. 3.5). While no observable change was apparent in the activity of either ADAM10
(Fig. 3.5A) or BACEI1 (Fig. 3.5B) in cells treated with 100uM KA for 24h, the activity of y-

secretase increased three-fold in KA-treated cells compared to control cells (Fig. 3.5C),
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suggesting that KA may lead to an increased production of AB-related peptides, at least in part,
by modulating the activity of this crucial enzyme. To determine whether decreased turnover may
also contribute to the enhanced levels of the peptides, cultured U373 cells were treated with or
without 100mM KA for 24hr and then exposed to cycloheximide for different periods of time
(i.e., 0, 0.5h, 1h, 2h and 4h) to inhibit de novo synthesis of proteins including APP (Leem et al.,
2002). As expected, the levels of APP and a-CTF/B-CTF were markedly higher in U373 cells
treated with cycloheximide, but these peptides decline as a function of time without any
significant difference in rate between KA-treated and untreated control cells (Fig. 3.6). We also
found the steady state levels of the two main APP clearance peptides, IDE and neprilysin,
unchanged in response to KA treatment (Fig. 3.7).

3.2. Effects of kainic acid on AP levels/secretion in U-373 cells: To determine whether the KA-
induced altered APP metabolism can lead to increased levels/secretion of AP peptides, we
measured APi-40 and APi-42 levels using ELISA in both cell lysates and conditioned media of U-
373 cells treated with or without 100uM KA for 24h. Our results indicate that the levels of ABi-
40 and APi-42 are markedly increased in both cell lysates and conditioned media following KA
treatment, suggesting increased production and secretion of these peptides (Fig 3.8). Since KA
treatment does not have any apparent toxicity to astrocytes (Fig. 3.9), as assessed by MTT assay,
we can conclude that these changes in APP metabolism were not due to cell loss between

experimental groups.

3.3. Effects of kainic acid antagonist ACET on APP metabolism: To determine if the effects of
KA on APP metabolism are mediated by selective activation of the KA receptors, we used the
antagonist ACET which has previously shown to block the response of KA (Dargan et al., 2009).
In our paradigm, U373 cells were treated with 100uM KA in the presence or absence of 100uM
ACET for 24h and then cells were processed to evaluate the levels of APP and its cleaved
products. While ACET itself did not alter the levels of either APP or a-CTF/B-CTF, it significantly
attenuated the effects of KA on APP holoprotein (Figure 3.10A) and its metabolites (Fig. 3.10),
including a-CTF (Fig. 3.10B), B-CTF (Fig. 3.10C) and both cellular and secreted forms of Ap
peptides (Figure 3.11). In contrast to ACET, neither the NMDA receptor antagonist D-AP5 (Fig.
3.12) nor the AMPA receptor antagonist GYKI-54266 (Fig. 3.13) was able to attenuate the effects
of KA on the levels of APP or its metabolites.
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3.4. Effects of kainic acid on APP metabolism in rat primary astrocytes: To confirm that the
effects of KA observed in our glioblastoma U373 cells occur in primary astrocytes, rat
hippocampal astrocytes were treated with 100uM KA for different periods of time (3-48hrs) and
then assessed to measure the levels of APP holoprotein and its metabolites. Similar to our results
with U373 cells, the levels of APP (Fig. 3.14A), a-CTF (Fig. 3.14B) as well as B-CTF (Fig. 3.14C)
were markedly increased between 12-24hr in KA treated astrocytes compared to control astrocytes.
Additionally, we did not observe any alteration in the steady state levels of either BACE1 (Fig.
3.15A) or PS1 (Fig 3.15B) at any time point following KA treatment.

3.5. Effects of kainic acid on A levels/secretion in rat primary astrocytes: To determine whether
changes in the levels of APP and CTFs can lead to higher levels of AP peptides, rat primary
astrocytes were treated with 100uM KA for 12hr, 24, and 48hrs and then processed to measure
cellular/secretory A levels using ELISA. Our results showed that cellular levels of APBi.40 were
significantly increased at 12hr and 24hr, whereas AP.42 level were increased only at 12hr after KA
treatment (Fig. 3.16A). The secretory levels of ABi-40 and ABi-42, on the other hand, were markedly
increased with time following exposure to 100uM KA (Fig. 3.16B). Pre-treatment with the y-
secretase inhibitor DAPT attenuated enhanced levels of AP peptides, suggesting that an increased
production/secretion of the peptides is possibly triggered by KA treatment (Fig. 3.16C). In parallel,
we observed that the viability of cultured astrocytes was not compromised after 48hr exposure to
either 100uM KA, DAPT, or a combination of the two (Fig. 3.17A), suggesting once again that

these changes were not due to cell loss.

3.6. Kainic acid-induced neurodegeneration and its attenuation by y-secretase inhibitor: To
define the functional significance of astrocyte-derived AP peptides in KA-induced toxicity, pure
rat hippocampal cultured neurons were exposed to a range of KA doses (50, 100, and 200uM) for
either 24 or 48hrs, and their cell viability was assessed using an MTT assay. As expected, viability
of cells was reduced significantly in most conditions, but it did not exhibit any variation with either
increasing concentrations or time following exposure to KA (Fig. 3.17B). Interestingly, treating
mixed neuron/astrocyte co-cultures with 100uM KA for 24hrs was found to reduce cell viability
significantly more than what was observed with pure neuronal cultures (Fig. 3.18A) At the same

time, we observed that the viability of cultured astrocytes was not compromised after 48hr
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exposure to either 100uM KA or 20uM DAPT (Fig. 3.17A). Since KA does not appear to induce
astrocyte death, we sought to determine whether the added neuronal loss observed in mixed co-
cultures could be due to the presence of AP peptides generated by the cultured astrocytes as a result
of KA treatment. To this end, we pretreated mixed neuron/astrocyte co-cultures with or without
20uM DAPT, and then exposed them to 100uM KA for 24hrs. Our results clearly showed that
DAPT treatment can ameliorate KA toxicity (Fig. 3.18B), thereby determining that astrocyte-

derived Ap-related peptides play a role in the degeneration of neurons.
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Fig. 3.1: A-C; Histograms and associated representative western blot images of APP expression
time-response to treatment with 10uM (A), 100uM (B) or ImM (C) of KA in U373 cells. KA
treatment resulted in a dose- and time-dependent increase in APP holoprotein levels, peaking

between 12 and 24h post-treatment for ImM, 6-24h for 100uM, and at 3h for 10uM of KA. Data

represent means=SEM from 3-4 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.2: A and B; Histograms and associated representative western blot images of CTF
expression time-response to treatment with 100uM of KA in U373 cells. KA triggers a time-
dependent increase in both a- (A) and B-CTFs (B). Data represent meanstSEM from 3-4
independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.3: A and B; Histograms and associated representative western blot images of ADAMI10 (A)
and BACEL1 (B) expression in response to treatment with 100uM of KA in U373 cells. KA was
not found to cause any significant changes in the levels of either secretase enzyme. Data represent

meanstSEM from 3-4 independent experiments.
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Fig. 3.4: A-D; Histograms showing the alteration of y-secretase components PS1 (A), Nicastrin
(B), APH1 (C), and PEN2 (D) in U373 cells following 100uM of KA over time. KA did not affect
the levels of these proteins at any time-point. All data represent means=SEM from 3-4 independent

experiments.
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Fig. 3.5: A-C; Histograms depicting activities of a-secretase (A), B-secretase (B), and y-secretase
(C) in cultured U373 cells following 24h treatment with 100uM KA treatment. KA was found to
trigger significant increases in y-secretase. All data represent meanst=SEM from 3-4 independent

experiments. ***p<0.001.
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Fig. 3.6: Western blots and respective histograms of control and KA-treated U373 cells in the
presence and absence of cycloheximide (cyclo) and probed for APP (A), a-CTF (B), and B-CTF
(C). Densitometry analysis shows a time-dependent decrease in the levels of APP holoprotein,
aCTF, and BCTF as result of KA treatment, but no overall difference between degradation rates in

KA-treated vs control cells. All data represent means=SEM from 3-4 independent experiments.
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Fig. 3.7: A and B; Histograms showing IDE (A) and Nephrilysin (B) levels in U373 cells treated
with 100uM of KA over time. No alterations were observed in the expression levels of either
protein in response to KA at any time point. All data represent means=SEM from 3-4 independent

experiments.
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Fig. 3.8: A and B; Histograms showing the alteration in ABi-40and APi-42 levels in cell lysates (A)
and media (B) of U373 cells with or without 100uM of KA treatment. Both AB1-40 and AB1-42 show
a significant increase in the cell lysates as well as in the media following KA treatment. All data

represent means=SEM from 3-4 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.9: Histogram showing no change in the viability of cultured U373 astrocytes following
treatment with KA as measured by an MTT assay. All data represent meanstSEM from 3-4

independent experiments.
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Fig. 3.10: A-C; Histograms showing the alteration in APP (A), a-CTF (B), and B-CTF (C) levels
in U373 cells treated for 24h with KA, ACET, or both, relative to control (Cont). ACET alone was
not found to alter protein levels. At the same time, the increase in expression of APP and B-CTF
protein species triggered by KA was found to be reversed by the application of the ACET inhibitor.
All data represent meanstSEM from 3-4 independent experiments. *p<0.05, **p<0.01,

*#%p<0.001, ns = not statistically significant.
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Fig. 3.11: A and B; Histograms showing the alteration in APi-40 and ABi142 levels in cell lysates
(A) and media (B) of U373 cells in the presence or absence of 100uM of KA and/or ACET. Both
APi-40 and APi-42 show a significant increase in the cell lysates as well as in the media following
KA treatment. Although ACET alone does not appear to change AP levels relative to control, it
effectively nullifies any changes in both cellular and secretory AP peptides induced by KA. All

data represent meanst=SEM from 3-4 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.12: A-C; Histograms showing the alteration in APP (A), a-CTF (B), and B-CTF (C) levels
in U373 cells treated for 24h with KA, APS5, or both, relative to control (Cont). AP5 alone was not
found to alter protein levels. At the same time, AP5 was also unable to affect changes in the
expression of all three protein species triggered by KA. All data represent means=SEM from 3-4

independent experiments. **p<0.01, ***p<0.001, ns = not statistically significant.
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Fig. 3.13: A-C; Histograms showing the alteration in APP (A), a-CTF (B), and B-CTF (C) levels
in U373 cells treated for 24h with KA, GYKI-52466 (GYKI), or both, relative to control (Cont).
GYKI alone was not found to alter protein levels. GYKI was also unable to affect changes in the
expression of all three protein species triggered by KA. All cultured data represent means=SEM

from 3-4 independent experiments. **p<0.01, ***p<0.001, ns = not statistically significant.
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Fig. 3.14: A-C; Histograms showing the alteration in APP (A), a-CTF (B), and B-CTF (C) levels
in rat primary astrocyte cells treated with 100uM KA over 3, 6, 12, 24, and 48h relative to control.
In all cases, KA induced increases in protein expression that peaked around 12-24h post-treatment.

All data represent meanstSEM from 3-4 independent experiments. *p<0.05, **p<0.01.

51



Kainic acid 100pM

Cont 12h 24h 48h

ave --.“ﬂ
P | g e - - - o

250

- 2001
- =
< £

2B 150
& O

] 100+
<<

50

0

Cont

Kainic acid 100pM

u-CTF levels
(% Control)

1
Cont 3h 6h 12h  24h  48h

o~

e *

B-CTF levels
(% Control)
- 2 §

Cont 3h 6h 12h 24h  48h

@

52



Fig. 3.15: A and B; Histograms showing the alteration of BACE1 (A) and the catalytic PS1 subunit
of y-secretase (B) in rat primary astrocyte cells following 100uM of KA over time. KA did not
affect the levels of these proteins at any time-point. All data represent meanstSEM from 3-4

independent experiments.
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Fig. 3.16: A and B; Histograms showing the alteration in APi-40 and ABi142 levels in cell lysates
(A) and media (B) of rat primary astrocytes treated with 100uM of KA over 12hr, 24hr and 48hr
relative to control (Cont). Both ABi.40 and APi-42 show a significant increase in the cell lysates as
well as in the media following KA treatment. C; Histogram depicting the levels of ABi-40in primary
rat astrocyte cultures treated with either KA, y-secretase inhibitor DAPT, or a combination of the
two (DAPT+KA) relative to control. Note that DAPT drastically reverses the increase in ABi-40
levels triggered by KA and this effect is especially prominent in the conditioned media. All data

represent meanstSEM from 3-4 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3.17: A. Histogram showing no change in the viability of cultured astrocytes following
treatment with KA, DAPT or both, as measured by an MTT assay. B. Histogram showing the
effect of KA on the viability of rat primary hippocampal cultured neurons as assessed by an MTT
assay. KA was found to be toxic to neurons in relation to control. All data represent means=SEM

from 3-4 independent experiments. *p<0.05, **p<0.01.
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Fig. 3.18: A. Histogram showing viability of KA-treated neuron/astrocyte co-cultures and pure
neuronal cultures compared to control. A greater loss in cell viability was observed in co-culture
conditions relative to pure neuronal cultures. B. Histogram showing the viability of
neuron/astrocyte co-cultures in relation to control following treatment with KA, DAPT and
DAPT+KA. KA-induced death of neurons was attenuated by DAPT pretreatment. All data

represent means=SEM from 3-4 independent experiments. *p<0.05, ***p<0.001.
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4. Discussion

The results of the present study suggest a hitherto unexplored mechanism of neuronal cell death
involved in KA toxicity, centered on the enhanced production and secretion of A peptides from
activated astrocytes. This is supported by data which show that: 1) KA triggers time- and dose-
dependent increases in APP expression in human astrocytes; ii) this increase is accompanied by a
significant enhancement of y-secretase activity, and a corresponding upregulation of APP-cleavage
products, including a-CTF, B-CTF, and A1-40/1-42 peptides; iii) these increases occur in absence of
changes in the degradation/clearance rate of APP and its cleaved products; iv) the changes in
APP/AB metabolism following KA treatment are mediated by the kainate receptor, as opposed to
the glutamatergic NMDA or AMPA receptors; v) KA treatment of rat primary hippocampal
astrocytes results in increased APP levels and enhanced AP production/secretion without
compromising cell viability; vi) KA-induced degeneration of rat hippocampal cultured neurons is
exacerbated by the presence of astrocytes, and vii) simultaneous application of a y-secretase
inhibitor DAPT was able to attenuate KA-mediated neuronal loss in mixed neuronal/astrocyte
cultures. Altogether, these results indicate that activated astrocytes, by way of heightened APP
expression and the increased production of AP peptides, play a critical role in KA-induced
neurodegeneration. Given the neuropathological parallels between KA administration and human
MTLE, it is possible that APP/A peptides derived from astrocytes may also have a role in the

degeneration of neurons in this epileptic condition.

Kainic acid-induced A metabolism in astrocytes: Previous studies from our lab and others have
reported that systemic KA administration can induce glial hypertrophy/proliferation along with the
loss of neurons in the hippocampus of adult rats (Wang et al., 2005; Vincent and Mulle, 2009;
Banerjee et al., 2015; Levesque et al., 2016). We also reported that the observed neurodegeneration
triggered by the KA treatment coincided with a time-dependent elevation of APP and its processing
enzymes in GFAP-expressing reactive astrocytes. The present study, using cultured human U373
astrocytoma and rat primary hippocampal astrocytes, further characterized the downstream

implications of KA-triggered increases in APP production/processing.
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Astrocytes are the most abundant glial cells in the central nervous system. They play vital roles in
maintaining neuronal homeostasis by regulating trophic/metabolic support, neurotransmitter
milieus, blood-brain barrier integrity, synaptic activity and synapse formation/remodeling (Barres,
2008; Belanger and Magistretti, 2009; Sidoryk-Wegrzynowicz et al., 2011; Nag 2011; Pekny et al.,
2014). Normal astrocytes, unlike neurons, express very little APP and its processing enzymes,
particularly BACE1 and the y-secretase components (Beeson et al., 1994; Kodam et al., 2008;
Siman and Salidas, 2004; Sun et al., 2002). Thus, neuronal cells appear to be the primary source
for AP production in physiological conditions, whereas astrocytes fulfill a partial role in the
clearance and degradation of the peptides (Osborn et al., 2016; Zhao et al., 2011). Upon activation,
which may result from injury or diseases, astrocytes undergo specific modifications resulting in
“reactive gliosis” — characterized by hypertrophy of cellular processes and upregulation of
intermediate filament proteins including GFAP. Consequently, activated astrocytes lose some of
their normal homeostatic functions and participate in inflammatory reactions that contribute to a
variety of pathological changes (Belanger and Magistretti, 2009; Nag 2011; Sidoryk-
Wegrzynowicz et al., 2011; Pekny et al., 2014; Batarseh et al., 2016). Concurrently, activated
astrocytes have been shown to express APP, BACEl and PS1 under various experimental
conditions, such as cerebral ischemia, traumatic brain injury, excitotoxicity and cholesterol
sequestration (Siman et al., 1989; Banati et al., 1995; Nihashi et al., 2001; Nadler et al., 2008;
Kodam et al., 2010; Avila-Munoz and Arias, 2015). There is also evidence that activated astrocytes
located in close proximity to AB-containing neuritic plaques in AD brains and in mutant APP
transgenic mice exhibit higher levels of APP and/or its processing enzymes (Rossner et al., 2001;
Hartlage-Rubsamen et al., 2003; Nagele et al., 2003; Simpson et al., 2010). Hence, it is possible
that astrocyte activation under certain aberrant conditions may cause these cells to produce AP

peptides which can contribute to pathological developments such as neuronal loss.

Earlier studies from our group and others have shown that KA treatment of adult rats results in a
marked increase in the expression of APP and its processing enzymes in reactive astrocytes that
coincides with the degeneration of hippocampal CA1-CA3 pyramidal neurons (Kodam et al., 2017)
It is unclear, however, what the functional consequences of the elevated levels of APP and its
processing enzymes are on the surrounding neurons, and whether this effect was mediated by direct

activation of astrocytic kainate receptors or indirectly via other mechanisms. The present study
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using human glioblastoma U373 cells reveals that KA treatment enhances the levels of APP
holoprotein in a time- and dose-dependent manner. This is accompanied by an increased level of
a-/B-CTFs as well as intracellular/secretory levels of both AB1.40 and AP1-42 peptides. Interestingly,
we did not observe any alteration in the steady state levels of the APP secretases; nevertheless, the
activity of y-secretase was found to be greatly increased in KA-treated U373 cells. The discrepancy
between the steady state levels of y-secretase complex and activity of this enzyme has been reported
earlier (Ourdev et al., 2015) and is consistent with the evidence that four subunits of y-secretase are
tightly regulated by their stoichiometric interaction and ability to form stable complexes
(Thinakaran et al., 1997; Takasugi et al., 2003). The observed changes in the APP holoprotein and
its metabolites are evident in absence of any alterations in cell viability, suggesting that these
changes are not due to the consequence of KA-induced toxicity. Additionally, the
clearance/degradation of APP and its cleaved products are not altered following cycloheximide
treatment, indicating that increased levels of CTFs and APi-40/A1-42 are likely the consequence of
increased production as opposed to decreased clearance of the peptides. We also did not observe
any marked alteration in two important AB-degrading enzymes, IDE and neprilysin. Interestingly,
the effects of KA on APP metabolism in cultured astrocytes is inhibited by the kainate receptor
antagonist ACET, but not by either the selective NMDA receptor antagonist AP5 or the selective
AMPA receptor antagonist GYKI-52466, suggesting that the selective activation of kainate
receptors especially underlies the increased levels and processing of APP in cultured astrocytes.
Most of the results observed in human glioblastoma cells were also replicated in rat primary
astrocytes, indicating that a similar mechanism may occur in both humans and rat models. Future
experiments are needed to define the underlying mechanism by which KA treatment can lead to
increased levels of the APP holoprotein in astrocytes. Nevertheless, given the fact that astrocytes
vastly outnumber neurons in the brain (Kodam et al., 2017), our results show that activated

astrocytes may serve as a potentially significant source of A under certain pathological conditions.

The role of astrocyte-derived Af peptides in kainate-triggered neural death: KA is known to be
neurotoxic, both in animal models and neuronal cell cultures (Levesque and Avoli, 2013). In
agreement with prior studies (Ben-Ari and Cossart, 2000, Kodam et al., 2017), we report that
treating rat primary neuronal cells with KA kills neurons in a manner proportional to the duration

of treatment and the dose administered. Given that we observe increases in the amyloidogenic
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processing of APP and A production/secretion in reactive astrocytes responding to KA, it is likely
that these astrocyte-derived peptides may facilitate or compound KA-driven neuronal loss,
especially considering previous studies which have shown rat AP peptides to be neurotoxic (Boyd-
Kimball et al., 2004). In fact, we did observe that KA-induced cell loss is exacerbated in primary
neuron/astrocyte co-cultures relative to primary neuron cultures. This additional cell death can be
reversed by the application of the y-secretase inhibitor DAPT, which ablates AP production and
secretion from astrocytes; hence, these results collectively suggest that increased levels of AP

peptides derived from astrocytes may directly be involved in the toxicity induced by KA.

Nevertheless, the precise manner by which AP facilitates neuronal cell death remains unclear, as
AP peptides can induce cellular toxicity by a variety of mechanisms; accordingly, apoptotic,
necrotic and autophagic markers are all found to be altered in neurons affected by KA (Wang et al.,
2008; Wang and Qin, 2010). In the context of KA administration, it is possible that AP facilitates
neuronal death by rendering cells more susceptible to excitotoxicity (Morimoto and Oda 2003).
Studies have shown that AP can do this by directly interacting with NMDA receptors, thereby
affecting cellular response to glutamatergic signaling. Alternatively, this peptide can positively
modulate extracellular glutamate environment by potentiating glutamate release and inhibiting its
reuptake, thereby indirectly affecting neuronal viability (Fernandez-Tome et al., 2004;
Minkeviciene et al., 2009; Kabogo et al., 2010; Sanz-Blasco et al., 2016). Beyond excitotoxicity,
AP peptides have been implicated in a number of neurotoxic processes including mitochondrial
dysfunction, membrane permeabilization, ROS and oxidative stress, altered calcium homeostasis,
and aberrant intracellular signaling which may also affect the survival of neurons (Carrillo-Mora et

al., 2014).

The implication of astrocyte-derived Af peptides in mTLE: Recent literature identifies a tentative
connection between AP peptides and MTLE. Some MTLE patients, for example, have been shown
exhibit extracellular AB-containing plaques and increased levels of APP (Mackenzie and Miller,
1994; Sheng et al., 1994; Gouras et al., 1997; Sima et al., 2014); conversely, individuals afflicted
with genetic overexpression of APP and/or AP, such as those who suffer from Down’s syndrome
(Trisomy 21) and some genetic early-onset forms of AD, are found to suffer from temporal and

other forms of epilepsy at much higher frequencies than age-matched populations (Amatniek et
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al., 2006; Larner, 2010; Born, 2015, Chin and Scharfman, 2013). Nevertheless, our understanding
of what contributions astrocyte-derived AP peptides have towards the development of MTLE

pathology remains limited.

As mentioned previously, astrocytes normally do not express APP or secrete AP, instead playing
a partial role in these peptides’ clearance in addition to fulfilling functions necessary for proper
neural homeostasis. As a result of the aberrant glutamatergic neurotransmission which drives
seizures, astrocytes in MTLE are known to adopt a pathological reactive state which contributes
to the sclerotic hippocampal syndrome (Tian et al, 2005; Blumcke et al., 2002). Our studies show
that KA causes astrocytes to adopt a reactive phenotype that actively produces neurotoxic AP
peptides; importantly, we demonstrate that this mechanism is mediated by the kainate receptor, as
it can be attenuated by the application of a selective antagonist. Hence, it is highly likely that the
glutamatergic currents which drive MTLE can likewise trigger astrocytes to adopt a reactive state
that favors A production and secretion. Once produced, astrocyte-derived AP peptides may play
a role in facilitating the neurodegeneration associated with this condition through the various
aforementioned mechanisms. Additionally, given that the kainate receptor is particularly
concentrated in the CA1 and CA3 regions of the hippocampus (Vincent and Mulle, 2009), the
implication of the kainate receptor in this process may shed some light as to why this particular

structure is so adversely affected in MTLE.

In addition to inducing neuronal loss, reactive astrocytes and the AP peptides they produce may
also contribute to the disease state of MTLE by promoting epileptogenesis. By adopting a reactive
state, astrocytes lose their ability to regulate glutamate homeostasis, which can simultaneously
exacerbate both neurotoxicity and promote the occurrence of seizures in the diseased
hippocampus. Furthermore, A peptides have been shown to potentiate the release (Kabogo et al.,
2010; Revett et al., 2013; Sanz-Blasco et al., 2016) and inhibit the uptake of glutamate by
astrocytes (Harris et al., 1996; Fernandez-Tome et al., 2004). Hence, it is likely that astrocyte-
derived AP peptides themselves have an epileptogenic effect. AP is also known to trigger synapse
atrophy and remodeling, and this likely compounds with the loss of neurons in MTLE to create
excitatory network-level changes in the hippocampus; this may form a feed-forward loop

promoting further neurodegeneration and epileptogenesis, thereby exacerbating the disease state
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(Noebels, 2011; Palop and Mucke, 2010). This is supported by the evidence that: i) AP peptides
can directly induce neuronal hyperexcitability and trigger epilepsy (Minkeviciene et al., 2009); 1)
transgenic mice overexpressing AP peptide exhibit spontaneous seizures more frequently, and are
more sensitive to induced seizures than wild-type mice (Del Vecchio et al., 2004; Palop et al.,
2007; Westmark et al., 2008); iii) the prevalence of seizures is higher in AD cases than in control
populations (Amatniek et al., 2006; Larner, 2010; Scharfman, 2012b; Born, 2015), and iv)
immunization of mutant APP transgenic mice with AP peptide protects them from seizures
(Mohajeri et al., 2002). Our results add to these findings by showing that KA-induced neuronal
death is worsened in the presence of astrocytes and that, notably, this effect is mitigated by
inhibiting AP synthesis by chemically blocking the activity of y-secretase. Collectively, these
results not only highlight the significance of astrocytic A in MTLE pathology, but also raise the

possibility that lowering A levels may attenuate seizure generation and neuronal loss.

Future directions: The results of this project offer plenty of avenues for future work. The next step
in this line of research would be to determine by which molecular mechanisms A induces
widespread neuronal death in the KA model. One particularly interesting subject that is worth
looking into is astrocyte-derived A and its effect on aberrant tau phosphorylation and pathology.
Tau is a predominantly neuronal protein that serves to stabilize microtubule filaments. Under
pathological conditions, this protein becomes hyperphosphorylated and forms intracellular
aggregates known as neurofibrillary tangles (NFT). NFTs, much like amyloid plaques composed
of AP aggregates, are a primary pathology of AD; similarly, they are widely neurotoxic and form
the crux of various neurodegenerative diseases known collectively as tauopathies. Recently, tau
dysfunctions have garnered much attention in the context of MTLE, as studies have shown putative
development of NFTs in brain samples collected from hippocampal biopsies of 31 MTLE patients
(Tai et al., 2016). Notably, the NFT development in these patients were comparable to Braak
patterns in AD. Furthermore, glutamate antagonists have been found to protect cells against AP
toxicity by reducing the activity of kinase enzymes responsible for phosphorylating tau (Tremblay
et al., 2000; Song et al., 2008). Meanwhile, in vivo treatments with NMDA or KA have been shown
to reduce tau dephosphorylation by diminishing the activity of its protein phosphatases, thereby
demonstrating that excessive glutamatergic activity can enable a pathological hyperphosphorylated

state. Conversely, tau appears to propagate the deleterious effects of these glutamate receptor
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agonists, as genetically reducing tau in mouse models has been shown to effectively attenuate the
effect of epileptogenic agents (Tremblay et al., 2000). In separate studies, reducing tau was shown
to prevent synaptic impairments and hippocampal remodeling, suppress seizure activity, and
mitigate AB-induced cognitive impairments (Brunden, 2009, Roberson et al., 2011). Considering
the close interrelationship which exists between AP and tau hyperphosphorylation, to the point
where some researchers have characterized AP as the “trigger” and tau the “bullet” of AD, it is
highly likely that A may potentiate neuronal death by affecting tau phosphorylation. This concept
has certainly not been explored with regards to KA-treated astrocytes, and hence makes a logical

next step in the investigation related to this project.

Another consideration worth investigating is the effect of astrocyte-derived AP on epileptogenesis
in KA-treated animals. Given the deleterious effect of AB on glutamate signaling, synapse function,
and cell death outlined above, it is likely that these peptides may be responsible for propagating
seizures in addition to contributing to the neurodegeneration observed in KA toxicity. Furthermore,
it has been shown that treatment with glutamate receptor antagonists such as memantine and
antiepileptic drugs such as levetiracetam can partially reverse AD-related pathology (Bakker et al.,
2012; Sanchez et al., 2012; Zhang et al., 2014; Xiao, 2016). Hence, it would be worthwhile to
explore this concept by specifically targeting reactive APP-expressing astrocytes and assessing
whether this can alleviate KA pathology; these studies may provide the groundwork for new,
valuable treatment strategies for patients with MTLE which targeting astrocyte activation and/or

production of Ap.
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