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ABSTRACT

Epilepsy, a disease characterized by recurring spontaneous seizures, affects over
65 million people, 2% of the world’s population. Over 30% of patients are refractory to
all current medical therapy, and for those that can be treated, many suffer from severe
drug side-effects. Understanding the molecular basis of epilepsy is vital to the
advancement of better therapeutic options and an eventual cure. Upregulation of brain-
derived neurotrophic factor (BDNF) is highly associated with epileptogenesis in human
patients, as well as animal models.

Our laboratory discovered that BDNF induces the Janus Kinase/Signal
Transducer and Activator of Transcription (JAK/STAT) pathway in neurons and that
inhibition attenuates spontaneous seizures in a temporal lobe epilepsy model. The
mechanism behind JAK/STAT signaling in neurons and its relationship to epilepsy still

remains to be elucidated and is the subject of my thesis.
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Surprisingly, even though BDNF is such a major signaling molecule, its full
genomic impact has never been assessed. We conducted a high-density RNA-sequencing
analysis of the BDNF transcriptome in cortical neurons and probed such regulation with
selective JAK inhibitors. Results suggest that 68% of BDNF-induced changes in gene
expression implicated in epilepsy are regulated by JAK/STAT signaling. Eighty percent
of BDNF-induced changes coding for proteins involved in synaptic neurotransmission
(receptor subunits and ion channels) involve JAK/STATSs. Additionally, these datasets
include genes that have never been associated with BDNF regulation (such as Dopamine
Receptor D5 and Galanin Receptor 1). Most interestingly, the datasets reveal that BDNF-
induced JAK/STAT signaling in neurons is non-canonical, as STAT3 phosphorylation at
tyrosine 705 is not required for action.

To directly examine STAT3’s role in epileptogenesis, we studied the
transcriptome of transgenic mice that express lower levels of STAT3 specifically in
neurons. Using the intrahippocampal kainic-acid (KA) model of epilepsy, our datasets
suggest that STAT3 knockdown in vivo, and selectively in neurons, protects mice from
KA-induced dysregulation of the sphingolipid metabolism pathway that is associated
with the trafficking, sorting, and stability of membrane-bound proteins, including
neurotransmitter receptors and ion channels. Finally, we discuss a model for JAK/STAT
signaling in neurons that includes structural aspects of an intracellular BDNF receptor

(p75NTR) associated with JAK2.
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CHAPTER I: INTRODUCTION

A. EPILEPSY

1. OVERVIEW AND SIGNIFICANCE

In 2018, the World Health Organization (WHO) determined that epilepsy impacts
over 50 million people (WHO, 2018) and, in the United States alone, the cost of medical
care for these patients is around $15.5 billion dollars (Epilepsy Foundation, 2015). Most
importantly, 30% of those suffering from the disorder are characterized with intractable
epilepsy, a condition where current drug therapy is without effect. This is especially
disturbing because these patients, both young and old, are at high risk of subsequent brain
damage that affects both cognitive and emotional processes, severely impacting the
quality of life. Additionally, where successful management of seizures is possible
through the use of current therapeutic options, the therapies are not curative as would be
expected for an anti-epileptic treatment.

Seizures that occur directly in response to a brain insult should not be confused
with the condition of epilepsy as seizures can resolve without epileptogenesis, the process
by which the normal brain acquires the disease. Once established, however, epilepsy is a
chronic disorder characterized by re-occurring and unprovoked seizures, and an epilepsy
diagnosis is given to anyone with 2 or more of these episodes. There are hundreds of
epilepsy subtypes. They are characterized based on the age of onset, the region of the
brain that contains the seizure focus (i.e., the area where the seizures originate), the
genetic mutations that produce the seizure susceptibility, and a collection of additional

clinical manifestations.



Epileptogenesis can occur with or without prior evidence of status epilepticus
(SE), a condition where the seizure itself is prolonged, occurring greater than 5 min, or
where individual seizures occur rapidly with loss of consciousness between them. A
spontaneous seizure is defined as a transient and abnormally excessive or synchronous
neuronal activity that occurs at unpredictable times. In some cases, the cause is genetic
(due to mutations or chromatin abnormalities in a particular epilepsy allele) or the result
of a brain injury such as a stroke, head trauma, infection or tumor. These precipitating
factors can often occur years before the manifestation of the epilepsy symptoms. When
epilepsy is attributed to a specific cause it is referred to as symptomatic epilepsy.
However, in idiopathic epilepsy, which consists of 60% of all cases, the cause is
unidentifiable (WHO, 2018).

Spontaneous seizures can have various symptoms and can originate from any part
of the brain. Due to the assortment of distinct seizure types a comprehensive
classification system was implemented by the International League Against Epilepsy
(ILAE). This diagnostic system assists healthcare professionals and patients to better
understand what may have precipitated the epilepsy and the best course of its potential

treatment (Shneker and Fountain 2003).

2. SEIZURE CLASSIFICATION

Historically, seizures were classified as either petit mal (no convulsions) or grand
mal (with convulsions). This terminology became insufficient to characterize the wide
array of symptoms and began to be used loosely to indicate the severity of the seizure. In

order to standardize and accommodate the growing understanding of different types of



seizures, ILAE Classification of Epileptic Seizures was published in 1981 (ILAE, 1981),
and followed up with the expanded Classification of Epilepsies and Epileptic Syndromes,
in 1989 (ILAE, 1989). In 2017, it was again updated (Fisher et al. 2017).

The current classification system uses the following parameters to categorize
seizures: a) where seizures begin in the brain, b) level of awareness during a seizure, and

c) other features of seizures. Each will be discussed in turn.

a. Where seizures begin

This parameter is used to determine whether the onset of the seizure is focal--
meaning the seizure activity initiates in a localized region of one side of the brain, or
generalized-- meaning networks on both sides of the brain are engaged at the onset of the
seizure. Prior to this, the term partial was often used instead of focal, but classifications
such as simple partial or complex partial have been replaced in order to decrease
confusion regarding whether the word “partial” referred to the regions of the brain where
the seizures originated or the level of conscious awareness during the seizure.

In addition to these designations, “unknown onset” is now used if no other
category is sufficient, and “focal to bilateral seizure” is used to identify a seizure that
begins on one side of the brain but spreads to both sides (previously known as a

secondary generalized seizure) (Epilepsy Foundation, 2016).

b. Level of awareness

Rather than use consciousness as a measure, which has both subjective and
objective aspects, patients can be categorized by their awareness of self and their

surrounding environment. Generalized seizures all presumably impair the level of



awareness of the patient, so no additional description is needed. However, focal seizures
may or may not involve a change in the level of awareness. “Focal aware” is used when
awareness remains intact, (a term that replaces simple partial), and “focal impaired
awareness” is used if any changes in awareness occur. It is also possible that the state of
awareness is unknown, for example, if they were asleep or alone, in which case it is

simply called an “awareness unknown” seizure.

c. Other features

Another common trait of seizures is their effect on movement. These symptoms are
described as the final component to the seizure classification as either motor or non-
motor. Examples of motor symptoms include atonic, clonic, or tonic movements. Non-
motor symptoms may include changes in sensation, cognition or experiences. Figure 1
represents the expanded version of the seizure classification system that brings all three

of these elements together.



Figure 1. The expanded ILAE classification system of seizure types from 2017.

The expanded ILAE 2017 operational classification of seizure types. Focal, generalized
or unknown is selected based on the location of seizure onset. For focal seizures, the
specification of awareness level is optional. Focal aware or impaired awareness seizures
can be further characterized by motor-onset or nonmotor-onset symptoms A focal seizure
name also can omit the mention of awareness when awareness is not applicable, or is
unknown, and thereby classify the seizure directly by its motor onset or nonmotor-onset
characteristics. Atonic seizures and epileptic spasms usually do not have specified
awareness level. Cognitive seizures imply impaired language or other cognitive domains
or positive features such as déja vu, hallucinations, illusions, or perceptual distortions.
Emotional seizures involve anxiety, fear, joy, other emotions, or the appearance of affect
without subjective emotional context. An “absence” seizure is atypical because of its
slow onset or termination, or significant changes in tone supported by atypical, slow,
generalized spike and wave activity on the electroencephalogram (EEG). Adapted from

(Fisher et al. 2017).



ILAE 2017 Classification of Seizure Types Expanded Version !
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1 Definitions, other seizure types and descriptors are listed in the
accompanying paper and glossary of terms
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3. EPILEPSY CLASSIFICATION

Once the seizure type(s) has been classified (as described above), a specific
epilepsy subtype can then be identified. Factors that contribute to epilepsy classification
include epilepsy type (one of the following: focal, generalized, combined generalized and
focal, unknown), etiology, and comorbidities. These factors together lead to the diagnosis
of a specific epilepsy syndrome, of which there are hundreds, each with a specific name.
To choose the best classification for an epilepsy syndrome, the physician considers the
patient’s family history, which could indicate a heritable form of the disease, and genetic
testing is performed to determine if known mutations are causing seizure susceptibility.
In addition, age of seizure onset (and possibly age of remission), seizure triggers, time of
day for onset, seizure frequency, characteristic EEG patterns, results of human brain
imaging, associated comorbidities (such as mood disorders and cognitive impairment),
and drug responsive or non-responsive state can all assist in identifying the etiology of
epilepsy in an individual patient and its classification.

There are five types of epilepsy etiology. Magnetic resonance imagining (MRI)
can usually pinpoint if the epilepsy is structural in nature. Outside of a structural etiology,
there are five additional etiologic groups: genetic, infectious, metabolic, and immune, as
well as an unknown group. Some epilepsies may have multiple etiologies. The most
common of these worldwide is the infectious etiology, which could be caused by
meningitis, Zika virus, Human immunodeficiency virus (HIV), and many other regional
infections (Scheffer et al. 2017). Genetic epilepsies are some of the few where the

etiology is clear and well understood. For those with other types of epilepsy, the cause is



often more difficult to pinpoint. Figure 2 displays the framework for using the

information available to make an epilepsy syndrome diagnosis.



Figure 2. Framework for classification of epilepsies.

Seizure type, as determined by following ILAE guidelines, leads to the selection of an
epilepsy type, this paired with comorbidities and etiology can point to a specific epilepsy

syndrome. *Denotes onset of seizures. Figure from (Scheffer et al. 2017).
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a. Genetic epilepsies

For those cases where the etiology is genetic, there are many different types of
epilepsy that arise, dependent on which gene is mutated. In the Online Mendelian
Inheritance in Man database (OMIM) there are 84 genes classified as epilepsy genes,
meaning a mutation in the gene causes pure epilepsies, i.e., syndromes with epilepsy as
the core symptom (J. Wang et al. 2017). Mutations in these genes cause 23 various
epilepsy phenotypes, meaning that most of these syndromes involve multiple genes that
can cause that particular form of epilepsy. A list compiled by epilepsy syndrome with
each of the mutated genes is included in Table 1. These syndromes range from mild to
extremely severe forms of epilepsy and also affect patients of various ages.

Epilepsy genes have a range of functions, but the majority of them code for ion
channels or neurotransmitter receptors, other common gene types include enzymes and
transporters. Table 2 includes a list that categorizes each of the epilepsy genes by
function.

There are also many genes associated with epilepsy that are not directly causative
of a pure epilepsy. 893 genes fall into this category (284 of them are only putatively

associated and need further verification) (J. Wang et al. 2017).
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Table 1. Causative Epilepsy Genes

Adapted from (J. Wang et al. 2017)

epilepsy (EPD)

Phenotype (in order of the Gene
onset age)

Neonatal

Pyridoxamine 5'-phosphate PNPO
oxidase deficiency (PNPOD)
Pyridoxine-dependent ALDH7Al

Benign familial neonatal
seizures (BFNS)

KCNQ2, KCNQ3

Infantile and childhood

Familial infantile myoclonic
epilepsy (FIME)

TBC1D24

Benign familial infantile
seizures (BFIS)

PRRT2, SCN2A, SCNSA

Amish infantile epilepsy
syndrome (AIES)

ST3GALS

Early infantile epileptic
encephalopathy (EIEE)

CACNAI1A, GABRAL, GABRB3, KCNQ2, KCNT1,
SCN2A, SCN8A

Dravet syndrome (DS)

SCN1A, SCN9Ab

Familial febrile seizures (FFS)

GABRGZ2, GPR98, SCN1A, SCN9A

Generalized epilepsy with
febrile seizures plus (GEFS +)

GABRD, GABRGZ2, SCN1A, SCN1B, SCN9A, STX1B

(CAE)

Generalized epilepsy and KCNMA1
paroxysmal dyskinesia

(GEPD)

Myoclonic-atonic epilepsy SLC6Al
(MAE)

Childhood-onset epileptic CHD2
encephalopathy (COEE)

Focal epilepsy and speech GRIN2A
disorder (FESD) with or
without mental retardation

Childhood absence epilepsy GABRG2

Juvenile and later
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Juvenile absence epilepsy CLCN2a, EFHC1
(JAE)

Juvenile myoclonic epilepsy CACNB4, CLCN2a, EFHC1, GABRD
(JME)

Idiopathic generalized CACNB4, CLCNZ2a, GABRD, SLC12A5, SLC2A1
epilepsy (IGE)

Familial adult myoclonic ADRA2B

epilepsy (FAME)

Familial temporal lobe CPAG, GAL, LGI1

epilepsy (FTLE)

Not specific

Progressive myoclonic KCNC1

epilepsy (PME)

Nocturnal frontal lobe CHRNAZ2, CHRNA4, KCNT1

epilepsy (NFLE)

Familial focal epilepsy with DEPDCS5
variable foci (FFEVF)

Table 2. Functional classification of epilepsy genes

Encoded protein Gene and phenotype (OMIM phenotype)

function

Sodium channel SCN1A, SCN1 B, SCN2A, SCN8A, SCN9A

Potassium channel KCNA2, KCNB1, KCNC1, KCNMA1, KCNQ2, KCNQ3, KCNT1
HCN channel HCN1

Calcium channel CACNAI1A, CACNA1H, CACNB4

Chloride channel CLCN2a

GABA-A receptor GABRA1, GABRB1, GABRB3, GABRD, GABRG2

NMDA receptor GRIN2A, GRIN2 B, GRIN2D

Acetylcholine receptor CHRNA2, CHRNA4, CHRNB2

Enzyme AARS, ALDH7A1, ALG13, CDKL5, CERS1, CHD2, CPA6, DNM1, EPM

2A, GNAO1, GUF1, ITPA, NHLRC1, PLCB1, PNPO, PRDMS, SIK1, ST3
GAL3, ST3GALS5, UBA5, WWOX

Enzyme modulator ARHGEF9, CSTB, DOCK7, TBC1D24

Transporter SLC1A2, SLC12A5, SLC13A5, SLC25A12, SLC25A22, SLC2A1, SLC6A
1

Receptor ADRAZ?2 B, CASR, FRRSI1L , GPR98, SCARB?2

Cell adhesion molecule CNTN2, PCDH19

Signal EFHC1, FGF12

transduction/molecule

Membrane trafficking GOSR2, STX1 B, STXBP1

Cytoskeletal protein LMNB2, SPTAN1

Nucleic acid binding EEF1A2, GUF1
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Unclassified

ARV1, DEPDC5, GAL, KCTD7, LGI1, NECAP1, PRICKLEL, PRRT2, SZ
T2

Table adapted from (J. Wang et al. 2017).
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4. CURRENT EPILEPSY TREATMENT

Some epilepsy syndromes resolve for their patients, however, in many cases,
epilepsy patients need long-term intervention, usually pharmacological, to treat their
symptoms by reducing seizure occurrence. Current epilepsy drugs treat around 70% of
patients, however in 50% of those patients there are severe side effects. In the remaining
30% of patients, no drug or combination of drugs is able to ameliorate the seizures
(Schmidt and Schachter 2014), which puts these patients at risk for severe brain damage
and ultimately death from status epilepticus, a condition of either prolonged seizures or
an increase in their frequency within a narrow time period.

The group of drug-resistant patients often has to seek less efficacious or more
invasive alternatives (Saxena and Nadkarni 2011; Hirsch 2012), such as hippocampal
resection an invasive surgical procedure for those suffering from temporal lobe epilepsy
(TLE). Even for those patients who are responsive to current drugs, the drug treats only
the seizures and occasionally boosts mood, but they are ineffective in modifying the
course of the disease. Comorbidities of epilepsy including depression, anxiety, and
cognitive impairment can also be exacerbated by the drug itself (Noe, Locke, and Sirven
2011); thereby, decreasing the quality of life for the patient along with their compliance

to take the much needed medication.

a. Pharmacological treatments

Currently available anti-seizure medications all reduce seizures by directly
targeting neurotransmission. They accomplish this through various mechanisms of action.

Common mechanisms include the modulation of ion channels to reduce the probability of
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action potential firing, the potentiation of the "-aminobutyric acid (GABA) response, and
the inhibition of the glutamate response by targeting their respective receptors and
transporters (Schmidt and Schachter 2014). The mechanisms of several common drugs
working at the neuronal synapse to improve neurotransmission and reduce seizures are

seen in Figure 3.
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Figure 3. Mechanisms of action of antiepileptic drugs.

Drugs act through diverse mechanisms, mainly involving modulation of voltage activated
ion channels, the potentiation of GABA receptors, and the inhibition of glutamate
receptors. Approved antiepileptic drugs have effects on inhibitory (left-hand side) and

excitatory (right-hand side) nerve terminals. Taken from (Schmidt and Schachter 2014).
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b. Non-pharmacological treatments

For those patients with refractory epilepsy, where current treatment in ineffective,
or as a complementary therapy, there are some additional options. The most drastic of
these treatments is a brain surgery that involves resecting the focal area of seizure onset.
This surgery is becoming more common for those with focal epilepsy and is especially
successful when there is a visible brain abnormality or sclerosis. Common areas of
resection are in the temporal lobe and frontal lobe. The surgery is permitted only for
those where the brain location is not necessary for basic functions. A long-term study of
the results of these surgeries revealed that only about 50% of patients who undergo the
surgery become seizure free for 10 years (Hirsch 2012).

Outside of surgery, a ketogenic diet is another non-pharmacological option.
Intractable childhood epilepsies, in particular epileptic encephalopathies are particularly
responsive to a ketogenic diet. The diet involves eating four parts of fat to one part of
protein and carbohydrates combined (Saxena and Nadkarni 2011). Results from a study
of patients on the ketogenic diet at 3 months report that 3% of the patients were free from
seizures, 31% had a greater than 90% reduction in seizure frequency, and 26% had a 50—
90% reduction in seizures. After 12 months, 7% of these patients were seizure free, 20%
had greater than 90% reduction in seizures, and 23% had a 50-90% reduction in seizures
(Vining 1999). However, the underlying mechanism of why the ketogenic diet reduces
seizures is still unknown, although it has been suggested that it increases mitochondrial
glutathione levels which enhance mitochondrial antioxidant status protecting neurons

from damage (Jarrett et al, 2008).
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Neurostimulation is also an increasingly used method for refractory epilepsy
treatment. Three stimulation devices have been approved. The first one to be developed,
Vagus Nerve Stimulation (VNS), can now be delivered in a non-invasive way. It was
early reported that a 50% seizure reduction occurred in 24.5%-46.6% of patients
(Uthman et al. 1993). Recently in 2018, Deep Brain Stimulation (DBS) was approved in
the United States for epilepsy. DBS involves putting an electrode in the brain that is able
to disrupt seizure-triggering electrical activity by delivering continuous intermittent
stimulation. A seven year study revealed that people had a 75% reduction in seizure
frequency (Salanova et al. 2015). The last approach, Responsive Neurostimulation (RNS)
is a very similar approach but differs in that it senses when electrical activity is altered in
the brain that could cause a seizure and then initiates within milliseconds stimulation to
interfere with seizure generation. An RNS study showed 44% decrease in seizures after 1
year, 53% at 2 years, and up to 66% after 3 to 6 years of using RNS (Bergey et al. 2015).

There are also some alternative medicine strategies that are offered to patients
with varying levels of success. Many improve the quality of life with and without the
reduction of seizures: Yoga, acupuncture, meditation, and herbal treatments (Saxena and
Nadkarni 2011). Despite the multitude of treatment options, the debilitating disease of
epilepsy and the harsh side effects of drugs remain a pressing problem for most epilepsy
patients. Some, especially the young, have a very low quality of life due to multiple
seizures a day that occur at unpredictable times. It is, therefore, important to identify
drugs that will reduce seizure frequency and severity and, moreover, be curative to alter

the progression of the disease. Making a real difference can only occur once we have a
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clearer understanding of the molecular basis of epilepsy, as characterized by the

susceptibility to spontaneous seizures.

5. TEMPORAL LOBE EPILEPSY

One epilepsy syndrome that has particularly high rates of drug resistance is
Temporal Lobe Epilepsy (TLE). TLE is the most common form of focal epilepsy, and it
affects approximately 615,600 people in the United States (Asadi-Pooya et al. 2017).
Although the cause in many cases is unknown, often a brain insult such as stroke (Menon
and Shorvon 2009), traumatic brain injury (TBI) (Pitkanen and Bolkvadze 2012),
infection (Fotheringham et al. 2007; Donati et al. 2003), or a seizure (Theodore et al.
1999) occurs years prior to the development of the spontaneous seizures. After the injury
occurs, molecular cascades, morphological changes, and inflammatory pathways are
initiated that alter brain circuitry over the course of months to years and can ultimately
result in a brain with increased susceptibility to spontaneous seizures.

The characteristic pathophysiology of TLE includes the onset of the seizures
occurring in the temporal lobe (see Figure 4, a diagram of the hippocampus), and in 75%
of cases (No et al. 2017) hippocampal sclerosis, which includes neuronal loss in the cornu
Ammonis 1 and 3 (CA1 and CA3) region of the hippocampus, damage to inhibitory
interneurons in the hilar region of the hippocampus and seizure-induced excitotoxic death
in granule cells of the dentate gyrus (Nihal C. de Lanerolle, Lee, and Spencer 2012;
Mathern et al. 1996). Mossy fibers, the axons of the granule cells that are being damaged,

which project into the dentate gyrus (DG) and CAS3 region also sprout new aberrant



connections resulting in synaptic reorganization that can affect both excitatory and

inhibitory pathways (Sutula et al. 1989; Nadler 2003; Babb et al. 1991).
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Figure 4. Organization of the hippocampus.

Left: Top. A schematic of the rodent hippocampus illustrates the major subfields:
area CAl, area CA3, and the dentate gyrus. Bottom. The trisynaptic pathway is
illustrated. Afferents from the entorhinal cortex (the perforant path) innervate the outer
two-thirds of the granule cell dendrites (synapse 1). Granule cell axons (the mossy fibers)
project to the proximal apical dendrites of area CA3 pyramidal cells (synapse 2). CA3
pyramidal cell axon collaterals (the Schaffer collaterals) innervate the proximal apical
dendrites of area CA1 pyramidal cells (synapse 3). Right A schematic of the rat dentate
gyrus indicates the major cell types and the laminar organization. The molecular layer is
subdivided into three distinct lamina, the outer, middle, and inner molecular layers. The
granule cell layer is a packed layer of granule cells and some inhibitory neurons
(“interneurons”). Interneurons are a heterogeneous population of neurons that contain
GABA as well as many other peptides, and are distributed throughout the dentate gyrus.
Glutamatergic “mossy” cells are located in the hilus and project primarily to the inner
molecular layer. Although the major afferent input to the region is the perforant path,
many other afferent systems, for example, CA3 pyramidal cell axons and various
subcortical nuclei (e.g., dorsal raphe, locus coeruleus, septum), also innervate distinct

areas of this region. Figure from (Helen E. Scharfman 2002).
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Seizures for those with TLE can be focal aware or focal with impaired awareness,
they can also spread bilaterally. Focal aware seizures in the temporal lobe often last less
than sixty seconds and symptoms can include abnormal sensations like déja vu,
unwarranted fear, hallucinations, amnesia, or nausea. Many with TLE experience auras
which is an indescribable sensation that is usually predictive of an upcoming seizure. An
aura is actually a small focal aware seizure itself and it can mean a focal seizure with
impaired awareness is coming. Since this type of seizure is sometimes subtle, it can often
go undiagnosed for extended periods of time.

Focal impaired awareness seizures have spread to larger regions of the temporal
lobe and include motionless staring, automatic movement like lip smacking, or transient
aphasia. They typically last around 2 minutes but can leave the patient confused for 15
minutes to days later. Although the seizure itself usually is not dangerous, if the patient is
mid activity such as driving, it can lead to serious injury. When a focal seizure spreads
bilaterally it can lead to a tonic-clonic seizure involving jerking and these can last up to

3-5 minutes or more (Bob and Neckar 2016; French et al. 1993).

6. ANIMAL MODELS

In order to study TLE, animal models are used to discover the molecular
determinants of neuropathology that is responsible for spontaneous seizure development,
the hallmark of the disease. Animal models recreate an initial injury that has a latent
period prior to the onset of spontaneous seizures. Several methods are used to

accomplish this, each presents with a slightly different version of the disease and has its



26

own specific advantages and disadvantages. The leading approaches in the field will be

discussed below.

a. Chemoconvulsants

Two major approaches are used to invoke chronic acquired epilepsy in rodents.
The first is termed “kindling”. The kindling methodology involves the use of a low, sub-
seizure threshold dose of convulsant agent, often pentylenetetrazol (PTZ). In the initial
dose, no seizure activity will be seen. The animal is then given the same dose repeatedly
at varying time points, but usually 1 or more times per day, after several doses, the
excitability of the brain circuitry shifts such that the small dose is able to invoke a
seizure, and as the administration of the drug proceeds, the seizures become increasingly
severe. Pathology of this method mimics TLE with mossy fiber sprouting, hippocampal
damage, and glucose hypometabolism (Samokhina and Samokhin 2018).

The other major approach is to give one large dose of the convulsant, large
enough to cause SE. After a set amount of time (45 min-1hr) the seizure is halted by
administration of an anti-convulsant. After SE, the animals may be seizure free for
several days to weeks, and many go on to develop spontaneous seizures, thus mimicking
the human condition (see Figure 6). Two main drugs are used to invoke the SE, Kainic
Acid and pilocarpine. Kainic Acid is an I-glutamate analog that causes seizure activity
localized in the hippocampus. It mirrors human TLE with significant neuronal loss,
neurogenesis and mossy fiber sprouting (Raedt et al. 2009). A major downside, however,
is that mortality rates are high, there is variable frequency and severity of spontaneous

seizures, and the chemical itself can cause confounding damage so that not all deleterious
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effects can be ascribed to the acute seizures (Kandratavicius, Balista, et al. 2014). The
other chemoconvulsant, pilocarpine, is a muscarinic acetylcholine receptor agonist. SE
induced by pilocarpine causes seizure activity in both the limbic regions and the
neocortex. Neurotrophin upregulation similar to that characteristic in humans is seen in
the pilocarpine model (Kandratavicius, Balista, et al. 2014). Pilocarpine symptoms also
include mossy fiber sprouting and cell loss (Mello et al. 1993). In this model, mortality is
high and the development of spontaneous seizures is variable, although combining a pre-
treatment with lithium at 30 mg/kg and multiple doses of pilocarpine at 10 mg/kg until
the occurrence of status epilepticus can reduce mortality rates to 7% and a high
proportion of animals (85%) will develop spontaneous seizures (Glien et al. 2001). While
other agents can be used, they don’t imitate the human development of chronic epilepsy

as well.



28

Figure 5. Rodent status epilepticus model of temporal lobe epilepsy.

Timeline and protocol for pilocarpine-induced status epilepticus with subsequent
spontaneous seizures. (Similar for Kainic Acid.) Following the injection of drug, a one to
two-week latent period with normal behavior occurs, followed by chronic epilepsy
symptoms. In this model, a dynamic reorganization of the glutamatergic network,
including neurodegeneration, neurogenesis, neo-spinogenesis, spine morphogenesis, and
neo-synaptogenesis associated with an aberrant sprouting of granule cell axons, is well

established in the dentate gyrus. Adapted from (Ferhat 2012).
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b. Electrical stimulation

Electrical stimulation is generally more laborious and expensive for chronic
studies. There are three main types of electrical stimulation. The first is electroshock-
induced seizures. This method is a whole-brain, one-time shock. The shock can be at
various strengths which can determine if a focal or generalized seizure occurs. Usually a
small shock leads to a forebrain focus. This method can be good for drug screening in
some cases, but in others it has shown low predictability (Kandratavicius, Balista, et al.
2014).

The second electrical stimulation approach is afterdischarges. Afterdischarges are
able to stimulate more precise regions, and is most commonly used to stimulate limbic
regions, including the hippocampus. In particular, this focal ability is important for the
study of TLE. One disadvantage of the approach is that although the stimulation is region
specific, it is not exciting the subtype of cells that are responsible for human seizures, but
rather exciting all the cells (Kandratavicius, Balista, et al. 2014). This is, however, a
problem that is integral to all of the models currently in use.

Lastly, there is the kindling model of electrical stimulation. This is similar to the
chemoconvulsant kindling model but used more often. It involves repeated electrical
stimulations rather than drug administrations. This approach eventually leads to neuronal
loss and a number of cellular alterations in brain circuits that result in spontaneous
seizures. One major disadvantage is its high cost and labor intensity (Kandratavicius,

Balista, et al. 2014).
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7. EPILEPTOGENESIS

Since TLE is an acquired epilepsy, there is a latent period of time prior to
spontaneous seizures where the previously normal brain undergoes changes that make it
susceptible to epilepsy. These changes can be spurred on by a brain insult like those listed
above that increase risk for TLE, or they can be initiated by an unknown cause. The
process whereby epilepsy-promoting changes lead to neural network hyperexcitability is
referred to as epileptogenesis. The pathophysiology in the temporal lobe described above
as characteristic for TLE patients is a result of this process. What follows is a review of
the various components involved in epileptogenesis and how they contribute to seizure
susceptibility.

a. Molecular signaling pathway requlation

Brain-Derived neurotrophic factor (BDNF) is markedly increased after SE and its
levels change during the course of epileptogenesis. It is also associated with a change in
the expression of epilepsy relevant gene products through activation of several major
molecular cascades that include protein kinase C/mitogen-activated protein kKinase
(PKC)/(MAPK) and Janus kinases/Signal Transducer and Activator of Transcription
(JAK/STAT) (Brooks-Kayal, Raol, and Russek 2009). A thorough discussion of the
involvement of BDNF in epileptogenesis will be presented in later parts of this
introduction.

Altered gene regulation during epileptogenesis has also been attributed to changes
in the mechanistic target of rapamycin (mTOR) pathway. mTOR is activated after brain

injuries such as TBI and chemoconvulsant-induced seizures in animal models (Goldberg
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and Coulter 2013). When rapamycin, an mTOR inhibitor, is administered prior to the
insult, it prevents the development of spontaneous seizures in a subset of animals. mTOR
inhibition also prevents mossy fiber sprouting in epileptogenesis animal models (L.-H.
Zeng, Rensing, and Wong 2009) suggesting that it may play an important role in the
etiology of epilepsy. mTOR pathway signaling leads to the activation of the gene p70
ribosome S6 kinasel (S6K1) and eukaryotic initiation factor 4E-binding protein 1
(4EBP1) which both promote protein synthesis and have been implicated in epilepsy
(Ling-Hui Zeng et al. 2010).

Another important transcriptional regulator that is implicated in epileptogenesis is
the repressor element 1 silencing transcription factor (REST). SE in animals increases the
expression of REST in the hippocampus (Palm et al. 1998). REST binds to co-repressors
and recruits histone deacetylases (HDACS) to the gene. These HDAC:s tighten the
chromatin structure and inhibit transcription. Many genes involved in epilepsy have
REST binding sites and in animal models, those genes are significantly enriched in
differentially expressed gene sets between SE and control animals (Roopra, Dingledine,
and Hsieh 2012). Also, a conditional REST knockout mouse modulated the rate of
seizure progression in a kindling model of TLE (Hu et al. 2011). It has also been
suggested that the ketogenic diet exerts its effects through the manipulation of RESTs

(Garriga-Canut et al. 2006).
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b. Cellular reorganization

Several types of cellular reorganization that occur in the hippocampus coincide
during the epileptogenic phase. Which of these are caused by seizures vs. cause the
seizures is still unclear. They include cell death, the birth of new cells, strengthening and
weakening of existent synapses, and rerouting of axons. It is believed that the product of
these changes is hyperexcitability in the temporal lobe (Goldberg and Coulter 2013).

Neuronal death occurs in the dentate hilus and the hippocampal pyramidal cell
layers in CAL, and CA3, as well as some in CA2 (Chang and Lowenstein 2003). The type
of cells lost include somatostatin-containing interneurons and in some cases parvalbumin-
containing interneurons as well (Gorter et al. 2001), hilar neurons (Paul S. Buckmaster
2012), and neuropeptide Y-immunoreactive interneurons (N C de Lanerolle et al. 1989),
whereas dentate granule cells are relatively preserved (Chang and Lowenstein 2003). Cell
death has also been seen in layers Il and 111 of the entorhinal cortex and in the amygdala
(Du et al. 1993). The neuronal loss leads to astrocytosis which causes scarring that can
often be seen in MRI or in resected tissue and is referred to as hippocampal sclerosis
(Johnson et al. 2016). These changes have been seen in humans and animals models after
SE (Fujikawa et al. 2000; P S Buckmaster and Dudek 1997) as well as after several
smaller seizures and the cell death progresses with frequency of seizures (Cavazos and
Sutula 1990).

While some cells are dying, other cells are going through neurogenesis.

Neurogenesis occurs in the dentate gyrus throughout life and appears to be beneficial in
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the normal brain, and after some injuries. However, in animal models of epileptogenesis,
neurogenesis increases dramatically for several weeks (Helen E. Scharfman 2002; Danzer
2018; J M Parent et al. 1997). Some of these newborn neurons appear to be functioning
normally and migrate to the granule cell layer. However, other cells migrate ectopically
to the molecular layer in the hilus (H. Scharfman et al. 2005). One study showed ablation
of neurogenesis prior to SE in rats slowed the progression of spontaneous seizures in
those animals demonstrating these cells may form aberrant connections that contribute to
overexcitation (Cho et al. 2015).

Another process that contributes to network reorganization during epileptogenesis
is mossy fiber sprouting. Mossy fibers are the axons of glutamatergic dentate granule
cells that synapse onto the dendrites of hilar mossy cells, pyramidal cells in the CA3
region of the hippocampus, and inhibitory interneurons (Paul S. Buckmaster 2012).
Aberrant growth of these axons, and synapses onto their own granule cell dendrites in the
inner molecular layers is called mossy fiber sprouting. Most patients with TLE have
mossy fiber sprouting, although there are a few exceptions (Paul S. Buckmaster 2012).
Most animal model of epileptogenesis also display the phenomenon, although even if it is
prevented by rapamycin, an mTOR inhibitor, seizures may still develop (P. S.
Buckmaster and Lew 2011). One potential cause of this abnormal axonal growth is the
loss of mossy fiber target cells, the hilar mossy cells. The death of these mossy cells may
lead the mossy fibers to reroute, setting up a recurrent circuit in the dentate (Cavazos and
Sutula 1990). Mossy fiber sprouting can also increase synapses on to inhibitory

interneurons, potentially as a protective mechanism (Ribak and Peterson 1991). Outside
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of mossy fibers, sprouting of GABAergic cell axons has also been identified (Christenson
Wick et al. 2017).

Axonal sprouting is a hallmark of changes in synaptic plasticity that are key to
processes of learning and memory. Synaptic plasticity is the ability of synapses to
strengthen or weaken over time as a response to the activity level of the cell. Long-term
plasticity (LTP) occurs at excitatory synapses and can last for hours or longer. LTP is an
increased response of a neuron to repeated stimulation such that a subsequent equal
intensity stimulus will now generate a greater depolarization (Purves, 2001).
Interestingly, LTP is found to be suppressed in both SE and kindling models of
epileptogenesis (Suéarez et al. 2012; Leung and Wu 2003). It has been suggested that
increases in long-term depression (LTD), which weaken synaptic strength, also
contributes to LTP decline in the pilocarpine model of epilepsy (unpublished results from
the Brooks-Kayal laboratory). This is especially important since it has been shown that

blocking LTD enhances memory retrieval (Wong et al., 2007).

c. Inflammation

Brain inflammation is also a hallmark of TLE that initiates prior to the onset of
spontaneous seizures. Within 30 minutes of an epileptogenic injury (such as SE, stroke or
TBI), receptors for cytokines and prostaglandins are activated creating a prolonged
inflammatory response both in the central nervous system (CNS) and peripheral nervous
system (Riazi, Galic, and Pittman 2010). This inflammatory response is not sufficiently
counteracted by endogenous anti-inflammatory mechanisms. Three main inflammatory

pathways are believed to be involved in the response to injury: 1) Interleukin (IL)-1
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receptor (R)/Toll-like receptor (TLR), 2) Transforming Growth Factor (TGF)-#, and 3)
Cyclooxygenase-2 (COX-2) (Annamaria Vezzani, Friedman, and Dingledine 2013).

IL-1/TLR signaling activates innate immunity and is thus the first immune
pathway to be activated after a stressor. IL-1R as well as several TLRs are expressed in
the brain by microglia, astrocytes and neurons. After a seizure or other brain injury, there
is a rapid upregulation of these inflammatory receptors that is associated with a change in
hippocampal neuronal excitability. The molecular mechanisms underlying such changes
is under investigation by multiple labs. In particular, it has been shown that activation of
IL-1B alters synaptically-mediated GABA inhibition in the CA3 (S. Wang et al. 2000)
and reduces N-Methyl-D-aspartic acid (NMDA) receptor and voltage-gated calcium
channel-induced outward currents, leading to an increase in CA1 neuronal excitation (R.
Zhang et al. 2010). IL-1/TLR signaling can also inhibit glutamate reuptake and affect
permeability of the blood brain barrier (Annamaria Vezzani, Friedman, and Dingledine
2013; A. Friedman, Kaufer, and Heinemann 2009). In addition, IL-1# has been
associated with the aberrant positioning and function of cells born from post-injury
neurogenesis (Bernardino et al. 2005).

The TGF-# signaling pathway can be activated by serum albumin that can enter
the brain through a damaged blood brain barrier that occurs during or in response to SE
or other brain injuries. TGF-# signaling is activated in many epileptic conditions and
results suggest that it may also contribute to brain resident microglial activation

(Cacheaux et al. 2009; Plata-Salaman et al. 2000).
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The third inflammatory pathway, COX2, is also markedly increased after acute
seizures and is associated with an increase in hippocampal granule cell excitability and
increases in LTP (Annamaria Vezzani, Friedman, and Dingledine 2013; Marcheselli and
Bazan 1996). COX2 pathway stimulation is long known to cause free radical release that
potentiates glutamate-mediated excitotoxicity (V. L. Dawson et al. 1994) and plays an
important role in the aberrant neurogenesis involved in epileptogenesis (Jung et al. 2006).
Although COX2 is involved in the inflammatory response in epilepsy, COX2 inhibition
as a therapeutic approach has shown only inconclusive results (Dhir 2019). Recent
research in this area has identified a specific role for COX2 induction of prostaglandin E2
synthesis and subsequent activation of the E prostanoid receptor 2 (EP2). EP2 activation
contributes to microglial cell death, an autoregulatory response which can resolve the
inflammatory phase of microglia and prevent tissue damage after a seizure (Fu et al.
2015). Targeting EP2 could offer a more selective and potentially more efficacious
COX2-pathway treatment approach.

Taken together, the emerging association of inflammatory signaling with epilepsy
etiology suggests that selective targeting of these pathways in the future may offer new
options in the treatment of the intractable epilepsies. In fact, manipulation of each of
these pathways (IL-1/TLR, TGF-B, and COX2) during the epileptogenic phase can delay
or prevent development of spontaneous seizures in animal models of epileptogenesis
(Maroso et al. 2011; A. Vezzani et al. 2000; Annamaria Vezzani, Friedman, and
Dingledine 2013; Serrano et al. 2011). The key will be to identify the most selective

targets within these pathways to produce therapies with the least amount of side effects so



that they can make it to the marketplace and improve the quality of life for epilepsy

patients.
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Figure 6. Hippocampal reorganization with mossy fiber sprouting.

Hippocampal sclerosis is the most common identified pathological feature in cases of
mesial temporal-lobe epilepsy. A close-up of the dentate granule-cell layer reveals
several morphologic changes characteristic of hippocampal sclerosis that may play a part
in epileptogenesis. Newly sprouted mossy fibers from dentate granule cells can synapse
on dendrites of neighboring dentate granule cells, resulting in a recurrent excitatory
circuit. They can also sprout onto inhibitory interneurons. Excitation interneurons, which
normally activate inhibitory interneurons, may be selectively vulnerable to brain insults.
Finally, neurogenesis of new dentate granule cells continues into adult life, and these
neurons may integrate themselves into abnormal circuits. Figure and caption from (Chang

and Lowenstein 2003).
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B. BDNF SIGNALING IN THE BRAIN

1. OVERVIEW

One factor known to play a role in the epileptogenic process is Brain-derived
neurotrophic factor (BDNF). BDNF is a member of the neurotrophin family along with
nerve growth factor (NGF), involved in the regulation of growth, maintenance,
proliferation, and survival of certain target neurons, neurotrophin-3 (NT-3) and
neurotrophin-4 (NT-4), which support survival of existing neurons and maturation of
new neurons. BDNF was first isolated in 1982 (Barde, Edgar, and Thoenen 1982) and
the structure was determined in 1989 (Leibrock et al. 1989). The protein, composed of
11 exons, can be spliced to produce various biologically active forms that have distinct
functions in multiple tissue types throughout the entire brain and other areas of the body
(Kowia$ski et al. 2018). BDNF is particularly expressed at high levels in the
hippocampus (Conner et al. 1997). In the endoplasmic reticulum it is synthesized and
undergoes its first cleavage from its first precursor form, preproBDNF, to its second
precursor form, proBDNF. Next it is translocated to the golgi apparatus to be packaged
into vesicles. ProBDNF can be cleaved intracellularly by furin in the golgi or in
secretory vesicles by convertases (Mowla et al. 1999). It can also be cleaved
extracellularly by matrix metalloproteases (MMP) 2, 3, 7 and 9 (Mizoguchi et al. 2011).
ProBDNF and BDNF are secreted by both neurons and glial. In neurons, its release is
activity-dependent (Jianmin Yang et al. 2009).

The actions of BDNF are very important during brain development but continue

to have important functions throughout adulthood. BDNF plays a crucial role in
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neurogenesis (Foltran and Diaz 2016; H. Scharfman et al. 2005), gliogenesis and
synaptogenesis (Park and Poo 2013). It can also regulate short and long synaptic
plasticity that is important for learning and memory (Edelmann, Lessmann, and
Brigadski 2014). In the peripheral nervous system (PNS), BDNF prevents regulated cell
death (Sendtner et al. 1992). BDNF can act both pre- and post-synaptically (Sasi et al.

2017; Zakharenko et al. 2003).

2. BDNF RECEPTORS

The various isoforms of mature BDNF and proBDNF can have different and even
opposing actions through acting on distinct receptors. BDNF can increase neuronal
excitability and synaptic strength while proBDNF can decrease neuronal excitability and
facilitate synaptic depression (Sasi et al. 2017). BDNF has high affinity for the
tropomyosin receptor kinase B (TrkB) receptor (dissociation constant ~10-1* M) it can
also bind the p75 neurotrophin receptor (p75NTR), although with lower affinity.
(dissociation constant 10° M). proBDNF binds the p75NTR preferentially. Each receptor

and its functions will be discussed below.

a. TrkB receptor

BDNF-activated TrkB signaling promotes synaptic efficiency and LTP. Upon
BDNF binding, TrkB dimerizes and autophosphorylates which leads to the activation of
three main signaling cascades: the Ras—mitogen-activated protein kinase (Ras/MAPK)
pathway that promotes neuronal differentiation and growth, the phosphatidylinositol 3-
kinase -Akt (PI3K/Akt) pathway that regulates the survival and growth of neurons and

glia, and the Phospholipase C-" (PLC") pathway (Minichiello 2009) that orchestrates the
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release of internal Ca?* stores and the activation of calcium/calmodulin dependent
kinases along with the cyclic AMP-responsive element-binding protein (CREB), a
transcription factor that is crucial to neuroplasticity (Figure 7).

TrkB activation is required for the phenomenon of LTP. Both homozygous and
heterozygous BDNF knockout mice show substantial reductions in LTP (Korte et al.
1995a) that can be rescued by applying recombinant BDNF (Patterson et al. 1996). Even
in wild-type animals, application of additional BDNF is sufficient to increase LTP (Kang
et al. 1997; Figurov et al. 1996). BDNF’s control over LTP was shown to be dependent
upon the TrkB receptor using TrkB mutant mice (Minichiello et al. 2002) and the
blockade of BDNF/TrkB interactions (Kang et al. 1997). Both of these manipulations
result in decreased LTP. Moreover, when the TrkB mutation specifically disrupted the
docking site on the receptor for PLC", LTP was abolished. This blockade was not seen
for the other TrkB mutations, suggesting that the PLC pathway may play a more specific

role in learning and memory (Huang and Reichardt 2003; Gértner et al. 2006).
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Figure 7. Major TrkB related signaling pathways

The interaction between the receptor tyrosine kinase TrkB and neurotrophins activates
three main intracellular signaling pathways. Activation of the MAPK signaling cascade
promotes neuronal differentiation and growth, activation of the PI3K cascade promotes
survival and growth of cells, and activation of PLC"1 may control LTP. Adapted from

(Minichiello 2009).
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b. p75NTR receptor

The other BDNF receptor, p75NTR, binds mature BDNF with low affinity but
proBDNF with high affinity. Activation of p75NTR by proBDNF produces a variety of
effects: from neuronal survival and neurogenesis to the inhibition of growth, reduction of
neuron excitability, decreased synaptic efficiency, synaptic depression, growth cone
retraction, dendritic spine shrinkage and even apoptosis (Jianmin Yang et al. 2014). The
downstream outcome of the response is determined in large part by the ligand and the
binding partner of the p75SNTR receptor. p7SNTR can facilitate pro-survival effects by
binding to Trk receptors and increasing the affinity of the neurotrophins for those
receptors. It can also bind to sortilin. Binding of p75NTR to Sortilin increases the affinity
of the receptor for proBDNF and often promotes cell death through apoptosis (Meeker
and Williams 2015). The p75NTR/sortilin complex signals through activation of c-Jun
amino terminal kinase (JNK), Ras homolog gene family member A (RhoA), and nuclear
factor kappa B (NF-%B) (Kowia$ski et al. 2018). In addition to binding to sortilin and Trk
receptors, p75NTR also forms oligomers and can function independently. The most
abundant form is a trimer, but monomers also exist at the cell surface. Trimers are not
critical for p75NTR activation, but the oligomerization state may be important in
determining which of its effects prevail, survival or death (Anastasia et al. 2015).

While the TrkB receptor mediates the effects of BDNF on LTP, p75NTR exerts
its effects on synaptic plasticity by regulating long-term depression (LTD). In particular,
mice with deletion of p75NTR display impaired NMDA-dependent LTD, and a decrease

in the expression of the NMDA receptor subunit NR2B that is known to be involved in
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LTD. This is consistent with the observation that proBDNF activation of p75NTR
enhances LTD (Woo et al. 2005). Also, in mice with cleavage-resistant proBDNF (where
mature BDNF cannot be generated), LTD is enhanced in the CA1 pyramidal neurons of
the hippocampus (Jianmin Yang et al. 2014).

P75NTR structure is similar to other receptors in the family of tumor necrosis
factor receptors (TNFRs). It contains an extracellular domain with 4 cysteine rich
domains (CRD3 is thought to be the ligand binding site), a small transmembrane domain
that is known to be vital for oligomerization, and an intracellular domain which consists
of a palmitoylation site at cysteine 279, two potential TNF receptor associated factor
(TRAF)-binding sites, a Type Il death domain, a potential G -activating domain, and a
PDZ domain binding motif. The death domain is the prominent feature of the intracellular
domain (Roux and Barker 2002).

Full length p75NTR has many ligands that bind to its extracellular domain. They
include nerve growth factor (NGF), BDNF, NT3, NT4/5 proneurotrophins. In disease, it
can also bind the rabies virus, prion protein, and A#-peptide involved in Alzheimer’s.
The extracellular ligands are thought to bind to the CRD3 region. In addition to signaling
molecules, p75NTR has many other binding partners that include: Trk receptors, the
Nogo receptor, neurotrophin receptor-interacting melanoma antigen gene (NRAGE), and
RhoA (see Figure 8). Most of the cytoplasmic interactions of p75NTR with these partners
occurs close to its juxtamembrane domain or death domain (Roux and Barker 2002) and

many of them have been shown to be ligand-dependent interactions (Hempstead 2002)



that occur when the receptor is membrane-bound. However, the interaction between

sortilin and p75NTR is at the extracellular domain (Skeldal et al. 2012).
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Figure 8. p75NTR structure and binding partners

A) Schematic representation of the structure of the p75NTR protein. The extracellular
domain contains four cysteine-rich domains (CRDs), and multiple O- and N-linked
glycosylation sites. The intracellular domain contains a palmitoylation site, two potential
TRAF-binding sites, a Type Il death domain, a potential G protein activating domain, and
a PDZ domain binding motif.

B) Schematic representation of the different p75NTR interactors identified to date, in
contact with the reported intracellular region of p75NTR. NRAGE, SC-1, TRAF4, and
TRAF6 which bind to the p75NTR juxtamembrane domain. NRIF interacts with both the
juxtamembrane and death domains. At this time, p75NTR-associated cell death executor
(NADE), Receptor interacting protein-2 (RIP2), and RhoA have only been shown to bind
to the death domain. A and B Figures and legends are adapted from (Roux and Barker

2002).
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p75NTR and other neurotrophin receptors are known to be internalized when
activated by their ligand through both clathrin-dependent and additional endocytosis
mechanisms (Winckler and Yap 2011). p75NTR is found both in endosomes with Trk
receptors as well as without Trk receptors. Interestingly, it has been shown that p75NTR
that is found in endosomes can bind to its partners and participate in intracellular
signaling from the cytoplasm (Bronfman et al. 2003). These endosomes are eventually
recycled but it has also been reported that they can be exocytosed into the extracellular
space, although the function of exocytosed p75NTR is still unclear (Escudero et al.,
2014). An alternative route of intracellular movement of p75NTR is through cleavage of
the intracellular domain (ICD) by gamma secretase. This cleaved form of p75NTR
contains the death domain and can translocate into the nucleus to bind DNA altering
transcription, however, the full-length form has not yet been shown to migrate into the

nucleus (Parkhurst, Zampieri, and Chao 2010).

3. ROLE OF BDNF IN DISEASE

Due to the beneficial effects of BDNF in learning and memory, and its essential
cellular functions, increasing one’s BDNF is thought to be beneficial. Many recent
studies have shown that exercise can boost BDNF levels and may improve memory
(Coelho). However, due to the interplay of TrkB and p75NTR, with their distinct
affinities for mature and proBDNF, and sometimes opposing actions, a change in the

abundance of BDNF can also interfere with brain homeostasis and contribute to disease.
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a. Epilepsy

One of the diseases where BDNF is believed to play a prominent role is epilepsy.
Increased levels of BDNF transcript and protein are found in human patients of TLE in
localized areas involved in epileptogenesis, mainly the dentate gyrus, and CA1/CA3
regions of the hippocampus (Martinez-Levy et al. 2017; Gall 1993; Isackson et al. 1991).
In addition, BDNF levels rise after a brain insult like a seizure or TBI, events that can
increase the risk for developing TLE (Lindvall et al. 1994).

Various animal studies manipulating BDNF signaling have shown that it can
modulate the development of spontaneous seizures. In BDNF heterozygous animals the
rate of kindling was slowed two-fold (Kokaia et al. 1995). Similarly, animals with BDNF
overexpression have more severe seizures in response to Kainic Acid and some even
spontaneously seize (S.D. Croll et al. 1999). Animals infused with an inactive receptor
body for TrkB that sequestered BDNF also kindled at a slower rate (Susan D. Croll et al.
1998). Strikingly, a conditional knockdown of TrkB led to complete protection in a
kindling model of mouse TLE (He et al. 2004).

After SE, TrkB phosphoreactivity is significantly increased, peaking at 24-hr post
seizure, in the dentate hilus and CA3, an area coinciding with the mossy fiber pathway
(Devin K. Binder, Routbort, and McNamara 1999). BDNF immunoreactivity is
particularly increased after the epileptogenic phase in pilocarpine-treated rats in newly
sprouted mossy fibers (H E Scharfman, Goodman, and Sollas 1999). Increased BDNF in

the hippocampus has also been directly related to hyperexcitability in those cells (Helen
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E. Scharfman 1997). This increase in hyperexcitability may reflect BDNF’s ability to
modulate inhibitory synaptic transmission (Tanaka, Saito, and Matsuki 1997).

Although substantial evidence points to the upregulation of BDNF as critical for
epileptogenesis, there are also some confounding reports that it can be neuroprotective. In
fact, a recent study used BDNF delivery as a therapeutic for epilepsy in a rodent model
and saw 80% decreases in spontaneous seizures and improvement in cognitive
performance (Falcicchia et al. 2018). Improving our understanding of BDNF biology, and
the heterogeneity that exists in the intracellular pathways that it controls, will most
certainly contribute to the development of more selective antiepileptogenic options in the

future.

b. Additional diseases

In addition to epilepsy, BDNF dysregulation has been identified in multiple other
disorders:
ol Neuropsychiatric disease: Major depressive disorder is associated with
reduced levels of BDNF and TrkB in the hippocampus and prefrontal cortex,
while it is increased in the nucleus accumbens and amygdala (Autry and
Monteggia 2012). Treatment with anti-depressants normalizes BDNF levels
(Duman and Monteggia 2006), and BDNF infusion into depressive-like animals is
associated with anti-depressive behavior (Shirayama et al. 2002). Dominant
negative TrkB expression can lead to loss of antidepressant efficacy (Saarelainen
et al. 2003). Similar effects are seen in bipolar disorder. In schizophrenia,

conflicting studies of dysregulation of BDNF levels have been seen, some



55

showing an increase and others a decrease in BDNF in the prefrontal cortex and
the hippocampus (Autry and Monteggia 2012).

ol Neurodegenerative disorders: BDNF levels are reduced in patients of
Alzheimer’s, Parkinson’s, and Huntington’s disease (Chiara Zuccato and Cattaneo
2009). In an animal model of Alzheimer’s, injection of a BDNF AAV restored
BDNF level, alleviated neuronal loss, and reduced behavioral deficits (Jiao et al.
2016). In a rat model of parkinsonism, transplantation of BDNF astrocytes
significantly attenuated symptoms (Yoshimoto et al. 1995). In Huntington’s
disease, the huntingtin gene is mutated, and the mutant form of the protein loses
the ability to upregulate transcription of BDNF that occurs with wild-type
huntingtin. In addition, the loss of the neurotrophic support of BDNF leads to cell
death in striatal neurons (C Zuccato et al. 2001). In an animal model of
Huntington’s disease, BDNF overexpression rescues the disease phenotype (Xie,
Hayden, and Xu 2010).

ol Addiction: A single dose of cocaine results in an increase in BDNF in the
nucleus accumbens, but not the hippocampus (Russo et al. 2009). Cocaine use can
lead to a decreased threshold for LTP in the reward pathway thought to be
associated with the increase in BDNF. Infusion of BDNF into the reward pathway
results in potentiated addictive behavior (Graham et al. 2007). The role for BDNF
in opiate addiction is also important, although it differs from that of cocaine.
Human heroin addicts have significantly lower serum levels of BDNF. In animals,

a morphine injection will result in a lowering of BDNF in the ventral tegmental
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area, followed by an increase after withdrawal for a short period before it
decreases again. In postnatal BDNF knockdowns, morphine responses are
reduced (Akbarian et al. 2002).

ol TBI: BDNF levels on the day of injury post-TBI are lowered, and the
amount of BDNF in the serum can be used as a biomarker to indicate prognosis
for severity of TBI and information regarding their recovery trajectory (Korley et
al. 2016). BDNF levels inside the brain differ by region and CSF levels are
increased (Failla, Conley, and Wagner 2016). Regions with the least damage have
increased BDNF expression. In animal models, BDNF administration was able to
reduce the cell death (G. B. Kaplan, Vasterling, and Vedak 2010), and use of the
TrkB agonist, 7, 8- dihydroxyflavone has shown promise in many TBI animal
models in improving neuroprotection and attenuating motor deficits
(Wurzelmann, Romeika, and Sun 2017).

ol Cancer: BDNF and TrkB are found at increased levels in many types of
tumors. The prosurvival effects of BDNF through the PI3K/Akt pathway act to
protect the tumor from the body’s mechanisms to suppress tumors and induce cell
death (Radin and Patel 2017). Although in general, BDNF’s role is oncogenic,
regional specific BDNF from the hypothalamus may support an anti-tumor
immune response (Radin and Patel 2017). Targeting the TrkB pathway has been

promising in preclinical studies (Roesler et al. 2014).
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4. BDNF AS A MASTER REGULATOR

a. BDNF target genes and immediate early gene expression

Each of the BDNF-induced signaling pathways leads to altered gene expression.
Some of the genes that have been identified as targets of BDNF include immediate early
genes. Immediate early genes are activated transiently and rapidly in response to stimuli
and require no protein synthesis functions for expression. Some immediate early genes
that respond to BDNF stimuli are early growth response gene 1 and 3, (Egrl, Egr3), c-
fos, neuritin, activity-regulated cytoskeletal-associated protein (Arc), and the BDNF gene
itself (EI-Sayed, Hofman-Bang, and Mikkelsen 2011; Daniel S. Roberts et al. 2006; J. H.
Kim et al. 2012; Zheng, Luo, and Wang 2009; Alder et al. 2003) The TrkB-MAPK
pathway mediates immediate early gene activation (Roberts et al. 2006; Zheng, Luo, and
Wang 2009). By regulating the activation state of these gene products, BDNF is able to
act as a master regulator, especially since many of these transcription factors then
regulate the downstream synthesis of additional transcription factors that promote long-

lasting changes in synaptic plasticity, necessary for learning and memory.

b ICER: a BDNF-induced repressor protein

In addition to the immediate early genes listed above, BDNF also induces the
phosphorylation of CREB at Serine 133 (pCREB). This activation of CREB is associated
with an increase in the transcription of CREB target genes. One of these CREB family
members is the inducible cAMP early repressor gene (ICER). ICER is transcribed from
an internal promoter in the CAMP response element modulator (CREM) gene that codes

for four proteins. The majority of transcripts specific to the CREM gene locus code for
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transcriptional activators (Lund et al. 2008). Our laboratory has demonstrated that ICER
can heterodimerize at CREs with pCREB to repress CREB-induced transcription (Lund
et al. 2008; Grabenstatter et al. 2014). In addition to BDNF inducing ICER transcription
through pCREB in primary neuronal cultures (Lund et al. 2008), seizures in animal
models of epilepsy lead to increased levels of ICER in the hippocampus (Lund et al.

2008; Kojima et al. 2008).

c. Control over GABAR subunit genes

The altered transcription of the immediate early genes and ICER modulate
synaptic transmission by controlling the expression of GABA and glutamate receptor
subunit genes. Changes in the expression of these genes can play a profound role in the
alteration of neural circuitry in the hippocampus that contributes to TLE development. In
fact, GABA receptor subunit genes mutations are responsible for a number of genetic
epilepsies- mutations of GABRB3 and GABRAL are associated with childhood absence
epilepsy and juvenile myoclonic epilepsy, while mutations and variants of GABRG2 and
GABRD are associated with febrile seizures and dravet syndrome. Altered composition
of the type A GABA receptors (GABARS), the ionotropic mediator of fast inhibitory
synaptic transmission, is seen in both human epilepsy patients and in animal models.
GABARs are pentameric with a chloride pore through the center, and are composed of 2
I subunits, 2 # and either a "' or & subunit (or various less common subunits whose
function in GABAR:S is yet to be described) (Campagna-Slater and Weaver 2007). The "2
subunit plays a role in synaptic localization (Essrich et al. 1998) while & limits the

receptor to the extrasynaptic and presynaptic space (Nusser, Sieghart, and Somogyi
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1998). The "2 subunit is also required for the classical benzodiazepine allosteric response
and along with the T (2/3) subunit is part of the binding interface for many anti-
convulsant drugs.

Multiple studies using epilepsy models show increased presence of the 14 subunit
and decreased !1 at the synapse (Brooks-Kayal et al. 1998; Roberts et al. 2006; Houser et
al. 2012). Under normal conditions, 14 is assembled with " subunits and found in
perisynaptic and extrasynaptic sites of the post-synaptic membrane. Our lab was the first
to show that 24 hours after SE, there is a redistribution of 14 containing receptors to the
synapse but now instead of association with ", they are assembled with "2 (Lund et al.
2008). We also showed that rescue of 1 levels using AAV virus attenuated seizure
frequency and severity even in the presence of increased !4 (Raol et al. 2006).

Altered GABAR composition is, at least in part, driven by rising levels of BDNF
in epilepsy models. Our lab showed that Egr3 mediates the increased transcription of the
14 gene (GABRA4) by BDNF activation of TrkB and via a direct interaction with the core
GABRA4 promoter (Roberts et al., 2006). Decreased !'1 subunit levels are also a response
to BDNF signaling. BDNF induction of ICER leads to the binding of the ICER repressor
to the 11 core promoter, an action that has been associated with regulation by the
JAK/STAT pathway (Lund et al. 2008).

In addition, GABA’s actions can be modulated by BDNF and proBDNF through
alterations in receptor internalization and thereby access to its binding site. TrkB

pathways can inhibit internalization of GABARs through activation of the PI3K/PKC
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pathway. Conversely, p75NTR activation can lead to receptor internalization through

dephosphorylation of the #3 subunit (Porcher, Medina, and Gaiarsa 2018).

d. Control over Glutamate receptor subunit genes

Excitatory modulation and altered LTP also occurs as a response to BDNF. TrkB-
induced pCREB and EGR3 upregulation results in the binding of pCREB to CRE
elements in the glutamate ionotropic receptor NMDA type subunit 1 gene, GRINL1. This
regulatory process is dependent on BDNF, pCREB, and EGR3, and both factors bind to
distinct sites on the GRIN1 promoter (J. H. Kim et al. 2012). Interestingly, there are three
functional sites on the promoter for pPCREB with one embedded in the core promoter
region adjacent to the EGR3 binding site.

The GRIN1 gene encodes for the NR1 subunit protein and is found in all NMDA
receptors. It can partner with multiple NR2 subunits, such as NR2A, B, or C and NR3
subunits. NMDA receptors are critical for excitation in the adult nervous system and
LTP. There are higher levels of NR1 in animal models of epilepsy and in humans with
TLE. Increased activity of NMDA receptors can lead to excitotoxic cell death (J. H. Kim
et al. 2012).

BDNF-induced Arc expression is one of the few immediate early genes that is not
a transcription factor, but rather a cytosolic protein that acts in several downstream
signaling cascades known to be important for synaptic plasticity. Arc modulates
glutamate signaling by affecting the trafficking of !-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors. Like NMDA receptors, AMPA receptors

play a critical role in both LTP and LTD. Arc also modulates plasticity by increasing



61

spine density and the distribution of thin spines known to be involved in learning and
memory. Arc can also activate notch signaling which plays a distinct role in neuronal
plasticity (Korb and Finkbeiner 2011).

The datasets contained within my thesis suggest an even greater role for BDNF in
the modulation of excitatory/inhibitory balance at the transcriptional level that can
impact synaptic transmission to alter disease progression in multiple contexts.

C. THE JAK/STAT SIGNALING PATHWAY

The JAK/STAT signaling pathway is a molecular cascade preserved across
species from drosophila to humans. It is important in modulating cell proliferation,
differentiation, migration and apoptosis. It is critical for normal hematopoiesis, immune
development, lactation, adipogenesis, and other growth processes. Mutations in this
pathway can lead to inflammatory disease, cancer, and gigantism (Rawlings, Rosler, and
Harrison 2004). In mammals, the JAK family is comprised of four members that were
discovered in the early 1990s: JAK1, JAK2, JAK3, and Tyk2. JAKs are members of the
protein tyrosine kinases (PTK) family, but differ from other members in that they have an
additional kinase domain. The term Janus kinase stems from this idea as it is named after
a two-faced Roman God (Rane and Reddy 2000). The STAT family includes seven
members: STATL, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6. The diverse
set of family members can tailor the cascade based on tissue type and a variety of
signaling properties. (Aaronson and Horvath 2002). In addition, even though there is a

heterogeneity in ligands and receptors, they have also been shown to activate a similar
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pathway. The ligands for receptors that drive JAK/STAT signaling are generally

extracellular polypeptides such as hormones or cytokines.

1. CANONICAL SIGNALING PATHWAY

a. JAKs and STATs

Mechanistically, the JAK/STAT pathway has few partners that move the signal
from the membrane to the nucleus. In most cases, ligand binding to a membrane bound
receptor leads to receptor multimerization either as homodimers, heterodimers, or
heteromultimers. The cytoplasmic domain of the receptor then associates with the N-
terminus of the JAK protein, and multimerization of the receptor allows for two JAKSs to
be in close proximity, allowing trans-phosphorylation. The activated JAK (pJAK) can
then phosphorylate additional targets including STATS.

STATSs were first discovered a few years after JAKs, in 1994 (Darnell, Kerr, and
Stark 1994). Inactive STATS generally reside as homodimers in the cytoplasm, through
interaction with JAK in the SH2 domain, they become phosphorylated and rearrange into
an antiparallel dimer. The activated dimer then translocates into the nucleus through the
Ran nuclear import pathway. Inside the nucleus they are free to bind target genes to
activate or repress expression. This mechanism relies on the phosphorylation of STAT to
invoke transcriptional changes. Additional effector proteins, including the stat-interacting
protein (StIP), may be involved in the pathway in order to facilitate or inhibit the

activation of STATS.
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b. Inhibition of the JAK/STAT pathway

Suppression of the pathway generally occurs through activation of suppressors of
cytokine signaling (SOCS) proteins, protein inhibitors of activated stats (PIAS) and
protein tyrosine phosphatases (PTPs). The SOCS are stimulated by activated STAT to
create a negative feedback loop. SOCS can inhibit the pathway in three main ways:
binding pJAKSs to inhibit the recruitment of STATS, inhibiting JAK kinase activity, and
facilitating the ubiquitination of JAKSs to foster proteasomal degradation. The PIAS bind
STAT and prevent them from binding DNA. PTPs simply reverse the activity of the JAK

tyrosine kinases (Rawlings, Rosler, and Harrison 2004).

c. Crosstalk with other signaling pathways

The JAK/STAT pathway can also crosstalk with other signaling pathways. The
MAPK pathway is known to be further activated by JAK activation through its upstream
effector Ras and can also potentiate JAK/STAT activity by phosphorylating STAT (Rane
and Reddy 2000; Malik, Pal, and Gupta 2017). Reciprocal activation has also been
identified with the PI3K, Notch/Hes, Peroxisome proliferator-activated receptor-!
(PPARY) and TGF-B pathways (Y. C. Zhou and Waxman 1999; Rawlings, Rosler, and

Harrison 2004; Kamakura et al. 2004).

2. NON-CANONICAL SIGNALING

Although the mechanism listed above is conserved throughout the animal
kingdom and is thought to be among the most well understood signaling pathway, recent
discoveries have revealed additional complexities that remain unsolved. Findings that

JAK can act to alter gene transcription independently of STAT, and that STAT can be
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present in the nucleus without phosphorylation and regulate chromatin stability in an
unphosphorylated state revealed what has become termed the non-canonical JAK/STAT
signaling pathway. This non-canonical pathway categorization includes several
alternative pathways that deviate from the canonical mechanism and which are still being

investigated to enhance understanding of its mechanism and function.

a. Non-canonical role of JAK

Although originally thought to be only a cytosolic protein with its actions occurring when
associated with membrane-bound receptors, JAK has been identified in the nucleus since
as early as 1996 (Lobie et al. 1996), although its nuclear function remained largely
uncharacterized until more recently. The receptor binding region of JAK is thought to
have a nuclear localization signal that permits its translocation (Ragimbeau et al. 2001).
Nuclear JAK has been shown to directly complex with STAT (Kamakura et al. 2004), but
can also function independently of STAT to modify the activity of transcription factors
including nuclear factor 1-C2 (NF1-C2) and RUSH (M. A. Dawson and Bannister 2012).
JAK can also act as a kinase in the nucleus acting at Histone 3 (H3) tyrosine 41, an
important location that determines nucleosome structure and stability. H3
phosphorylation disrupts the association of heterochromatin protein 1 (HP1) with
chromatin (M. A. Dawson et al. 2009) which can modify mitosis by de-repressing gene
expression (Panteleeva et al. 2007; Yamagishi et al. 2008). Cancerous tissue can increase
the levels of nuclear JAK to produce cell cycle alterations that HP1 inhibits and are likely
oncogenic. Oncogenic JAK2 mutations, particularly JAK2V617F are constitutively

active, and can phosphorylate the protein arginine methyltransferase 5 (PRMT5) in the



65

nucleus inhibiting its methyltransferase activity. This inhibition is believed to produce the
myeloproliferative phenotypes that are associated with JAK2 mutations in humans
(Zouein, Duhé, and Booz 2011). In addition to a novel nuclear function, JAK can also
have non-canonical roles in the cytoplasm such as a participation in kinase-independent

scaffolding (Majoros et al. 2017).

b. Non-canonical role of STAT

STAT proteins can act non-canonically when unphosphorylated (USTAT3) to
regulate transcription in a variety of important ways. After the pSTAT3 responsive genes
are activated, transcription of a host of uSTAT3 responsive genes follow. uSTAT3 has
been shown to translocate into the nucleus (Liu, McBride, and Reich 2005). Once there it
can bind to unphosphorylated NF%B (uNF%B) in the nucleus and activate a host of
NF%B-dependent genes. A chromatin immunoprecipitation assay (ChlP) performed upon
overexpression of a Y705F-STAT3 mutant (that cannot be phosphorylated) revealed that
uUSTAT3 binds to DNA of several genes including IL-6, IFN-B, IL-8. The promoters that
bound uSTAT3 all had NF%B sites (Jinbo Yang et al. 2007). uSTAT3 can either bind to
the DNA in the same regions as pSTAT3 as a monomer or a dimer, acting to compound
the effects of pPSTAT3 (Timofeeva et al. 2012), or it can bind to HP1 which acts to
stabilize chromatin, an effect in direct opposition to pSTAT3 (Brown and Zeidler 2008).
Studies which genetically manipulate STAT to reduce amounts of uSTAT3 result in

DNA damage demonstrating it has a protective role(Yan et al. 2011). See Figure 9.
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The investigation of the non-canonical JAK/STAT signaling pathway appears to
differ based on cell type and surely additional mechanisms are yet to be discovered which

will add even more complexity to this intracellular signaling pathway in the brain.
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Figure 9. Schematic of canonical and non-canonical JAK/STAT signaling

Canonical and noncanonical JAKISTAT signaling. In the canonical mode of signaling,
cytokines bind to receptor that leads to phosphorylation of the JAK kinase. Activated
JAK phosphorylates STAT. Phosphorylated STAT dimerizes and translocates to the
nucleus to bind sequences in the target gene promoters. Dimeric STAT binding results in
gene transcription. In the noncanonical pathway, unphosphorylated STAT in the nucleus
physically interacts with heterochromatin proteinl HP1! thereby promoting
heterochromatin formation or stability. In addition, it is also shown in human cells that
JAKZ2, in the noncanonical context, can act as a histone kinase and phosphorylated
tyrosine 40 of histone 3. Histone 3 phosphorylation displaces HP1! from chromatin.

Figure from (Dutta and Li 2013).
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3. IN THE CNS

The JAK/STAT pathway plays an important role in the brain. It is involved in
development, hormone release, plasticity, neuro- and glio-genesis, inflammation and
tumorigenesis. Expression of JAK/STATS are lower in the adult brain than other areas,
but can be found in the cerebral cortex, hippocampus, hypothalamus and cerebellum, in
development several of the proteins are found in higher concentrations (Celine S. Nicolas

et al. 2013).

a. Neurogenesis and gliogenesis, proliferation and differentiation

Proliferation of neural stem cells is regulated by the JAK/STAT pathway. IL-15
can induce activation of STAT1, STAT3 and STATS5 in the subventricular zone and
proliferation is blocked by JAK inhibitors (Bauer 2009; Gomez-Nicola et al. 2011).
Leptin can activate STAT3 and induce proliferation in the DG (Garza et al. 2008).

JAK/STATS also participate in glial differentiation through the ciliary
neurotrophic factor (CNTF), prolactin, IL-6 and leukemia inhibitor factor (LIF) which
activates JAK1, STAT1 and STATS3 to trigger astrocyte differentiation (Peterson et al.
2000; Bonni et al. 1997; Nakanishi et al. 2007; Mangoura et al. 2000). STAT3
knockdown mice have dysfunctional astrogliogenesis (Cao et al. 2010). In the adult DG
STAT3 is critical for neurogenesis (Mdiller et al. 2009), particularly after an injury, while
STAT1 is important in activating caspases and inducing apoptosis (Schindler, Levy, and
Decker 2007).

Differential regulation is also ascribed to the JAK proteins. JAK1 is implicated in

gliogenesis while JAK2 is associated more with neurogenesis. JAK3 also plays an
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important role by controlling differentiation in neurons and oligodendrocytes (Celine S.

Nicolas et al. 2013).

b. Hormone requlation

Hormone regulation is also influenced by the JAK/STAT pathway in the
hypothalamus. Leptin signaling activates STAT3 and STATS5 controlling satiety
(Villanueva and Myers 2008). JAK2 also plays a role in the production of gonadotropin
releasing hormone (GnRH) and secretion of prolactin, which play roles in reproduction

and lactation respectively (Magni et al. 2007; Ma et al. 2005).

c. Synaptic plasticity

Synaptic plasticity and modulation of receptor signaling is an important function
of JAK/STATSs in the CNS. JAK inhibition can block NMDA-dependent LTD (but not
LTP or AMPA-mediated synaptic transmission) and knockdown of JAK abolishes LTD.
NMDAR-mediated LTD activates JAK2 which is located at the synapse. Interestingly,
while STAT3 is also activated, its movement to the nucleus is not required for LTD to
occur (Céline S. Nicolas et al. 2012).

d. Disease

In neurological disease, JAK/STAT signaling contributes to brain tumors much as
it does to other types of cancer, due to its role in cytokine signaling. In addition, it plays a
large role in inflammatory associated brain disorders including epilepsy, ischemia, and

neurodegenerative disease (Celine S. Nicolas et al. 2013).
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4. THE BDNF-INDUCED JAK/STAT PATHWAY

a. Gene expression changes

Studies from our laboratory found that in addition to the CNS functions described
above, BDNF can activate the JAK/STAT pathway and affect synaptic transmission via
transcriptional regulation. We demonstrated for the first time that BDNF activates the
JAK/STAT pathway both in vivo in the rat pilocarpine model of epilepsy and in vitro in
BDNF-treated primary cultured neurons (Lund et al. 2008). Activation involves the
binding of pSTATS3 to the ICER promoter and the induction of transcription. As
mentioned above, ICER represses transcription at genes containing CRE elements. Our
laboratory found that one of the major effects of ICER synthesis is the downregulation of
11 GABAR subunit genes (GABRAL), which decreases the number of synaptic GABARS
limiting GABA's inhibitory effect in the hippocampus (Lund et al. 2008). A reduction in
efficient GABARSs at the synapse contributes to epilepsy susceptibility and rescue of
animals in the TLE model is seen when al is replaced via viral delivery (Raol et al.
2006). A reduction in 11 subunit expression is also seen in epilepsy patients (Brooks-
Kayal et al. 1998) as well as in other disorders of the nervous system (Petryshen et al.
2005; Raud et al. 2009; Bossers et al. 2010). Moreover, use of the JAK/STAT inhibitor,
WP1066, in the pilocarpine rat model of epilepsy reduces the number of spontaneous
seizures after the latent period (Grabenstatter et al. 2014), suggesting that BDNF-induced

JAK/STAT activation may be relevant to disease .
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b. BDNF receptor signaling and JAK/STAT activation

Research to determine the identity of the BDNF receptor, TrkB or p75NTR,
involved in the activation of the neuronal JAK/STAT pathway is an active area of
research in the Russek Laboratory. While TrkB has been found crucial to the onset of
pathway activation, it is not coupled to JAK proteins as expected. Rather, a novel
interaction of Jak2 with an intracellular p75NTR suggests that there is a more
complicated relationship of JAK signaling as mediated by BDNF.

Proximity ligation assay with transfected constructs of JAK2-GFP and p75NTR-
flag have also shown that the localization of the p7SNTR/JAK2 complex is not at the
membrane, where JAK usually interacts with its receptors, but in the cytoplasm and
nucleus of the cells, indicating that the BDNF-induced JAK/STAT pathway may operate
using a non-canonical mechanism with a signalsome that converts membrane action of
the TrkB receptor into gene regulation on chromatin in the nucleus. Evidence for this
unique relationship comes from additional experimentation that shows siRNA
knockdown of TrkB, p75NTR and STATS3 all inhibit ICER induction as does treatment

with JAK inhibitors pyridine 6 and WP1066 (Benham, Hokenson, unpublished results.)
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Table 3. BDNF-induced JAK/STAT related findings
Related Findings Reference
BDNF activates JAK through phosphorylation within (Lund et al. 2008)
15 minutes
BDNF activates STAT through phosphorylation (Lund et al. 2008)
within 30 minutes
BDNF causes an induction of ICER transcription (Lund et al. 2008)
BDNF causes a reduction in 11 protein levels in 24 (Lund et al. 2008)
hours
pSTAT3 binds to the promoter of ICER, which (Lund et al. 2008)
increases after Status Epilepticus
ICER binds to GABRAL promoter (Lund et al. 2008)
WP1066 reduces the severity of epilepsy in (Grabenstatter et al. 2014)
pilocarpine-treated rats

WP1066 prevents ICER induction (Grabenstatter et al. 2014)
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E. MAJOR HYPOTHESIS AND SPECIFIC AIMS

Our laboratory has identified that activation of the JAK/STAT pathway of
primary cultured neurons (both cortical and hippocampal) can downregulate synaptic
GABARs. This is also seen in vivo in response to pilocarpine-induced status epilepticus.
Additionally, JAK/STAT inhibitor administration at the time of pilocarpine-induced
status epilepticus is protective in rats. Despite these discoveries, the mystery of how the
JAK/STAT pathway in neurons can remodel the nervous system to produce hyperactivity
remains unsolved.

One mode of JAK/STAT activation identified by our lab is its activation through
BDNF. As a master regulator of information processing in the brain, BDNF is known to
dynamically activate multiple intracellular signaling pathways with diverse functions
(from neurogenesis to programmed cell death) and with interrelated endpoints. Different
functional roles have been described for the two receptors (TrkB and p75NTR), that can
bind to the same BDNF signaling molecules (mature and pro-BDNF). P75NTR has been
found in complex with JAK proteins but the role of this complex in BDNF-induced
JAK/STAT signaling and a comprehensive account of the pathway’s effects on the
transcriptome remain unidentified.

Based on this evidence, we developed the following overarching hypothesis that
drives the direction of my thesis: The JAK/STAT pathway has far reaching effects on the
transcription of the neuronal genome in response to injury, such as status epilepticus,
and selective targeting of this pathway may lead to disease modifying therapeutics for

multiple brain disorders. As a first step to better identify the extent and mechanism of
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JAK/STAT pathway function in neurons, the following Specific Aims were conducted in
my thesis research:

Aim 1. To determine the genome response of neurons to BDNF-induced JAK/STAT
signaling in vitro using deep RNA-sequencing in the presence and absence of JAK/STAT
pathway inhibitors.

Aim 2: To determine the genome response in vivo to Status Epilepticus as produced by an
intrahippocampal injection of kainate in wildtype and transgenic neuronal STAT3
(knockdown) mice.

Aim 3: To determine the region of p75NTR that interacts with JAK2 in order

to test its role as a signalsome for BDNF-induced JAK/STAT signaling in neurons.

The datasets from the presented work highlight the complexities of the JAK/STAT
pathway in neurons and suggest the presence of a non-canonical JAK/STAT mechanism
that may be activated upon increased synthesis and release of BDNF as it occurs in
temporal lobe epilepsy. Such results provide the basis for future studies aimed at
determining the role of the JAK/STAT-induced alterations in sphingolipid metabolism in
epileptogenesis and informing the design of disease-modifying therapeutics targeting the
non-canonical JAK/STAT pathway for TLE and its associated comorbidities of cognitive

impairment, learning and memory disorders, and depression.



CHAPTER II: MATERIALS AND METHODS

A. MATERIALS AND METHODS SPECIFIC TO CHAPTER 11

1. MATERIALS

Antibody Primary

Name incubation

STAT3 CST 1:2000 5%

4904 milk in TBS-
T O/N

P-STAT3 1:1000 5%

CST 9131 BSA in TBS-
T O/N

Washes

(1) after
blocking 2)
after
primary, 3)
after
secondary
1) no
washes

2) 3x10” in
1% milk

3) 3x10’ in
1% milk in
TBS-T

1) 3x5 in
TBS-T

2) 3x10’ in

TBS-T

Secondary Blocking (1
antibody (all hr. RT or
1 hr.RT) OIN 4°C)
1:6000 goat 5% non-fat
anti-rabbit dry milk in
Life TBS-T
technology

AP 123P

in1% milk in

TBS-T

1:5000 goat 5% non-fat
anti-rabbit dry milk in
Life TBS-T (Do

technology
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3)3x10’in AP 123Pin Not use
1% milkin 1% milk in BSA)

TBS-T TBS-T

2. METHODS

a. Cell culture and drug treatments

Primary neocortical neurons were dissected from neocortex of E18 Sprague-
Dawley rat embryos (Charles River Laboratories). Pregnant dams were euthanized by CO
2. Embryonic brains were removed and placed in ice-cold Ca 2+ /Mg 2+ free (CMF)
media [Ca 2+ /Mg 2+ free Hanks BSS, 4.2mM sodium bicarbonate,1mM pyruvate,
20mM HEPES, 3mg/mL BSA, pH 7.25-7.3]. Cortices were dissected under a dissection
microscope, trypsinized centrifuged, and triturated in plating media [Neurobasal media
(Invitrogen), 10% fetal bovine serum (Gibco), 100 U/mL penicillin, 100 pg/mL
streptomycin, 200mM glutamax (Gibco)]. Dissociated neurons were plated on Poly-L-
lysine coated 6-well plates (1x108cells/well) and placed in an incubator (37°C/5% CO 2)
for attachment to plate. 1hr later, plating media was removed and replaced with 2mL of
defined medium [Neurobasal media (Invitrogen), B27 serum-free supplement (Gibco),
100 U/mL penicillin, 100 pg/mL streptomycin, 200mM glutamax (Gibco)]. Neurons
were cultured in the incubator for 9 days until use (9 days in vitro [DIV]). Treatments: At
9DIV cells were pretreated for 1-hr. with vehicle dimethyl sulfoxide (DMSO) at 0.1%,

Ruxolitinib (Sellckchem S1378; 100nM or 10uM), or WP1066 (EMD Millipore 573097;
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10uM). Nuclease-free water vehicle or Brain-derived neurotrophic factor was then added

(EMD Millipore GF029; 0.7nM) for 4 hours before collection.

b. RNA extraction and library preparation

At the end of the 4-hr treatment period, cells were collected and RNA extracted
using the Qiagen RNeasy Micro Kit with DNAase treatment (Cat. 74004). RNA was run
in the Agilent Bioanalyzer to determine RNA integrity number (RIN). RIN of all samples
was " 9.0. mRNA was selected by using the NEBNext® Poly(A) mRNA Magnetic
Isolation Module (E7490S) before using the NEBNext® Ultra™ Directional RNA Library
Prep Kit for lllumina® (E7420S) with Agencourt AMPure XP Clean up beads (A63881)
to make RNA into strand specific cDNA libraries with multiplexing barcodes from the

NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 1) kit (E7335S).

c. lllumina sequencing

Sequencing was performed at the Boston University Microarray Core and
University of Chicago Genome Center. Fragmentation and concentration were analyzed
on the Agilent Bioanalyzer and Fragment analyzer prior to sample pooling. Runs were
either sequenced at 75 bp single-end reads on the Illumina NextSeq sequencer to a depth
of 100-120 million reads per sample or at 50 bp single-end reads on the Illumina HiSeq
sequencer to a depth of 90-100 reads per sample. All reads were conducted in one lane

using barcodes to separate biological replicates.

d. RNA-seq bioinformatics

Data analysis was performed using Strand NGS software, Version 3.2, Build

237248. © Strand Life Sciences, Bangalore, India. Proprietary Strand NGS algorithms



79

were used to conduct read alignment to the rat genome build rn6 RefSeq Genes
(2016.05.11). Reads were filtered based on the following parameters: Max number of
novel splices: 1, Min alignment score: 90, Number of gaps allowed: 5, number of
matches to be output for each read: 1, exclude reads with alignment length less than: 25,
ignore reads with matches more than: 5, Trim 3’ end with average base quality less than:
10. RNA quantification was performed by the Strand NGS software, which counts the
total number of reads that map to each gene and exon in the genome, and is reported as
raw counts. Normalization of the raw counts was achieved using the DESeq method,
which accounts for difference in the total number of reads between samples and log
transforms the data (Anders and Huber 2010). R version 3.1.2 was used with DEseq2
version 1.6.1 to determine differential expression FDR=0.05, Wald test type. The list of
significant genes was then used in subsequent analyses. Disease involvement data was
analyzed through the use of IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com
/products/ingenuitypathway-analysis). Cytoscape 3.5.1 software was used with
GeneMANIA for functional network generation with (Shannon et al. 2003; Warde-Farley
et al. 2010). EnrichR was used for GO-term analysis and KEGG pathway analysis

(Kuleshov et al. 2016; Chen et al. 2013).

e. Real-time quantitative reverse transcriptase PCR (qRT-PCR)

Primary neurons were prepared, treated, and RNA extracted, as described above for
RNA-seq. The Applied Biosystems 1-step RNA to Ct (cat. 4392938) kit was used and
protocol was followed as directed: 50 ng of RNA template, 10 pL of 2x mastermix, 0.5

uL of each 40x primer/probe kit (Ppia and the gene of interest), 0.5 pL of the enzyme



mix, and nuclease free water was added to each 20 pL reaction. Each reaction was
performed with 2 technical replicates in a 384-well plate. All tagman primer/probe kits

were ordered from Thermo Fisher Scientific.
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Table 4. Thermofisher assay IDs for tagman primers and probes

Gene Symbol
Ppia (housekeeping)
Galrl

Drd5

Jak?2

Gabrg?2

Grml

Icer

Ccndl

Icer

Socs3

Mcll

Assay ID

Rn00690933_m1 VIC-MGB
Rn04932425 ml1 FAM-MGB
Rn00562768 s1 FAM-MGB
Rn00676341 _ml1 FAM-MGB
Rn01464079 _ml1 FAM-MGB
Rn00566625 m1 FAM-MGB
Rn00569145 ml1 FAM-MGB
Rn00432359 m1 FAM-MGB
Rn00569145 ml1 FAM-MGB
Rn00585674 s1 FAM-MGB

RN00821024_gl FAM-MGB

81
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The Applied Biosystems 7900 HT Real-Time PCR system was used to run with
the following cycling parameters: 48°C 15 min. hold (Reverse Transcription), 95°C 10
min. hold, 40 cycles: 95°C 15 sec, 60°C 1 min. After run completion, the ((CT method

was used to calculate the relative values of the transcripts.

f. Western Blot

Primary cortical cultures used for Western Blot were prepared and treated with
drugs the same as described for RNA-seq. After the 4-hr period of BDNF treatment, cells
were washed once with ice-cold PBS solution (PBS+EDTA, 1x PhosStop (Roche) and 1x
Protease Inhibitor cocktail (Roche cOmplete protease inhibitor)) and centrifuged in 1.5
mL tubes at 5000RPM for 4 min at 4°C. PBS was removed and cOell pellet was
resuspended in 1x Radioimmunoprecipitation assay buffer (RIPA) buffer (with 1x
Protease and Phosphatase inhibitors). Lysates were incubated on a rotator at 4°C for 15
min, then centrifuged at 13000 RPM for 10 min. Supernatant was transferred to a fresh
tube and aliquoted for Western Blot. 35ug of sample was diluted to 10uL in RIPA buffer
and 10uL of 2x SDS Tris-Glycine loading buffer (Invitrogen LC2676) with 50mM
Dithiothreitol (DTT). Samples were boiled at 95°C for 5 min, centrifuged and loaded into
a Novex 10% Wedgewell gel (Invitrogen XP00100BOX). The gel was run at 220V for 40
mis and wet transfer was performed at 33V for 2 hrs to a nitrocellulose membrane.
Membrane was quickly washed in Tris-buffered Saline-Tween (TBST) then blocked in
5% milk in TBST for 1 hr at room temperature. Three 5 min washes in TBST were
performed. Membrane was incubated overnight at 4°C in primary antibody then washed

3x10 minutes in TBST. Horse radish peroxidase (HRP)-conjugated secondary was added
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for one hour at room temperature, then 3 washes in 1% milk were performed prior to
imaging the blot with ECL (BioRad Clarity #1705060). Membrane was stripped using
the GM Biosciences One Minute Advance Stripping buffer #GM6031. Antibodies were
used as follows: 1:1000 pSTAT3 (CST #9131S) in 5% BSA, 1:5000 anti-rabbit HRP-
conjugated secondary antibody (EMD Millipore AP132P) in 1% milk in TBST. 1:2000
total STAT3 (CST #4904S) in 5% milk in TBST. 1:6000 #-actin (Sigma A5441) in 1%
milk in TBST, 1:2500 Anti-mouse HRP-conjugated secondary antibody (Vector Labs

P12000) in 1% milk in TBST.

B. MATERIALS AND METHODS SPECIFIC TO CHAPTER IV

1. METHODS

a. Tamoxifen treatment

Camk?2a-cre/ERT2-Stat3-flox mice from jax (https://www.jax.org/strain/016923)
were used to create CAMK?2a promoter specific Tamoxifen induced knockdown. These
mice have a deletion of exons 18-20 of Stat3(encoding the SH2 domain) in cre-
expressing forebrain excitatory neurons. Kainic Acid and tissue harvesting procedures
were performed by the Amy Brooks-Kayal Lab, but information about those protocols
are included here. Tamoxifen (Sigma, with corn oil vehicle) or sterilized Corn oil
(Sigma) is injected IP at 8 weeks old, 100mg/kg, 20 mg/ml, once per day for 5
consecutive days, and separated 1 per cage. For complete elimination of tamoxifen, mice
wait an additional 14 days before implantation for VEEG recording and Kainate or saline

(ctrl) injections.
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b. Kainic Acid injection

Adult mice will be first anesthetized with isoflurane (3%) and then transferred to
a stereotaxic frame and maintained under 1-2% isoflurane. Animals will be placed on a
heat blanket to maintain normothermic conditions during the procedure, and eye lubricant
applied to minimize desiccation. A small midline sagittal incision of approximately 1 -1.5
cm will be made in the skin on the scalp to expose the skull. Up to seven small holes (.8
mm) will be drilled over the areas of interest (bilateral frontal cortices, bilateral
hippocampal CAL regions, one anterior and medial to the bilateral hippocampal CA1
regions, and bilaterally behind lambda for reference and ground electrodes). A 32G 0.5ul
microsyringe will be lowered below the dura at 2.0mm posterior to bregma, 1.3mm
lateral from midline and 1.5mm dorsally into the hippocampus, and injected with 40 -
100nL of 20mM Kainic Acid in phosphate buffered saline or normal saline into the dorsal
hippocampus via an infusion pump at 50nL/min. The syringe will be left in place for 5
minutes to facilitate complete perfusion around the injection site and minimize tissue
damage. Bilateral hippocampal electrodes are placed 2.8mm posterior of bregma, +/- 2.0
mm from midline and 2.0mm dorsally into the hippocampus. Then the entire electrode
assembly is fixed in place with dental cement or kwik-sil and anesthesia discontinued.
Mice will be moved to the EEG Core to evaluate the resulting status epilepticus. Status
epilepticus is described as initiating after the effects of anesthesia subside. In short,
electrodes will be connected to a swivel commutator enabling free movement and EEG
recordings. The animals will be monitored by the experimenter throughout the duration

of SE. In order to attenuate behavioral status epilepticus to improve survival, all mice will
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be given an i.p. injection of 6mg/kg lorazepam 3 hours after initiation of status
epilepticus. If necessary a second dose of 6mg/kg lorazepam will be administered 60
minutes after the first dose. 24 Hrs after KA is administered, the animals are sacrificed

and the tissue is harvested.

c. Tissue harvesting

Right and left hippocampus was harvested 24 hrs. after KA injection. Tissue was
placed directly into RNALater (Thermofisher AM7020) and kept at 4°C overnight, then
the excess liquid was removed and tissue was stored at -80°C until shipment in dry ice to

Russek lab.

d. RNA extraction

Tissue was homogenized using either an electric mortar and pestle (ipsilateral
hippocampus) or with the Covaris tissue pulverizer (contralateral hippocampus) in 500uL
Trizol (Thermofisher, Cat. 15596018) reagent and incubated for 5 minutes at room
temperature. 100 uL Chloroform was then added and samples were vigoursly mixed for
15 seconds and incubated at room temperature for 2-3 minutes. Samples were centrifuged
at 4°C for 15 minutes at 12,000xg. Upper aqueous phase was carefully removed from
tube and placed in new 1.5mL centrifuge tube. 1 volume of 70% ethanol was added.
QIAGEN RNeasy mini columns were then used to purify the RNA and remove the DNA
using DNAse | according to the kit protocol (QIAGEN, Cat. 74804). Quantity and quality
of RNA was then verified using the Bioanalyzer at the Harvard Biopolymers Facility

(ipsilateral) or Boston University Microarray and Sequencing Core (contralateral).



86

e. RNA library prep

For the ipsilateral side, 3 samples had a RIN slightly below 7 (and above 6). Due
to the potentially damaged polyA tails of this RNA, the NEB Next rRNA depletion kit
(E6310) had to be used to select for mRNA rather than the polyA selection kit that is
preferable (due to cost), and for consistency, this kit was used for all samples, despite the
majority of samples having a RIN >8. After rRNA depletion, the NEBNext Ultra Il
Directional Kit (E7765) was used to create RNA libraries and NEB Multiplex Oligos
(Kits E7335, E7710) were used to barcode the samples. After library prep, samples were
analyzed at the Harvard Biopolymers facility by Tapestation to determine if proper
fragmentation was achieved and by gPCR using the KAPA Quant assay. KAPA Quant
uses the P5/P7 adapters that allow successfully prepped libraries to adhere to the flowcell
for sequencing as priming sites, such that the concentration value generated by this assay
reflects only material that will actually sequence. Using these concentration values, they

created an equimolar pool for an equal distribution of reads across samples.

f. RNA sequencing

All samples were pooled together and read in 4 lanes (ipsilateral) or 3 lanes
(contralateral). Note: more lanes were needed for contralateral due to the addition of
other unrelated samples to the mix. The NextSeq Illumina system was used and 70-80

million reads per sample were generated by the Harvard Biopolymers Facility.

g. RNA sequencing analysis

Data analysis was performed using Strand NGS software, Version 3.2,

Build 237248. © Strand Life Sciences, Bangalore, India. Proprietary Strand NGS
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algorithms were used to conduct read alignment to the rat genome build rn6 RefSeq
Genes (2016.05.11). Reads were filtered based on the following parameters: Max number
of novel splices: 1, Min alignment score: 90, Number of gaps allowed: 5, number of
matches to be output for each read: 1, exclude reads with alignment length less than: 25,
ignore reads with matches more than: 5, Trim 3’ end with average base quality less than:
10. RNA quantification was performed by the Strand NGS software, which counts the
total number of reads that map to each gene and exon in the genome, and is reported as
raw counts. Normalization of the raw counts was achieved using the DESeq method,
which accounts for difference in the total number of reads between samples and log
transforms the data (Anders and Huber 2010). R version 3.1.2 was used with DEseq2
version 1.6.1 to determine differential expression FDR=0.05, Wald test type. The list of
significant genes was then used in subsequent analyses. EnrichR was used for GO-term
analysis and KEGG pathway analysis (Kuleshov et al. 2016; Chen et al. 2013).

C. MATERIALS AND METHODS SPECIFIC TO CHAPTER V

1. MATERIALS

a. Plasmids

1. p75 flag: Phillip Barker (McGill) generously provided us with human p75NTR:Flag
cDNA in a pcDNA 3.0 vector. To make human transmembrane mutants comparable to
previously studied rat p75NTR constructs (Vilar et al., 2009), we did a BLAST alignment
of rat and human p75NTR and determined that rat cysteine 257 aligned to human

cysteine 256, and rat glycine 266 aligned to human glycine 265. Two mutants were
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generated (Mutagenix) from the human p75NTR:Flag construct: cysteine 256 to alanine,
p75NTR(C256A):Flag; and glycine 265 to isoleucine, p75NTR(G2651):Flag.

2. JAK2GFP: the JAK2 GFP is contained in the DEST40 vector under the CMV
promoter. The construct was received as a gift from Dr. Ross Levine, Mount Sinai School
of Medicine.

3. pcdna3.1- commercially available from Invitrogen

4. Gateway pcDNA Dest40- commercially available from Invitrogen

5. p75 ICD- Received as a generous gift from Phillip Barker (McGill University),

6. (ICD p75 and (ECD p75- Received as a generous gift from Moses Chao (New York
University). Both contain HA tag. (ICD (deleted intracellular domain, amino acids 275-
425), (ECD (deleted extracellular domain, amino acids 30-250).

7. Mutant and constitutively active JAK2 ?

b. Antibodies

Antibody Primary Washes Secondary  Blocking (1 Amount
Name incubation (1) after antibody hr RT or if used in
blocking 2) (all 1 hr O/N 4°C) IP
after RT)
primary, 3)
after

secondary



P75NTR

Millipore 07-

476 Rabbit

P75NTR
Cell
Signaling
Technology
(CST) 8238

Rabbit

JAK2 CST

3230

1:1000 in

5%BSA in

TBS-T O/N

1:1000 in

5%BSA in

TBS-T O/N

1:2000 in

5%BSA in

TBS-T O/N

or RT 1 hr.

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in

TBS-T

1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:6000 goat
anti-rabbit
Life
technology

AP 123P

in1% milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

89

For HEK
cells 3uL
in one IP
For
neurons:8-
10uL per

IP



STAT3 CST

4904

P-STAT3

CST 9131

P-JAK2

1:2000 5%

milk in

TBS-T O/N

1:1000 5%

BSA in

TBS-T O/N

1:1000 5%

BSA in

TBS-T O/N

1) no
washes

2) 3x10’ in
1% milk
3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in

TBS-T

1:6000 goat
anti-rabbit
Life
technology
AP 123P
in1% milk in
TBS-T
1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in
TBS-T (Do
Not use

BSA)

5% non-fat
dry milk in
TBS-T (Do
Not use

BSA)

90



HPla CST

2616

H3Y41P

Thermofisher

PA5-40142

# -actin CST

3700

1:1000 in

5%BSA in

TBS-T O/N

1:2000 in

5% BSA in

TBS-TRT 1

hr or O/N

1:1000 in

1% milk in

TBS-T 1 hr

RT

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) none

2) 3x10’ in
1% milk in
TBS-T

3) 3x10’ in
1% milk in

TBS-T

1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:7500 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:5000 anti-
mouse
Vector Labs
P12000 in
1% milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

91

15 uL for

IP of

500uL

total

volume



# -actin
Sigma

Ab5441

CREB CST

9197

HA-tag CST

3724

1:6000 in

1% milk in

TBS-T 1 hr

RT

1:1000 5%

BSA in

TBS-T O/N

orl1hrRT

1:1000 5%

BSA in

TBS-T O/N

orl1hrRT

1) none

2) 3x10” in
1% milk in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in
TBS-T

1) 3x5”in
TBS-T

2) 3x10’ in
TBS-T

3) 3x10’ in
1% milk in

TBS-T

1:2500 anti-

mouse

Vector Labs

P12000 in
1% milk in

TBS-T

1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in
TBS-T
1:5000 goat
anti-rabbit
Life
technology
AP 123P in
1% milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

5% non-fat
dry milk in

TBS-T

92

8-10 uL in

500uL

Total

Volume
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2. METHODS
a. Cell culture

1. Human Embryonic Kidney (HEK293) cells

HEK?293 cells were maintained in Dulbecco’s Modified Eagle Medium (high
glucose/L-glutamine) containing 0.1 mM non-essential amino acid medium and 10%
fetal bovine serum. Cells were incubated at 37°C and 5% CO2. At 80-90% confluency,
cells were trypsinized and centrifuged for 5 min. followed by a wash and trituration with
HEK media. Cells were split 1:5into 35mm or 100mm cell culture dishes.
b. Primary neuronal culture

Primary neocortical neurons were dissected from neocortex of E18 Sprague-
Dawley rat embryos (Charles River Laboratories). Pregnant dams were euthanized by CO
2. Embryonic brains were removed and placed in ice-cold Ca 2+ /Mg 2+ free (CMF)
media [Ca 2+ /Mg 2+ free Hanks BSS, 4.2mM sodium bicarbonate,1mM pyruvate,
20mM HEPES, 3mg/mL BSA, pH 7.25-7.3]. Cortices were dissected under a dissection
microscope, trypsinized centrifuged, and triturated in plating media [Neurobasal media
(Invitrogen), 10% fetal bovine serum (Gibco), 100 U/mL penicillin, 100 pg/mL
streptomycin, 200mM glutamax (Gibco)]. Dissociated neurons were plated on Poly-L-
lysine coated 6-well plates (1x108cells/well) and placed in an incubator (37°C/5% CO 2)
for attachment to plate. 1hr later, plating media was removed and replaced with 2mL of
defined medium [Neurobasal media (Invitrogen), B27 serum-free supplement (Gibco),
100 U/mL penicillin, 100 pug/mL streptomycin, 200mM glutamax (Gibco)]. Neurons

were cultured in the incubator for 9 days until use (9 days in vitro [DIV]).
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b. Transfection

1. HEK transfection

HEK were plated in 35 mm dishes such that their confluency was approximately
70—90% the following day at the time of transfection. Cells were transfected with
Lipofectamine 2000 (Life technologies). For a 35 mm dish, 2500 ng of total DNA was
added into Optimem. In the case of co-transfection, equal molar amounts of each DNA
were added unless otherwise specified. 8 uL of lipofectamine was added into optimum
for dilution, then the diluted lipofectamine and diluted DNA were combined and
incubated at room temperature for 5 min. Mixture was added dropwise to cells and dishes

were replaced in incubator for 24 hours before use.

¢. Molecular subcloning

Constitutively active JAK2 construct and the corresponding wild-type JAK2 (both
with HA tags) were provided to us in a storage vector, Sabita Bandyopadhyay moved
them into the a pcdna3.1 CMV (cytomegalovirus) promoter vector. Other vectors were in

the lab or we received them from other labs (as listed above).

d. Protein extraction

1. Whole-cell extractions

Cells were washed once with ice-cold PBS (pH 7.4). Additional PBS was added
and cells were scraped and spun down at 5000rpm for 4 min. at 4°C. Supernatant was
discarded and the cell pellet was resuspended with an appropriate volume of RIPA lysis
buffer (1x RIPA buffer (Millipore), 1x protease inhibitor cocktail (Roche), and 1X

phosphatase inhibitor cocktail (Roche). Cell were briefly vortexed and incubated for 10-
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15 min rotating at 4°C. Cell lysates were centrifuged at maximum speed at 4°C for 10
min. and supernatant was collected. Protein sample concentrations were determined with
the Bradford assay (Bio-Rad Laboratories) and stored at -80°C.
2. Nuclear and cytoplasmic fractionated extractions

Cells were washed once with ice-cold PBS (pH 7.4). Additional PBS was added
and cells were scraped and spun down at 500g for 2.5 min. at 4°C. Supernatant was
discarded and the cell pellet was resuspended with an appropriate volume of Cytoplasmic
Extraction Reagent I (1x Cytoplasmic Extraction Reagent | (ThermoFisher), 1x protease
inhibitor cocktail (Roche), and 1X phosphatase inhibitor cocktail (Roche). Cells were
vortexed for 15 sec. and incubated on ice for 10 min. Appropriate volume of Cytoplasmic
Extraction Reagent Il (ThermoFisher) was added. Cells were vortexed for 5 sec. and
incubated on ice for 1 min. then vortexed again for 5 sec. Cell lysates were centrifuged at
maximum speed at 4°C for 5 min. and supernatant (cytoplasmic extract) was collected in
separate tube. Insoluble (pellet) fraction was suspended in appropriate volume of Nuclear
Extraction Reagent (1x Cytoplasmic Extraction Reagent | (ThermoFisher), 1x protease
inhibitor cocktail (Roche), and 1X phosphatase inhibitor cocktail (Roche)), then vortexed
for 15 sec. Sample was incubated on ice then vortexed every 10 min. for 40 min. Cell
lysates were centrifuged at maximum speed at 4°C for 10 min. and supernatant (nuclear
extract) was collected in separate tube. Protein sample concentrations were determined

with the Bradford assay (Bio-Rad Laboratories) and stored at -80C.
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e. Coimmunoprecipitation

Active Motif Magnetic co-immunoprecipitation kit (Cat.54002 ) was used for all
coimmunoprecipitations. Generally, 200-500 ug of protein was incubated overnight with
recommended amount of each antibody in the kit provided ColP/Wash buffer with 1x
protease, deacetylase and phosphatase inhibitor. The following morning, 25 uL of
magnetic bead slurry is added to each IP for 1 hr. Samples then undergo 4 washes with
the ColP wash buffer mix before being eluted into 20 uL Tris Glycine buffer (2x) with

10% DTT. Samples were immediately loaded into gel or else stored at -20C.

f. Western Blot

Protein extracts were boiled at 95C for 5 minutes then loaded into 10% Tris-
glycine SDS-PAGE Wedgewell gels (Invitrogen) under reducing conditions and
transferred to nitrocellulose membranes (Invitrogen), along with Life Technologies
Spectra Broad Range marker. Membranes were blocked in 5% non-fat dry milk in Tris-
buffered saline with .05% tween (TBS-T) for 1 hr. at room temperature. Immunoblots
were then washed 3x for 5 min. and incubated with primary antibodies (typically in 5%
BSA unless otherwise directed) overnight at 4°C or 1 hr. at room temperature (depending
on the antibody), washed 3 times for 10 minutes in TBS-T and incubated with secondary
Ab in conditions described in Table X for 1 hr. at room temperature then washed 3x for
10 minutes in 1% milk. Proteins were visualized suing enhanced chemiluminescence if
HRP-conjugated or imaged directly on LI-COR Odyssey system if infrared (IR) dye-
conjugated. Anti-#-actin was used for protein normalization. Immunoblot films were

scanned and quantified using Image J for film or Image Studio Lite for LI-COR images.
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g. Statistics

For immunoprecipitation in figure 24 quantitation, significance was tested using One-
Way ANOVA followed by Tukey’s test for multiple comparisons. (*p<0.05, **p<0.01,
***p<0.0005, ****p<.0001). In the immunoprecipitation quantitation in figure 26,

significance was tested with a student’s unpaired, two-tailed, t-test, p<0.05.
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CHAPTER I11: TRANSCRIPTOMIC ANALYSIS OF THE BDNF-INDUCED
JAK/STAT PATHWAY IN NEURONS: A WINDOW INTO EPILEPSY-
ASSOCIATED GENE EXPRESSION
A. ABSTRACT

Many anti-seizure medications target neurotransmission to increase inhibition via
membrane- bound receptors and ion channels but over 30% of epilepsy patients are
refractory to them. Understanding the molecular basis of acquired epilepsy, as seen
through the lens of intracellular signaling, may provide a new opportunity to break
through this treatment barrier. Brain-derived neurotrophic factor (BDNF) is a major
signaling molecule that controls a vast network of intracellular cascades fundamental to
properties of learning and memory, and epilepsy development. Neurons chronically
exposed to BDNF display activation of the Janus Kinase/Signal Transducer and Activator
of Transcription (JAK/STAT) pathway and treatment with a JAK/STAT inhibitor reduces
the frequency of spontaneous seizures in animal models of temporal lobe epilepsy (TLE).
RNA silencing of STAT3 prevents BDNF-stimulated decreases in type A GABA
receptor 11 subunits, indicating a role for JAK/STATS in brain inhibition. In this study,
we discover new BDNF-regulated genes using deep RNA-sequencing of primary cortical
neurons treated in the presence and absence of the JAK/STAT inhibitors WP1066 and
Ruxolitinib. Expression of BDNF-responsive genes reversed by JAK/STAT inhibition
map to neurological diseases, with the top four categories relevant to epilepsy. Pathways
involved in epileptogenesis: synaptic transmission, plasticity, and neurogenesis, are

enriched in the BDNF-induced JAK/STAT gene set and include the novel targets:
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Dopamine receptor D5 (Drd5), Glutamate metabotropic receptor 1 (Grm)1, Galinin
Receptor 1 (Galrl), and the Sodium Voltage-Gated Channel Alpha Subunit 1 (Scnla).
We also discover that canonical activation of STATS3 is not required for BDNF-induced
JAK/STAT gene regulation, providing evidence for a non-canonical role of JAK/STATSs
in neurons. The emerging landscape of the transcriptome for BDNF-induced JAK/STAT
regulation suggests that this intracellular signaling pathway may play a broader role than
originally expected and discovering its novel mechanism may provide new targets for the
future treatment of intractable epilepsies.
B. INTRODUCTION

Epilepsy, characterized by recurrent spontaneous seizures, affects 1% of the
world’s population, making it the third most common form of neurological disease.
Although many anti-seizure drugs are available, most target membrane-bound receptors
or ion channels and while they reduce neuronal activity, they do not treat the underlying
pathology that causes the spontaneous seizures. In addition, at least 30% of patients are
refractory to all currently available anti-seizure drugs (Kwan, Schachter, and Brodie
2011). Lack of therapies that modify the course of epileptogenesis could reflect the
complexity of disease etiology as well as the heterogeneity of molecular changes that
occur throughout the course of disease.

Of the acquired epilepsies, temporal lobe epilepsy (TLE) is the most common
form in adults. Some cases of TLE develop years after a brain injury, infection, status
epilepticus (SE), or stroke; and, ongoing epileptogenic reorganization of neural circuits

likely occurs before seizures begin (Mathern et al. 1996; Prince et al. 2009). Therefore, a
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number of laboratories have focused their efforts on identifying novel therapeutics that
target the activation of molecular cascades during the latent period after injury in the
hopes of attenuating the early activation of intracellular signals that may have far-
reaching effects on the expression of multiple gene families involved in epileptogenesis.
In the injured brain, it has been suggested that neurogenesis (Danzer 2018), mossy
fiber sprouting (Sutula et al. 1989), and hippocampal cell death (Mathern et al. 1996)
contribute to aberrant neuronal circuit reorganization. One manifestation of this
reorganization is thought to be altered long-term potentiation (LTP)-induced synaptic
plasticity (Kullmann, Asztely, and Walker 2000), which is associated with altered levels
of particular neurotransmitter receptors and ion channels (Brooks-Kayal et al. 1998; L. K.
Friedman et al. 1994). As the functional properties of neurons change, a state of
unchecked overexcitation may occur and is accompanied by decreased GABA-mediated
inhibition (Cossart et al. 2001). Many believe that a major mechanism for this altered
brain plasticity is the increased synthesis and release of Brain-derived Neurotrophic
Factor (BDNF), a major brain signaling molecule that plays an important role throughout
life. BDNF is a neurotrophin ubiquitously expressed in the whole brain with a major role
in activity-dependent alterations in neuronal morphology and synaptogenesis. Protein and
MRNA levels of BDNF are markedly increased after seizures in brain regions involved in
epileptogenesis (Murray et al. 2000; Takahashi et al. 1999) and mutations in BDNF can
reduce the development of spontaneous seizures in animal models (Kokaia et al.
1995). Moreover, a conditional deletion of the high-affinity BDNF receptor TrkB in a

subset of neurons, is sufficient to completely eliminate all behavioral evidence of the
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progression of epilepsy in the kindling model (He et al. 2004) and it has been shown that
enhanced TrkB signaling can exacerbate epileptogenesis (Heinrich et al. 2011).

In addition to the TrkB-mediated BDNF response, the p75 Neurotrophin Receptor
(P75NTR, also referred to as NGFR) is a low-affinity receptor for the cleaved mature
form of BDNF while a high-affinity receptor for the uncleaved form, proBDNF. p75NTR
levels are elevated after SE in animals and increased activation by proBDNF, like mature
BDNF, increases susceptibility to seizures (Riffault et al. 2018; VVonDran et al.

2014). Interestingly, our labs have shown that increased synthesis of proBDNF, and not
mature BDNF, is the first response of the injured brain in the pilocarpine (PILO) model
of epilepsy prior to SE-induced increases of p7SNTR (Thomas et al. 2016). This finding
suggests that high levels of proBDNF may exert their effects through TrkB rather than
p75NTR.

In the normal brain, BDNF activation of its receptors regulates multiple signaling
pathways: mitogen-activated protein kinase/extracellular signal-regulated protein kinase
(MAPK/ERK), phospholipase C-" (PLC"), phosphoinositide 3-kinase (P13K), c-Jun N-
terminal kinase (JNK), and NFkB (D. R. Kaplan and Miller 1997). It is well established
that BDNF modulates long-term potentiation (LTP) at Schaffer collateral-CA1 and mossy
fiber-CA3 hippocampal synapses by acting through TrkB (Devin K Binder and
Scharfman, n.d.; Yamada and Nabeshima 2004; B. Xu et al. 2000; Muller et al. 2000;
Minichiello et al. 2002). Although p75NTR is not implicated in LTP, it plays a
significant role in learning and memory through its modulation of hippocampal long-term

depression (LTD) by altering AMPA receptor expression (Rdésch et al. 2005).



102

Studies from our laboratories demonstrate that in addition to the signaling
pathways described above, increased levels of BDNF activate the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) pathway both in vivo in the rat
PILO model of epilepsy and in vitro in BDNF-treated primary cultured neurons (Lund et
al. 2008). The JAK/STAT pathway is a signaling cascade that has a prominent role in
immune function and cancer development. The canonical pathway involves the binding
of JAK to its target (such as a cytokine or hormone receptor), subsequent JAK
phosphorylation that stimulates the recruitment and activation of STAT proteins
(phospho-STAT (p-STAT)) and their movement as dimers into the nucleus where they
function as transcriptional activators. Although JAK/STATS regulate transcription
through this canonical pathway, more recently, non-canonical JAK/STAT signaling has
been discovered where JAKs can act independently of STATS to regulate transcription in
the nucleus, and STATS can function independently of their phosphorylation state to alter
genome stability (Li 2008). While the role, and mechanism, of JAK/STAT signaling in
the brain is still not completely understood, it is clear that it is an important part of how
the brain regulates its synaptic connections (Céline S. Nicolas et al. 2012).

Research from our laboratory has demonstrated that activation of the JAK/STAT
pathway results in the expression of the inducible cCAMP early repressor (ICER) via
STAT3-mediated gene regulation. Moreover, we show that ICER represses the gene
(Gabral/GABRAL) coding for the 11 subunit of the type A "-aminobutyric acid (GABA)
receptor (GABAR) and that such repression reduces the number of 1 containing

GABARs in neurons (Lavoie et al. 1997). Most importantly, reduced !1 subunit gene
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expression also occurs in epilepsy patients (Brooks-Kayal et al. 1998) as well as in other
disorders of the nervous system (Petryshen et al. 2005; Raud et al. 2009; Bossers et al.
2010). In addition, use of the JAK/STAT inhibitor, WP1066, in the PILO rat model of
epilepsy reduces the number of spontaneous seizures after the latent period (Grabenstatter
et al. 2014). We now hypothesize that in addition to controlling the gene regulation of
Gabral/GABRAL, the BDNF-induced JAK/STAT pathway controls the expression of
diverse gene products that are involved in synaptic plasticity as well as in the
epileptogenic process that follows brain injury. We also hypothesize that attenuating this
pathway may provide a gateway to new treatments for refractory epilepsy.

To test these hypotheses, and to gain a comprehensive understanding of the
genome impacted by BDNF-induced JAK/STAT activation, we exposed primary cultured
neurons to BDNF with and without JAK/STAT inhibitors and performed deep RNA-
sequencing (RNA-seq) in order to determine the gene set within the BDNF response that
could be ascribed to JAK/STAT activation (as defined by WP1066 and Ruxolitinib
(Ruxo), a potent inhibitor of JAK1/2 activation (T. Zhou et al. 2014)). We now report
evidence that suggests BDNF acts through the JAK/STAT pathway to execute changes
in: the expression of ion channels, neurotransmitter and G-protein coupled receptors
(GPCRs), and the expression of key modulators of synaptic plasticity, neurogenesis, and
axonal remodeling. Many of these functions were previously ascribed to BDNF,
however, the role of the JAK/STAT pathway in their manifestation has never been

previously explored. Our studies also reveal the presence of many new BDNF target
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genes providing a broader landscape for BDNF mediated gene regulation of the impaired
nervous system.

C. RESULTS

1. BDNF SIGNALING AND THE IDENTIFICATION OF EPILEPSY-ASSOCIATED
GENE NETWORKS.

Primary cultured neurons were treated with BDNF or vehicle control (water) to
determine the genome response to prolonged receptor activation (4 hours) (Fig. 10).
Using RNA-sequencing for open discovery, we identified a total of 2869 differentially
expressed genes (DEGs) whose levels change (increase or decrease) in response to BDNF
signaling (Fig. 11A) (CTRLvsV+B gene list, supplemental excel sheet). Inspection of the
gene set using Ingenuity Pathway Analysis (IPA) (QIAGEN Inc., n.d.) revealed that only
83 of these genes have been previously associated with BDNF (as determined using the
Ingenuity Knowledge Base, a curated database of all historical scientific information in
IPA databases), suggesting that the majority of genes identified in this study are novel in
their association with the BDNF signaling pathway. A subset of 194 potential BDNF
regulated genes are associated with “seizure disorders” (BDNF and epilepsy,
supplemental excel sheet), an umbrella category in IPA that includes all epilepsy classes
as represented in the curated knowledge base. Moreover, seizure disorder is the primary
most significant neurological disorder identified by enrichment analysis of the gene pool

(p= 3.29E-27).
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Figure 10. Schematic of experimental design and analysis.

(A) Timeline representation of the drug treatment protocol, including the 1 hr
drug or DMSO (vehicle, V) pretreatment (initiated at -1 hr), administration of BDNF (B)
or water (vehicle) treatment (Time=0 hr) and time of cell collection and RNA extraction
(4 hr). (B) 6-well plate showing each one of the 5 treatment groups and the abbreviations
by which they will be referred to in the text: DMSO+Water (CTRL), DMSO+BDNF
(V+B), 100nM Ruxolitinib+BDNF (RX1+B), 10)M Ruxolitinib+BDNF (RX2+B),
10)M WP1066+BDNF (WP+B). (C) Diagram represents the approach taken to identify
differential gene expression (DEG) in response to JAK/STAT pathway inhibition. BDNF
through its receptors activates multiple signaling pathways (represented by blue arrows)
that impact transcription. Differential expression analysis comparing V+B vs. CTRL
treatment groups (green box) will reveal the total set of genes that are regulated by
BDNF-induced intracellular signaling pathways. To identify BDNF DEGs that are
specific to JAK/STAT signaling, comparisons are made between the groups pretreated
with JAK inhibitors (RX1+B, RX2+B, WP+B) and the group pretreated with vehicle
(V+B) (purple box); DEGs from this comparison (where JAK/STAT inhibition reverses
BDNF stimulation or inhibition) are thought to be associated with the JAK/STAT

pathway.
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In addition to the 194 epilepsy-associated genes, pathway analysis suggests that
increased levels of BDNF alters the expression of essential neurobiological gene sets that
are required for brain development and that are dysregulated during epileptogenesis in
animal models and human patients. For instance, the differentially expressed set of
transcripts from BDNF-treated (0.7nM) primary neurons is highly enriched for genes
essential to axonal guidance (p=1.09E-11); further, there is a striking enrichment that is
specific to all major classes of ion channels and neurotransmitter/neuropeptide receptors,
with 133 of 599 total genes related to one of these categories regulated by prolonged
BDNF exposure (4 hr) (p=2.66E-11) (Fig. 11B). Specifically, the differentially
expressed transcripts for receptors include those activated by GABA, glutamate,
acetylcholine, dopamine, opioids, serotonin, galanin, and neuropeptide Y, covering both
metabotropic and ionotropic receptor subtypes. Most classes of ion channel genes are
also represented, including those for potassium, sodium, and calcium, where mutations
have been shown to underlie specific genetic epilepsies (Claes et al. 2001; Biervert et al.
1998; Jouvenceau et al. 2001). There is also a specific decrease (1.73 fold) in the
expression of Gabral that is a member of the GABAR gene cluster which we have
previously demonstrated to be regulated by BDNF using gPCR in extracts of BDNF-
treated primary neurons and hippocampal tissue extracted from the in vivo PILO model
of temporal lobe epilepsy (Lund et al. 2008). As expected, the neuronal RNA-seq dataset
revealed that prolonged exposure to BDNF increases BDNF transcript levels, a finding
that is well established in the literature (Tuvikene et al. 2016). Given our previous

identification of a novel JAK/STAT pathway in neurons that is regulated by BDNF, we
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asked whether any members of the JAK/STAT pathway might be regulated at a
transcriptional level in response to BDNF receptor activation. Our dataset indicates
significant enrichment for transcripts linked to JAK/STAT signaling (p=6.03E-5) and in

particular, an enrichment of Jakl (1.6-fold enrichment) and Jak2 (1.8-fold enrichment).
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Figure 11. JAK/STAT inhibitors reverse BDNF-induced gene expression.

(A) TOP: Venn diagram representation of all protein-coding genes in the rat
genome (in accordance with Strand NGS notation) with all differentially expressed genes
(DEGS) between primary neurons treated with DMSO+BDNF vs. DMSO+Water.
BOTTOM: Venn diagram representation of all DEGs in DMSO+Water vs.
DMSO+BDNF (BDNF, Red, 2869), WP1066+BDNF vs. DMSO+BDNF (WP1066,
Orange, 5170 total) and 10) M Ruxo+BDNF vs. DMSO+BDNF (RX2, Blue, 5393 total
genes). (B) Receptor and lon Channel expression is altered by BDNF and rescued by
JAK inhibition. TOP: List of lon Channels and Receptor Subunits whose expression is
altered by 4-hr BDNF treatment. Color represents direction and degree of fold change
(Red: up, Green: down) sorted by receptor or channel type. BOTTOM: Receptor and lon
Channel reversal in expression by addition of WP or RX2 (white receptors are not
affected by JAK/STAT inhibitors). Response to BDNF in presence of WP was used as
the basis for coloring receptors depicted in the diagram. Red: Upregulated, Green:
Downregulated. (C) Heatmap of all DEGs (columns) associated with Epilepsy (IPA) that
are affected by exposure to BDNF. DW: DMSO+Water, DB: DMSO+BDNF, RX1:
100nM Ruxo+BDNF, RX2:10)M Ruxo+BDNF, WP: 10)M WP1066+BDNF. Green:

low expression, red: high expression.
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2. NEUROPHARMACOLOGICAL DISSECTION OF BDNF-INDUCED JAK/STAT
SIGNALING REVEALS A NON-CANONICAL PATHWAY IN NEURONS

Primary cultured neurons were pre-treated with agents known to inhibit the
JAK/STAT pathway (Fig. 10) by interfering with JAK kinase activity, either directly by
inhibiting JAK phosphorylation or stimulating JAK degradation. Two different
antagonists were employed in these studies: the small molecule WP1066 that has been
shown to inhibit JAK2/STAT3 signaling and degrade total JAK2 (Verstovsek et al. 2008)
and Ruxolitinib (Ruxo), currently in use as a cancer therapeutic, which acts on JAK1 and
JAK2 by forming two hydrogen bonds with the hinge region of the JAK protein (the
segment that connects the N-lobe to the C-lobe of the kinase domain) and reduces
phosphorylation of the JAK2 protein at Tyr1007/1008 (T. Zhou et al. 2014). Based on
our earlier discovery that siRNA knockdown of STAT3 reverses BDNF-induced
downregulation in the levels of Gabral subunit mMRNAs (Lund et al. 2008), as does
WP1066, we used RNA-seq to identify the full set of genes responsive to JAK inhibition.
This strategy enables us to unmask those genes in the BDNF transcriptome that may be
JAK/STAT dependent.

Comparing the transcriptomes BDNF (V+B) or 100nM Ruxo + BDNF (RX1+B),
we were surprised to find that there was no difference between these two transcriptomes,
as statistically assessed using DSEQ2 (0 DEGSs). To make sure that Ruxo treatment at
100nM was active in the primary cultures of our studies, Western blot was performed
using the same drug stock as used in cultures that generated the RNA-seq libraries. In

this control experiment, Ruxo (100nM) potently inhibited STAT3 phosphorylation at 30
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min (80% +- 3.07 reduction of BDNF signal) and at 4 hr (73% reduction of BDNF signal,
Fig. 12). Therefore, despite reducing STAT3 phosphorylation at Tyr705, our data taken
together demonstrate that 100nM Ruxo does not alter BDNF-induced gene regulation,
including changes in ICER expression (Fig. 12C). This finding suggests that the BDNF-
induced JAK/STAT pathway is not STAT3 phosphorylation-dependent even though
knockdown of STAT3 with siRNAs prevents ICER induction and Gabral
downregulation (Lund et al. 2008). Note that in our current studies BDNF does not
significantly increase STAT3 phosphorylation but Ruxo still inhibits the basal state of its
activation. These observations strongly favor the hypothesis that neurons use a non-
canonical mechanism of JAK/STAT signaling which may be relevant to epilepsy, and

potentially to learning and memory where BDNF is a critical signaling molecule.
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Figure 12. RX1 and RX2 reduce levels of phospho-STAT3 but only RX2 blocks
ICER induction.

(A) Representative Western Blot analysis of whole-cell protein extracts from
primary neurons 9 DIV pretreated with100nM Ruxolitinib (RX1), 10uM Ruxo (RX2), or
DMSO for 1 hr before the addition of BDNF. Cells were collected 30 min after BDNF
administration and probed with anti pSTAT3, STAT3 and #-Actin. (B) Quantitation of
signals from densitometry is displayed as mean percent change (xSEM) relative to the
DMSO+Water control group (**p<0.01). Ruxolitinib significantly reduces the levels of
P-STAT3 with no change in total STAT3. (C) Graphical representation of results from
real time PCR analysis using specific Tagman probe and primers. RNA was extracted
from cells collected 4 hr after BDNF administration. Transcript levels are shown as the
mean values (xSEM) of the ratio relative to the DMSO+Water control group for Icer
n=6. Note, that while RX1 blocks pSTATS3, it does not block the effect of BDNF
treatment on ICER induction while WP and RX2 do. *p<0.05. One-way ANOVA with

Tukey’s multiple comparison test.
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3. USING PHARMACOLOGY TO REDUCE THE DIMENSIONALITY OF THE
DATASET AND IDENTIFY POTENTIAL BDNF-INDUCED JAK/STAT TARGET
GENES

While we discovered that co-treatment of neurons with BDNF (V+B) vs. RX1+B
produced similar transcriptomes, we found that a 10-fold increase in the concentration of
Ruxo (10)M) plus BDNF (RX2+B) attenuated the expression of multiple genes that were
altered in response to BDNF, and most importantly, those that we previously identified in
the PILO model of epilepsy. We next compared the RX2 DEG to those generated from
cultures treated with 10)M WP1066 plus BDNF (WP+B) and generated a subset of genes
whose BDNF-induced expression was reversed back to vehicle control by both drug
treatments. Using these JAK/STAT inhibitors as probes for unmasking potential genes
that are regulated by the BDNF-induced JAK/STAT pathway, we identified 1559 of the
2659 BDNF target genes that may be most associated with JAK/STAT signaling in
neurons. Interrogation of IPA networks specific to this shared gene set revealed that 131
genes are epilepsy-related and seizure disorder is still the top most significant
neurological disease (P=7.31E-22). Considering that 131 of the 194 BDNF-regulated
epilepsy-linked genes are reversed by JAK/STAT inhibitors (68%), it suggests that
JAK/STAT signaling may be a large component of BDNF-related epileptogenesis. This
can be best appreciated by looking at the heat map displayed in Figure 11C which depicts
the expression levels of all 194 epilepsy-linked genes that are changed by BDNF
treatment. The results clearly show that WP+B (10) M) and Ruxo (RX2+B, 10)M) block

BDNF-induced changes in neuronal gene expression for epilepsy-linked genes and both
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appear to have a similar gene expression signature to that of DMSO+Water control. Note

that Ruxo at its lower concentration (RX1+B, 100nM) looks similar to BDNF alone.

4. GENE ONTOLOGY AND PATHWAY ANALYSIS

Gene Ontology (GO) term analysis of the WP+B/RX2+B dataset, performed
using EnrichR (Kuleshov et al. 2016; Chen et al. 2013), reveals that the 1559 overlapping
genes are significantly associated with molecular functions related to receptor and
channel activity (found in 8/10 top molecular functions) (Fig. 13A, top panel). All of the
top ten biological process GO terms include the words “synaptic transmission” (Fig. 13A,
middle panel). These consistent findings strongly suggest that both WP and Ruxo have
the capacity to regulate synaptic transmission at the gene expression level in the brain.
When compared with the total list of receptor/ion channel related genes that were
regulated by BDNF (as depicted in Figure 11B, top panel), 107/133 genes (80%) were
reversed by treatment with JAK/STAT inhibitors (Fig. 11B, bottom panel). This is best
seen by the color reversal in the receptors for all but a few that were not significantly
affected by pre-treatment with the inhibitor prior to BDNF activation (displayed in
white).

In addition, neurotransmitter receptors, axonal guidance, GPCR and c-AMP
signaling were found to be amongst the top KEGG pathways associated with the shared
gene set of WP+B and RX2+B (Figure 13A, bottom panel). Members of the JAK/STAT
signaling pathway were also identified as significant gene targets (P=1.044E-3)

suggesting that BDNF may also participate in the feedback regulation of the pathway.
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Figure B is a schematic representation showing many of the component molecules that
make up the JAK/STAT pathway, with expression of all the colored genes being affected
by BDNF treatments and all the ones with a purple border reversed by JAK/STAT
inhibitor treatments WP+B and RX2+B.

In addition to the significant relationship to epilepsy identified by IPA, the
overlapping WP/RX2 gene set had a significant link to neuroinflammation despite the
neuronal cultures being largely devoid of any glial cells, 41 genes of the BDNF-induced
set of 56 neuroinflammation-linked genes were reversed by WP+B or RX2+B treatment

(73% of the gene set) (Fig. 13C).
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Figure 13. Pathway Enrichment and Gene Ontology analysis of the overlapping
RX2/WP dataset.

(A) Pathways and functions enriched in the list of 1559 genes altered by WP and
10)M Ruxo (RX2). Gene Ontology and KEGG enrichment analysis performed using
EnrichR. (B) Genes involved in the canonical JAK/STAT signaling pathway with
functional representation. Genes are colored by degree of fold change with BDNF alone
(see panel legend). Purple border signifies that WP+B and RX2+B reverse effects of
BDNF on gene expression. (C) List of DEGs involved in neuroinflammatory signaling
and degree of fold change of WP+B vs V+B. Listed in order of FC most negative to most

positive.
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5. FUNCTIONAL RELATIONSHIPS BETWEEN GENES AS DESCRIBED IN THE
LITERATURE

Pathway and GO analysis identified the following epileptogenic processes, in
addition to inflammation, as being enriched in the WP+B/RX2+B overlapping data sets:
synaptic plasticity, receptors and ion channels, epilepsy, transcription factors,
proliferation, and neurogenesis. In order to visualize the functional connectivity of the
genes involved in epileptogenesis, we created a functional network of the most
significant genes as determined by a p-value of <1x10”710 and a fold-change >2 (Figure
14). Genes that met these conditions were separated into the lists of the epileptogenic
processes, as described above. In order to relate these genes to one another and their
epileptogenic functions, we created a network that portrays their function, expression fold
change, direction, and functional protein relationships in Cytoscape (Fig. 14A) (Shannon
et al. 2003). Using GENEMania, a Cytoscape tool containing a database of experimental
data showing protein-protein interactions (Warde-Farley et al. 2010), we determined
potential functional relationships. Each node in the network represents a gene while the
edges represents a protein interaction. Node color is determined by the epileptogenic
category. Due to the interplay between these functions, many genes within one category
overlap with another category. For instance, Egr3 plays a role in 5 of the 6 categories:
synaptic plasticity, epilepsy, transcription factors, proliferation, and neurogenesis. The
color in this case is determined by whichever category comes first in this list: synaptic
plasticity, receptors and ion channels, epilepsy, transcription factors, proliferation, and

neurogenesis, where the order is determined by the number of genes in that category from
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smallest to largest. This was done to avoid having the majority of the nodes colored for
the largest category (neurogenesis). For Egr3, it is yellow representing synaptic plasticity,
however, its location in the network is near the center because the proximity of the node
to other categories represents its link to those secondary categories. In addition, the Venn
diagram in 14B also shows the degree of overlap for each category. For instance, there
are 108 total genes related to receptors and ion channels. In the list, 61 of those did not
belong to any other category, 11 were also linked to neurogenesis, 5 to receptors,
neurogenesis and proliferation,14 to receptors and epilepsy, 6 to receptors, epilepsy and

neurogenesis, and 2 to receptors, neurogenesis, epilepsy and proliferation.
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Figure 14. Functional Network of DEGs involved in epileptogenic-related processes.

(A) Node color represents primary category, determined by order indicated in
panel legend. Node size indicates degree of fold change (FC). Border color indicates
direction of FC. Gray lines show functional connectivity determined by GeneMania in
Cytoscape. Location in network roughly determined by category and multiple
associations with neighboring and other categories. (Genes located near the center are
involved in multiple categories). (B) Venn diagram of genes contained in network
diagram in A demonstrating overlap of the genes in each category, neurogenesis (blue),
receptors (red), epilepsy (gray), synaptic plasticity (yellow), and proliferation (green).

Gene associations provided by IPA.
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Figure 15. Volcano Plot of BDNF regulated genes whose response is reversed by
WP+B/RX2+B

(A) Representation of degree of fold change and significance used to narrow
down the list of top genes to include in the Figure 14 network. Teal-genes upregulated by
both WP+B and RX2+B; Blue: genes upregulated by WP+B only; Red: genes
downregulated by both WP+B and RX2+B; Pink: genes downregulated only by WP+B;
Yellow: genes that did not meet cutoffs of >2 FC, p<le-10. Teal and Red gene list used
for Figure 3 network. Maximum —log10 p value detected was 45, p values more

significant than 45 are represented as —log10 of 45.
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6. DIFFERENTIALLY EXPRESSED GENES EXCLUSIVE TO BDNF/RX2 CONTAIN
A RICH SET OF EPILEPSY-ASSOCIATED TARGETS NOT PRESENT IN THE
WP1066 EXCLUSIVE LIST

To further dissect the regulatory contribution of the two JAK/STAT inhibitors, we
examined the list of DEGs that differed between WP+B and RX2+B treatments. 417
DEGs are reversed by RX2+B treatment that are absent with WP+B and 610 DEGs are
reversed by WP+B that are not by RX2+B (Fig. 11A, bottom panel). Interestingly, the
genes whose expression is exclusively reversed by RX2+B are significantly related to
neurodegeneration, and brain-related movement disorders (i.e., Huntington’s disease) as
well as to epilepsy. On the other hand, those exclusively regulated by WP+B were not
highly associated with epilepsy or other brain disorders. Supplemental Figure 2 contains
the EnrichR generated KEGG pathway analysis for this gene set (Figure 16A). 9 of the 10
top related canonical pathways differ from the KEGG list of overlapping WP/RX2 DEGs
(Fig. 13B). Top genes involved in the KEGG pathways listed are also shown in a
clustergram (Fig. 16B). The list of genes exclusively regulated by RX2+B that are linked
to epilepsy, Huntington’s disease, and neurodegeneration (E) are also presented (Fig.

16C-E).
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Figure 16. Enrichment Analysis of BDNF regulated genes whose expression is
reversed exclusively by 10uM Ruxo

Enrichment analysis was performed on the set of 417 DEGs between RX2+B vs.
V+B that were not overlapping with WP+B. (A) KEGG pathway analysis as generated in
EnrichR ranked and colored by p value. (B) Top gene clusters involved in the KEGG
canonical pathways from A. (C-E) Neurological diseases significantly associated with the
RX2 exclusive gene set for (C) Epilepsy, (D) Huntington’s disease, (E)

Neurodegeneration.
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7. QUANTITATIVE RT-PCR GENE VALIDATION OF DATASETS

Many of the genes identified in these RNA-seq studies were originally reported
by us in the literature (Icer, Gabral, Egr3), using a variety of molecular approaches
(Lund et al. 2008; Grabenstatter et al. 2014; Daniel S. Roberts et al. 2006). To further
validate the new datasets, we generated an additional set of cultures, originating from the
embryos of multiple pregnant rats, and chose the following genes for qRT-PCR because
of their interest in the field of epilepsy: Dopamine Receptor D5 (Drd5), Galinin Receptor
1 (Galrl), "2 subunit of the GABAR (Gabrg2), Glutamate metabotropic receptor 1
(Grm1), and their relationship to the JAK/STAT pathway: Inducible cAMP early
repressor (Icer), myeloid leukemia cell differentiation protein (Mcll), Suppressor Of
Cytokine Signaling 3 (Socs3), Cyclin D1 (Ccnd1), and C-X-C Motif Chemokine
Receptor 4 (Cxcr4) (Fig. 17). In most cases, findings from gRT-PCR were consistent
with those of RNA-seq. Quantitated results from select validations are shown (Figure
17A). A results table for all candidates where validation was attempted is included in

Figure 17B.
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Figure 17. gPCR validation of BDNF regulated genes in presence of JAK/STAT
inhibitors

Primary neurons 9 DIV were pretreated with100nM Ruxolitinib (RX1), 10uM
Ruxo (RX2), 10uM WP1066 (WP) or DMSO for 1 hr before the addition of BDNF. (A-
D) Graphical representation of selected results of real time PCR analysis using Tagman
probe and primers. RNA was extracted from cells collected 4 hr after BDNF
administration. mMRNA levels are shown as the mean values (+SEM) of the ratio relative
to DMSO+Water control group for (A) Galrl n=3, (B) Drd5 n=3, (C) Grm1 n=4, (D)
Gabrg2 n=4. (E) Compilation of all genes tested for validation with gPCR represented
alphabetically. Values are the ratio relative to DMSO+Water for RNAseq (top row) and
gPCR (2" row) for comparison. Indication of a validating result (3 row) is marked in
green. Results marked with Yes(Y) followed by the level of significance indicate a
significant result consistent with RNA-seq. Yes- Not significant (Y-NS) seen in all the
RX1 is the expected result consistent with our RNA-seq findings. Measurements that did
not reach significance are marked in gray as Not Significant (NS). Significance was
tested using One-Way ANOVA followed by Tukey’s test for multiple comparisons.

(*p<0.05, **p<0.01, ***p<0.0005, ****p<.0001).
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8. COMPARISON OF DEGS WITH CHIP-SEQ DATASETS

Using a list of STATS3 target genes identified by chromatin immunoprecipitation
(ChiIP)-sequencing (ChlIP-seq) of glioblastoma cells (J.-X. Zhang et al. 2013), we
generated a list of 308 genes from the overlapping WP+B/RX2+B dataset that have been
previously shown to have functional binding sites for STAT3 (Table 5). We were
particularly interested that BDNF, Calcium Voltage-Gated Channel Auxiliary Subunit
Beta 4 (Cacnb4), Gabrg2, Grm1, Jak1/2, and Sodium Voltage-Gated Channel Alpha
Subunit 1(Scnla) were on the list. They have all been associated with epilepsy models
and with human mutations in epilepsy patients (D K Binder et al. 2001; Escayg et al.

2000; Watson et al. 2017; Claes et al. 2001).
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Table 5. ChlP-seq identifies multiple genes in the WP+B/RX2+B overlapping
datasets that contain validated STAT3 binding sites

List of all WP+B/RX2+B genes (308) that are validated STAT3 ChlIP-seq targets
(as determined by Zhang, et.al, 2013) in alphabetical order. Highlighted in yellow are

genes of special interest.
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D. DISCUSSION

There is a strong body of evidence suggesting that BDNF signaling through its
TrkB receptor contributes in a major way to the development of TLE, as suggested by
animal models of epilepsy (McNamara and Scharfman 2012; He et al. 2004) and their
potential relationship to human epilepsy brain pathology (Lipovich et al. 2012). BDNF
plays a critical role in the cell biological processes that regulate the structural plasticity of
dentate granule cells and the enhanced excitation associated with changes in LTP and
compromised GABA-mediated inhibition (McNamara and Scharfman 2012; Brooks-
Kayal and Russek 2010; D K Binder et al. 2001; Devin K Binder and Scharfman, n.d.).
Although the role BDNF plays in brain disorders is better understood now than at the
time of its discovery, many key aspects of its complex regulatory programs remain a
mystery. We designed our study to gather a comprehensive list of genes whose
expression is either upregulated or downregulated by increased exposure to BDNF, as is
believed to occur in response to seizures and other brain insults such as traumatic brain
injury (Raible et al. 2012).

The use of primary rat neurons treated with recombinant BDNF allows us to
pinpoint the effects of BDNF without the background of additional signaling pathways
that may be activated in TLE models. Our study provides a comprehensive list of the
changes in the transcriptome that occur in response to a relatively short but continuous
exposure to BDNF (4 hr) at a concentration of 0.7 nM that is relevant to endogenous
levels in neurons that activate TrKB receptors and not p75SNTR (unpublished data from

our laboratory). Many of the BDNF regulated genes within the list have been previously
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identified both in treated cultures and in vivo by our laboratory and others. They include
Gabral, the inducible cAMP early repressor (ICER) (which negatively regulates Gabral)
(Lund et al. 2008), BDNF itself (Tuvikene et al. 2016), and multiple ion channel genes, as
well as genes that code for important markers of neurogenesis and cell proliferation
(Boles et al. 2014; Qiao et al. 2017).

In addition to being consistent with the findings in the literature, our results reveal
new BDNF-induced gene targets that are linked to epilepsy. Continuous exposure to
BDNF alters the expression of 194 epilepsy-linked genes identified by IPA. The
following genes are of particular interest to us because of their marked level of
transcriptional alteration and their involvement in epilepsy:

! Dopamine receptor D5 (Drd5)- A D1-type dopamine receptor whose
knockdown has been shown to be protective against seizures (O’Sullivan
et al. 2008). In our dataset, the neuronal expression of Drd5 increases
nearly 15-fold in response to BDNF treatment.

! Galinin receptor 1 (Galrl)- Galanin is a neuropeptide in the brain that
inhibits glutamate release and galanin agonists delivered to the brain can
inhibit seizures (Mazarati 2004). Our dataset reveals a 35-fold increase in
Galrl expression, demonstrating the complex medley of both protective
and pathogenic changes in genome expression that are invoked by
increasing levels of neuronal BDNF.

! Glutamate metabotropic receptor 1 (Grm1)- Grm1 has been associated

with the alterations in synaptic plasticity and glutamate disturbances that
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result in neuronal overexcitation, a hallmark of epilepsy (Ichise et al.
2000; Watson et al. 2017). Grm1 mutations can also cause spinocerebellar
ataxia type 44, a genetic disease that can present with seizures. In our
dataset, BDNF treatment led to a 2.45-fold increase in the expression of
Grml.

el "2 subunit of the GABAR (Gabrg2)- the Gabrg2 subunit of GABAR is
important for benzodiazepine action and mutations lead to epilepsy
(Audenaert et al. 2006; Chou et al. 2007; Kananura et al. 2002; Bianchi et
al. 2002). In this study, RNA-seq revealed a 2.38-fold decrease in the
expression of Gabrg2 in response to BDNF.

Our new results suggest that sustained levels of BDNF at endogenous
concentrations (0.7 nM) can dysregulate a major segment of the epilepsy-associated
transcriptome. Recent discovery of the role of BDNF in cancer suggests that
understanding how BDNF orchestrates its diverse effects on genome dysregulation will
also provide a new window on cancer chemotherapies (Radin and Patel 2017; Yin et al.
2015; S. Zhang et al. 2016). Surprisingly, beyond its activation of downstream targets
like the cCAMP regulatory element binding (CREB) protein, whose relationship to BDNF
has been rigorously described (Finkbeiner et al. 1997; Tao et al. 1998), we still know
little about the role of other BDNF controlled transcriptional regulators and their
intracellular signaling partners that contribute to disease.

Using the TLE model of epilepsy, we previously showed that during the latent

period after pilocarpine-induced SE, there is a marked upregulation in activated CREB
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and an induction in the expression of the inducible cAMP early repressor (ICER) (Lund
et al. 2008). We also reported that activated CREB interacts with ICER to downregulate
the levels of Gabral transcripts leading to a decrease in !1-containing GABARs in
hippocampal neurons. In our studies, we discovered that BDNF was linked to the
JAK/STAT pathway as 1) STAT3 knockdown blocked ICER induction in response to
BDNF, 2) STAT3 was found on the ICER promoter in response to BDNF treatment (as
measured by chromatin immunoprecipitation (ChlP), 3) JAK/STAT inhibitors (pyridone
6 and WP1066) blocked ICER induction and Gabral downregulation, and 4) in vivo
application of WP1066 at the time of pilocarpine-induced SE reduced the frequency of
subsequent spontaneous seizure animals from pilocarpine-induced spontaneous seizures
after SE (Grabenstatter et al. 2014).

Based on these findings, we asked whether the BDNF transcriptome, as identified
in our prior studies, could be partitioned into those where the BDNF response could be
blocked by exposure to JAK/STAT inhibitors (Fig. 10). We chose two inhibitors,
WP1066 (a JAK2 inhibitor with diverse mechanisms of inhibition (Verstovsek et al.
2008)), that we showed was active in primary cultures and in vivo, and Ruxolitinib
(Ruxo), a high-affinity JAK1/2 inhibitor that blocks JAK activation and is currently used
in the treatment of patients with high-risk myelofibrosis. To our surprise, when we
compared the transcriptome of cells exposed to BDNF, and to low dose Ruxo plus BDNF
(RX1,100nM+B), we did not see a significant difference between the two datasets. As we
show in Figure 12, this was not due to any issue with the ability of the stock drug to block

STAT3 phosphorylation. Phosphorylation-independent STAT3 activity, however, has
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been described in multiple contexts (Jinbo Yang et al. 2007; S. Shi et al. 2008) suggesting
that JAK/STAT signaling in neurons may act in a non-canonical fashion, at least when
activated by prolonged BDNF signaling as studied in our research. A role for
unphosphorylated STATS in genome stability and for nuclear JAK2 in the regulation of
histone 3 Y41 phosphorylation has been described (M. A. Dawson et al. 2009; Zouein,
Duhé, and Booz 2011) and is the subject of our future studies.

Despite the lack of response of the transcriptome to BDNF in the presence of the
high affinity concentration of Ruxo (RX1, 100nM), WP1066, and a ten-fold increase in
Ruxo (RX2, 10) M) produced substantial changes in gene expression (Fig. 11A). By
comparing the two datasets (WP1066+B and RX2+B) we were able to decrease the
dimensionality of the BDNF transcriptome into those most relevant by their association
with epilepsy. In fact, using enrichment analysis, we discovered an association with
epilepsy that is more pronounced than any other neurological disease, due to the large
proportion of differentially expressed epilepsy-associated genes present within the WP+B

and RX2+B subset (68%) (Table 6).
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Table 6. Top Neurological disease relationships determined by IPA

(A) Top 10 significantly enriched neurological diseases in the BDNF
transcriptome with their p-value (IPA). (B) Top 10 significantly enriched neurological
diseases in the WP/RX2 vs. BDNF set of differentially expressed genes listed with their

p-value from IPA.
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Pathway analysis also revealed that JAK/STAT inhibition had a marked effect on
reversing the BDNF-induced transcriptional response for genes organized in pathways
that control neurogenesis, neuroinflammation, synaptic plasticity, receptor expression,
and synaptic transmission. Alterations in these functions exist in the epileptogenic brain,
which is known to have altered neurogenesis, mossy-fiber sprouting, inflammation and
neuronal pruning leading to increased plasticity, and altered excitation and inhibition at
the synapse (Annamaria Vezzani et al. 2011; Mathern et al. 1996; Sutula et al. 1989).
They also expand upon the recent findings that JAK/STAT signaling plays an important
role in learning and memory (Céline S. Nicolas et al. 2012).

Given that multiple epilepsy-associated genes have been shown to have functional
binding sites for STAT3, including BDNF itself (Table 5), and considering the substantial
relationship between prolonged exposure to BDNF and the ability of JAK/STAT
inhibitors to reverse the differential expression of epilepsy associated genes in our
studies, we hypothesize that identifying the mechanism that connects BDNF signaling to
this novel non-canonical role of JAK/STATS in neurons has the potential to reveal new
strategies in the treatment of intractable epilepsy for human patients and provide a new
window on how neuropharmacology can be used to identify the complex cross-talk

between different intracellular signaling pathways.

E. CONCLUSION
We have employed RNA-seq to determine the effect of BDNF in neurons, and
using pharmacological inhibitors, have identified which of those changes may be

mediated by the JAK/STAT pathway. Our results show the impact of JAK inhibitors in
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preventing BDNF-regulated changes of many epilepsy related genes. The BDNF-induced
JAK/STAT gene set also reveals significant enrichment for genes involved in synaptic
transmission, particularly ion channels and membrane receptors. Additionally, the
pathway plays a significant role in other functions known to be involved in
epileptogenesis including synaptic plasticity, neurogenesis, transcriptional regulation,
neuroinflammation and proliferation. Some of the JAK inhibitor-regulated genes are
known STAT targets, while others are not, and dephosphorylation of STAT at Tyr705
may not control the observed changes in gene transcription. This finding suggests that the
mechanism of BDNF-induced JAK/STAT signaling is non-canonical. Most importantly,
the RNA-seq datasets highlight the importance of the JAK/STAT pathway in acquired
epilepsies and validate the JAK/STATS as novel therapeutic targets that could modify the

course of the disease.
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Table 7. Genes of interest in the dataset and their relationship to epilepsy

(A) Several genes of particular interest to the field of epilepsy are listed with the
degree of FC from DMSO+Water vs. DMSO+BDNF and the FC of DMSO+BDNF vs.
WP1066+BDNF. Many have not been associated with the JAK/STAT pathway or BDNF
regulation. The name of the gene, the related function, and a reference to support the

potential relationship with epilepsy is listed.



151



152

CHAPTER IV: NEURONAL STAT3 REGULATES THE SPHINGOLIPID
METABOLISM NETWORK IN THE INTRAHIPPOCAMPAL KAINIC ACID-
INDUCED SE MOUSE MODEL OF TLE
A. ABSTRACT

Temporal lobe epilepsy (TLE) develops after a period of ongoing molecular
cascades and neural circuit remodeling in the hippocampus resulting in increased
susceptibility to spontaneous seizures. Targeting these cascades in TLE patients could
reverse their symptoms and have the potential to provide a viable disease-modifying
treatment, especially for the large portion of over 30% of TLE patients who do not
respond to any available treatments. In recent years, the Janus Kinase/Signal Transducer
and Activator of Transcription (JAK/STAT) pathway has been implicated in temporal
lobe epilepsy (TLE). The JAK/STAT pathway is known to be involved in inflammation
and immunity, and only more recently has been shown to be associated with neuronal
functions such as synaptic plasticity. When a JAK inhibitor, WP1066, was administered
to a rat Pilocarpine Status Epilepticus (SE) model of TLE at the time of SE, it greatly
reduced the number of spontaneous seizures those animals went on to develop over time,
as well as altered gene expression of key genes associated with epilepsy, including the 11
subunit of the GABAA receptor (GABAR). In this study, we continue to investigate the
mechanism of potential JAK/STAT-induced epileptogenic responses by performing deep
RNAseq transcriptomic analysis of a Kainic Acid (KA) epilepsy model that expresses
neuron-specific Stat3 knockdown (KD) in a transgenic line using tamoxifen-induced

CRE expression. Here we show the transcriptomic signature of intrahippocampal KA
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injections in both the side of the hippocampus ipsilateral to the injection, and the
contralateral hippocampus, identifying and comparing the transcriptome altered by KA in
both sides of the brain. Our results indicate that STAT3 knockdown protects many genes
from KA-induced changes in gene expression associated with epilepsy, demonstrating a
role for STAT3 in the response to status epilepticus, particularly in genes important for
sphingolipid metabolism. Lastly, we summarize the differential expression caused by
STAT3 neuronal knockdown in saline treated animals without SE to determine the role of
STAT3 in a non-pathological hippocampus. The emerging transcriptome for neuronal
Stat3 in the context of epilepsy models suggests that it may be useful for identifying
potential epileptogenic gene networks that were previously unknown, selecting early-
detection biomarkers that inform seizure susceptibility, as well as choosing new targets
for the future treatment of intractable epilepsies.
B. INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy, and it
affects approximately 615,600 people in the United States (Asadi-Pooya et al. 2017).
Development of TLE follows a phase of epileptogenesis during which molecular
cascades and morphological changes occur in the hippocampus which cause cell death,
axonal sprouting, altered synaptic transmission, and inflammation that result in brains
overly susceptible to seizure activity (Paul S. Buckmaster 2012; Jack M. Parent and Kron
2012; N C de Lanerolle et al. 1989). Although available epilepsy medications can control

seizures in around 65% of patients, no available therapeutics target epileptogenic
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processes and thus are unable to modify the course of the disease. Additionally, over a
third of TLE patients are refractory to medications that control seizures.

In order to elucidate the signaling pathways and circuitry changes which progress
during the epileptogenic phase, the kainic-acid (KA) intrahippocampal injection (IHKA)
model of TLE has emerged as a promising tool that mimics temporal lobe damage,
particularly inflammatory damage, similar to human patients. Kainic Acid, a convulsant
agent, is used to induce status epilepticus (SE). SE is a severe, generalized seizure of long
duration. Spontaneous seizures develop weeks later in many of these animals. Ongoing
changes during the latent period prior to the onset of seizures can be investigated to
understand the effect of SE in circuitry reorganization (Lévesque and Avoli 2013).

Documented alterations that occur in the IHKA model include pyramidal cell loss,
granule cell dispersion, recurrent spontaneous seizures, mossy fiber sprouting, and
astrogliosis in the hippocampus (Bouilleret et al. 1999). Degeneration and seizures are
seen in both hippocampi despite injection being to a single hippocampus (Arabadzisz et
al. 2005; Bielefeld et al. 2017; Miltiadous et al. 2013). Altered sphingolipid metabolism
including increased ceramides and sphingomyelinases is also a documented effect of
IHKA (Guan et al. 2006; Lee et al. 2010; Heischmann et al. 2016; Mikati et al. 2008) as
well as linked to human epilepsy (Mosbech et al. 2014).

In a similar TLE rodent model, the Pilocarpine-induced SE model, a JAK/STAT
inhibitor (WP1066) has previously been successfully tested, demonstrating a protective
effect by reducing the number of spontaneous seizures after the latent period

(Grabenstatter et al. 2014). Research from our laboratory has demonstrated that activation



155

of the JAK/STAT pathway in neurons can be regulated by the neurotrophin BDNF and
results in the expression of the inducible cCAMP early repressor (ICER) via STAT3-
mediated gene regulation. Moreover, we show that ICER represses the gene
(Gabral/GABRAL) coding for the 11 subunit of the type A "-aminobutyric acid (GABA)
receptor (GABAR) and such repression reduces the number of 1-containing GABARS in
neurons (Lavoie et al. 1997). Most importantly, reduced !1 subunit gene expression also
occurs in epilepsy patients (Brooks-Kayal et al. 1998) as well as in other disorders of the
nervous system (Petryshen et al. 2005; Raud et al. 2009; Bossers et al. 2010).

JAK/STATS have also been linked to synaptic plasticity, especially in NMDA-
receptor dependent long-term depression (LTD) in the hippocampus at Schaffer
collateral-CA1 synapses and temporoammonic-CA1 synapses (Celine S Nicolas et al.
2013; McGregor, Irving, and Harvey 2017). We hypothesize this alteration of synaptic
transmission may also contribute to epileptogenesis.

In order to determine the role of the JAK/STAT pathway in the development of
epileptogenic changes at the molecular level using the IHKA model, we developed an
excitatory neuron-specific STAT3 transgenic inducible knockdown mouse and exposed it
to intrahippocampal Kainic Acid injections before transcriptomic characterization. Here,
we profile the transcriptomic signature of IHKA injections in wild-type mice in both the
side of the hippocampus ipsilateral to the injection, and the contralateral hippocampus,
identifying and comparing all the genes altered by KA in both sides of the brain.
Additionally, our results show STAT3 knockdown protects many genes from KA-

induced gene alteration, demonstrating a role for STAT3 in the early response to status
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epilepticus, particularly in genes important for regulating sphingolipid metabolism, an
essential component of the trafficking, stability, and function of multiple membrane
bound receptors, including ligand- and voltage-gated ion channels. Lastly, we summarize
the differential expression caused by STAT3 neuronal knockdown in saline treated
animals without SE to determine the role of STAT3 in a non-pathological hippocampus.

C. RESULTS

1. EFFECT OF KAINIC ACID INJECTION ON THE TRANSCRIPTOME OF THE
IPSILATERAL HIPPOCAMPUS

STAT3 neuronal knockdown (KD) under the CamK2a promoter was induced with
tamoxifen treatment in mice. In addition, both wild type (WT) and knockdown (KD)
mice were treated with a intrahippocampal injection of KA or saline to investigate the
effects of status epilepticus (SE) on gene expression and to understand the role of the
STAT3 protein, as expressed in neurons, in their response to injury. A day after the KA
injection, both ipsilateral (ips) and contralateral (contra) hippocampi were collected for

RNA extraction and library preparation (see Figure 18).
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Figure 18. Experimental design of STAT3 knockdown and Kainic Acid-induced
status epilepticus.

A) Tissue specific Tamoxifen-induced Cre-loxP mice were created using the
neuronal-specific Camk2a promoter. Tamoxifen in oil or oil alone intraperitoneal
administration every day for five days was done to induce recombination and remove
Stat3 expression in neurons. B) Intrahippocampal injection of Kainic Acid, a chemical
convulsant, was administered to the right hippocampus in order to induce Status
Epilepticus in the knockdown and WT mice, control groups were administered a saline
solution. The right (ipsilateral) and left (contralateral) hippocampus were harvested from
each animal and RNA was analyzed using RNAseq, comparing each of the five

experimental groups.
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We first examined the differential change in expression that occurred in the
ipsilateral hippocampus of WT animals in those administered KA or saline injection. 502
protein-coding genes were found to be differentially expressed (FDR <.05). Ingenuity
pathway analysis (IPA) revealed that 20 of these genes are known to be linked to epilepsy
(Figure 19A). KEGG pathway and gene ontology analysis highlight the disruption of
sphingolipid metabolism caused selectively by KA injection (Figure 19B-C). Genes
involved in this pathway include Klotho Beta (KIb), Phosphatidylinositol-4-Phosphate 3-
Kinase Catalytic Subunit Type 2 Alpha (Pik3c2a), Protein Phosphatase, Mg2+/Mn2+
Dependent 1L (PpmL1l), Protein Phosphatase 2 Scaffold Subunit Abeta (Ppp2rlb),
Sphingomyelin Phosphodiesterase 4 (Smpd4), Sphingosine Kinase 1 and 2 (Sphk1 and

Sphk2) (See figure 19).
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Figure 19. Effect of Kainic Acid on the ipsilateral hippocampus of WT mice
A.) List of genes identified by IPA as related to epilepsy. All 20 were found in the

KA v Saline analysis in WT mice. Those highlighted in yellow were protected by STAT3
KD. B.) Gene Ontology Biological Processes from EnrichR. Ordered by p-value. All
colored ones are significant p< 0.05. C.) KEGG pathway analysis done in EnrichR of

gene set. Ordered by p-value. All colored genes are significant p< 0.05.



A

GENE FC GENE FC

SLC6A13 68.64
DCX 27.40
TIPARP  15.14
MCM6 14.99
GOSR2 10.45
Cl12orf57 8.15

POLG 7.01
NPTX2 5.78
ABCC2 4.93
CLN3 4.62

CHRNA4
PDE4DIP
SCG2
SLC6A12
SCN3B
JUNB
MYC
Pou3fl
INHBA
HTR1A

4.38
3.87
3.81
2.96
1.74
-2.97
-5.18
-8.57
-8.69
-12.34

B. Ipsilateral GO: Biological Process

C. Ipsilateral KEGG 2016 pathway analysis
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2. EFFECT OF KAINIC ACID INJECTION ON CONTRALATERAL HIPPOCAMPUS

Due to the toxic effects of KA on neuronal survival, some molecular responses to
the KA injection on the ipsilateral side may be more related to gene expression changes
that occur prior to SE and not the process of disease that occurs after SE. To determine
the gene set most likely associated with epilepsy progression, we next examined the
contralateral hippocampus which also displays SE and goes on to produce spontaneous
seizures after a characteristic latent period (in vivo EEG monitoring was performed in the
Brooks-Kayal laboratory, UColorado, Denver). Degeneration on the contralateral side,
while present, was much less severe than that seen on the ipsilateral side.

In the contralateral hippocampus, the differential effect of KA versus saline
injection resulted in 82 differentially expressed protein-coding genes between the two
groups, WT and KA. KEGG analysis again revealed that the top candidate genes were in
the gene network of sphingolipid metabolism, followed by axon guidance and long-term

depression (previously associated with JAK/STAT signaling) (see Figure 20).
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Figure 20. Effect of Kainic Acid in WT animals in the contralateral hippocampus

A.) Contralateral hippocampal KEGG pathway analysis from EnrichR. Ordered
by p-value. All colored genes are significant p< 0.05. B.) Gene clustering of the pathways
using KEGG (A) specification of the genes specific to each pathway. C.) Compilation of
all genes altered by KA treatment in both hemispheres of the hippocampus with

accompanying fold change.
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A. Contralateral KEGG pathway analysis

B. Gene Clustering of KEGG
pathway analysis



C. Bilateral Gene changes from KA v Saline in WT animals

Gene Symbol

Acpl
Arl5c
Art3
BC024978
Capnl2
Faml5la
Jakl
Khk
Letm2
Lrp3
Mcmdc?2
Midl
Nat8f1
Nudt6
Oraovl
Ovca2
Plppr4
Ppp2rlb
Rtl5
Smpd4
Sphk2
Spopl
Tmem132a
Tti2
Tulp4
Zeb20s

Ips FC
4.67
5.55
29.66
191
1.75
-2.55
-2.95
8.60
2.93
-3.08
2.37
7.01
-13.23
2.53
1.85
6.59
4.74
1.88
-2.31
2.64
-3.96
1.59
3.40
1.60
1.79
-1.94

Contra FC
2.82
2.80
3.60
1.71
1.69
-2.28
-4.45
12.60
1.99
-1.97
1.71
7.62
-5.12
3.31
2.91
8.10
3.69
1.78
-2.10
2.24
-3.94
1.40
2.19
1.43
1.59
-2.25
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3. BILATERAL EFFECTS OF KAINIC ACID INJECTION

Twenty-five of the gene targets in neurons are consistent bilaterally, suggesting
that these genes are most closely related to SE and not the non-specific KA toxicity. See
Figure 20C for a list of all genes and their differential responses. Of considerable interest
are: Jakl (involved in the JAK/STAT pathway), Smpd4 and Sphk2 (involved in
sphingolipid signaling), and Art3 (ADP-ribosyltranferase 3 that is increased after TBI

and can regulate the inflammatory response) (W. Shi et al. 2012).

4. STAT3 NEURONAL KNOCKDOWN PROTECTS FROM KAINIC-ACID
INDUCED DIFFERENTIAL GENE REGULATION

Comparison of the neuronal STAT3 KD mice to WT mice, with and without KA
treatment, uncovered what is most likely a collection of gene targets specifically
regulated by STAT3 in neurons. To determine which alterations in the genome are most
dependent upon STAT3-mediated transcription, we identified a set of genes where
STAT3 knockdown prevents the change in expres