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ABSTRACT

Temporal Lobe Epilepsy (TLE) is the most common form of focal-onset epilepsy in adults and
accounts for 60% of epileptic patients *. In mesial TLE, seizures often begin in the hippocampus
and progressively worsen over time. Current anti-seizure drugs are ineffective for approximately
75% of the patients with advanced mesial TLE, leading to severe consequences including
hippocampal sclerosis, high mortality rate, cognitive decline, depression, and temporal lobe
resection *. Furthermore, dysregulation of intrinsic excitability and synaptic transmission has been
widely thought to underlie hippocampal hyperactivity that drives the development of spontaneous
seizures in TLE 2, underscoring a critical need to identify the underlying mechanisms and novel
therapeutic targets. STriatal-Enriched protein tyrosine Phosphatase (STEP) is a brain-specific
tyrosine phosphatase — membrane-bound STEPez is the only isoform expressed in the hippocampus
and cortex. Genetic deletion of STEP enhances excitatory synaptic currents and long-term
potentiation in the hippocampus. However, whether STEPs; affects seizure susceptibility is
unclear. The goal of this dissertation is to investigate the effects of STEP inhibitor TC-2153 and

genetic STEP knockout (KO) on seizure propensity and hippocampal excitability. Chapter 1
covers a comprehensive review of STEP and its effect on neuronal excitability and synaptic
regulation, as well as the therapeutic potential of STEP inhibition for patients experiencing
detrimental neurological disorders. Chapter 2 presents our manuscript * published in Epilepsia
journal investigating the role of TC-2153 on hippocampal network excitability and seizure
severity. By combining techniques such as in vivo kainate-induced seizure modeling using a
murine system, GCaMP6s calcium imaging, and electrophysiology, our study revealed that TC-
2153 treatment significantly reduced kainate-induced seizure severity, with greater effects seen in
females. Ovariectomy of females abolished the TC-2153-induced decrease in seizure severity. TC-
2153 application significantly decreased overall hyperexcitability of acute hippocampal slices
from both sexes. Surprisingly, TC-2153 treatment also hyperpolarized resting membrane potential
and decreased firing rate, sag voltage, and hyperpolarization-induced currents of cultured
hippocampal pyramidal neurons in vitro. Chapter 3 discusses our project investigating the effects
of spontaneous recurrent seizure development using a repeated, low-dose kainate injection model
in @ homozygous STEP KO strain. We also demonstrate that STEP expression changes in the
hippocampus upon neuronal injury using a cortical controlled impact (CCI) model to induce



traumatic brain injury (TBI), which is known to cause epilepsy. In Appendix A, I included the
contributions | made to the manuscript our lab published in Neurobiology of Disease, which
investigate the impact of epileptic encephalopathy mutations on K,7.2 expression. Appendix B
includes a paper published in Scientific Reports from one of my first projects involved in looking
at the effects of kainate-induced stress on PC2 expression in the hippocampus. Appendix C covers
our preliminary results investigating how the application of TC-2153 impacts the potassium
chloride-evoked activity of neurons and astrocytes derived from mouse neural progenitor stems
cells. Our lab’s goal for this project is to advance our collaboration with Dr. Jack Parent at the
University of Michigan and examine the effects of TC-2153 on a human iPSC-derived model of

differentiated neurons.
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CHAPTER 1: THE ROLE OF STEP IN SEIZURES AND NEURONAL NETWORK
EXCITABILITY

1.1 Introduction

STriatal-Enriched protein tyrosine Phosphatase (STEP) is a central nervous system-rich protein
that is associated with and implicated in numerous neurological disorders involving
neurodegeneration, impaired memory, and disruption of synaptic function. STEP downregulates
key substrates glutamate receptors N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxyle-5-
methyl-4-isoxazolepropionic acid (AMPA) by dephosphorylating designated tyrosine residues,
thus internalizing them. STEP also inactivates extracellular signal-regulated kinases 1 and 2
(ERK1/2), p38 mitogen-activated protein kinase, Fyn and Pyk2 kinases by dephosphorylation.
Many of these substrates are necessary for synaptic strengthening and glutamatergic receptor
trafficking. Emerging evidence implicates STEP’s role in hyperexcitability disease. Recent work
from my thesis research and other laboratories suggests that STEP reduces seizure susceptibility
and neuronal intrinsic excitability in acute seizure models of both acute pharmacological inhibition
and genetic knockout models of STEP. High levels of STEP are present within patients and models
of Alzheimer’s Disease and schizophrenia, as well as animal models of fragile X syndrome — all
of which exhibit hyperexcitable phenotypes and synaptic dysfunction. This chapter will provide a
comprehensive review on STEP function and its regulation and discuss STEP’s contribution to

brain hyperexcitability and the underlying potential mechanisms.

1.2 STEP Structure and Expression

STriatal-Enriched protein tyrosine Phosphatase (STEP) is a brain-specific tyrosine (Tyr)
phosphatase that is highly expressed in the central nervous system, except for the cerebellum and
is encoded by the PTPNS5 gene 4 (Fig. 1.1). Similar to other protein tyrosine phosphatases (PTPs),
STEP contains a catalytically active signature consensus sequence [I/V]JHCXAGxxXR[S/T]G at its
C-terminus ° ®. Downstream from this catalytic sequence is the Kinase Interacting Motif (or KIM
domain), which is involved in binding to all of STEP’s known substrates ° 7 8, The PTPN5 gene is
alternatively spliced to produce four main isoforms of STEP — STEPss, STEP29, STEP46, and
STEPs1. The first two isoforms, STEPsg and STEP29, do not contain the signature consensus



sequence — thus, these isoforms are catalytically inactive ° 8 22 1 The remaining two isoforms,
STEP4sand STEPey, are considered the main STEP variants (Fig. 1.1).

Both STEP4s and STEPs: isoforms contain this critical signature consensus sequence for catalytic
activity and are differentially expressed in various brain regions and at developmental times © 2
13 Specifically, STEPg is found in multiple brain regions, notably the hippocampus, neocortex,
striatum, and central nucleus of the amygdala, whereas STEP46 is mainly expressed in the striatum,
nucleus accumbens, and amygdala and optic nerve 014, Additionally, STEPs1 contains a 172 amino
acid sequence at its N-terminus, which contains two hydrophobic domains required to tether
STEPs: to the endoplasmic reticulum and, importantly, the postsynaptic density of dendritic spines
1215 STEPe also contains two proline-rich regions which contribute to (along with the KIM
domain) substrate binding and specificity — the first region is required for binding to Fyn 6, while
the second is necessary for binding to Pyk2 17 (Fig. 1.2). Importantly, both STEP isoforms are

found in excitatory as well as inhibitory neurons 8, in addition to glia 14 %°.

In terms of developmental expression, STEPs; is expressed abundantly through the lifespan from
birth to adulthood, while STEP4s is not expressed until postnatal day 6, continues to increase
throughout the first postnatal month, and finally plateaus to adult levels '3 2°, Recently, it was
found that PTPNS5 is expressed specifically within the murine pituitary in a developmental manner,
where expression significantly increases during the 8" and 16" week of development. PTPN5

expression is shown to heavily reduce after ovary removal 2.

1.3 STEP Regulation and Function

The main function of catalytically active STEP isoforms is to remove the phosphate groups from
specific tyrosine residues of the main substrates of STEP, which leads to their internalization or
deactivation. STEP itself is regulated via phosphorylation by protein kinase A (PKA) in two
separate ways — the first is by the direct phosphorylation of STEPs1 and STEP4s at regulatory serine
(Ser??Y) within the KIM domain 2, which provides steric hindrance, in turn preventing STEP from
binding to its substrates. PKA also phosphorylates DARPP-32, which is a potent inhibitor of
protein phosphatase 1 (PP1) — PP1 dephosphorylates STEP at its regulatory serine residue. This
results in the indirect inhibition of STEP by PKA, since the inhibition of PP1 by DARPP-32



maintains STEP phosphorylation and reduces the overall level of active STEP in the system 3(Fig.
1.3).

1.4 Main STEP substrates

Foremost, both active isoforms STEPe1 and STEP4s dephosphorylate two members of the mitogen-
activated protein kinase (MAPK) family: the extracellular signal-regulated kinases 1 and 2
(ERK1/2) 24 2 are dephosphorylated at Tyr'8” or Tyr?%, respectively 2 27 and p38 28 2° 30 gt Tyr!8?
3128 'When phosphorylated, ERK1/2 activates transcription factors CREB and Elk1 26, while p38
requires dual phosphorylation of Thri and Tyr!82 in order to initiate cell death pathways, activate
proapoptotic proteins, and regulate transcription factors 2. The phosphate removal at designated
Tyr residues by STEP ultimately results in the inactivation of these substrates by limiting their

ability to initiate transcription (Fig. 1.2).

Both N-methyl-D-aspartate receptors (NMDARs) and a-amino-3-hydroxyle-5-methyl-4-
isoxazolepropionic acid receptors (AMPARS) mediate excitatory synaptic transmission based on
their levels of postsynaptic expression 3, and STEP is a regulator of the Tyr phosphorylation and
surface density of both excitatory receptors 34 ** % 37 Dynamic changes in postsynaptic levels of
NMDARs and AMPARs that affect excitatory synaptic transmission also mediates the expression
of homeostatic synaptic plasticity. NMDAR subunit GIuUN2B 3 and AMPAR subunit GIuA2* are
also critical, as their dephosphorylation results in receptor internalization from the postsynaptic
membrane) 20 36 353440 gpecifically, STEPs: regulates the phosphorylation of the GIUN2B subunit
of NMDARSs at Tyr!4"? using two pathways: directly by the dephosphorylation of GIuN2B and
indirectly by the inactivation of nonreceptor tyrosine kinase Fyn that phosphorylates GIUN2B at
that site 1 3%, Once dephosphorylated by STEPe, Tyr**’? residue of GIUN2B binds to clathrin
adaptor proteins and promotes the internalization of GIUN1/GIuN2B receptors 3. Additionally,
STEPes dephosphorylates the GluA2 subunit of AMPARs at Tyr®°, Tyr®3 and Tyr®’® (3Tyr),

which results in their internalization 34 (Fig. 1.2).

A recent study investigating and isolating the STEPe; interactome has also shown that this
particular variant interacts with numerous binding partners, including (but not limited to):
cytoskeleton and motor proteins (e.g. MAP2, a-actinin, Arp2/3 complex), vesicle trafficking
proteins (e.g. AP-2, Rab3a), kinases and phosphatases (e.g. Fyn, PKA, PP1, PP2A), and ion



channels (e.g. GIuN2B, GIuA2, mGIuR5), as well as a variety of scaffolding proteins (e.g. PSD-
95, GPCR signaling proteins, ATPase/ATP synthase, ubiquitin enzyme proteins (e.g. Nedd4), and
cell adhesion proteins *1. Numerous of these identified interactions with STEP are its main binding
proteins (i.e., GIuUN2B, GIuA2, and Fyn). It has also been recently identified interactor that PSD-
95 is an interactor of STEP by inducing its degradation via the proteasome, in turn stabilizing
surface NMDARs “(Fig. 1.2). Various other proteins modulate STEP activity specifically, such
as PKA and PP1. In addition, E3 ubiquitin-protein ligases, such as Nedd4, RNF14, and KCMF1,
were isolated within the STEP interactome, which remains consistent with previous studies

demonstrating STEPs1’s ubiquitination 3> 42,

1.5 Role of STEP in Synaptic Plasticity via NMDA and AMPA Receptor Regulation

The STEPs1 isoform expressed in the hippocampus and cortex *2 plays a large role in glutamatergic
synaptic transmission. The current model of STEP function is that it typically opposes synaptic
strengthening by dephosphorylating its key synaptic substrates. The STEPe1 isoform has an extra
172 amino acids at its N-terminus, which contains two hydrophobic domains required for its
targeting to the endoplasmic reticulum and postsynaptic density of dendritic spines *> °. Notably,
it is the dephosphorylation of Tyr residues by STEPe:1 and the surface density of glutamatergic
NMDA and AMPA receptors that associates it with the postsynaptic density 3* % 3 STEPg;
dephosphorylates main glutamate receptors, the NMDA receptor subunit GIuUN2B at Tyr**’? and
AMPA receptor subunit GIUA2 at Tyr86%873876 (3Tyr), which results in their internalization 3*
%(Fig. 1.2). STEP has a significant effect on NMDAR function — for instance, high levels of STEP
decrease NMDAR-mediated postsynaptic currents (EPSCs) and prevents high-frequency
stimulation LTP from occurring 3. NMDAR-mediated EPSCs are enhanced and LTP is blocked
using a monoclonal antibody against a portion of STEP located outside of the catalytic domain 2,
which was also shown to inhibit the function of STEP, but not other protein tyrosine phosphatases
(PTPs) 3. Administering non-competitive NMDAR agonist dizocilpine (MK801) and a Src family
kinase inhibitory peptide also prevents the enhancement of NMDAR-mediated EPSCs, suggesting
that STEP has a role of being a “tonic brake” on LTP by opposing Src family kinase-mediated
enhancement of NMDAR activity “.

AMPA receptors are also implicated in synaptic strengthening and memory consolidation —

AMPARs are ligand-gated ion channels composed of subunits GIuA1 to GluA4. They regulate

4



fast synaptic transmission that depolarizes postsynaptic membranes and activates NMDARs #4 #°,
AMPAR internalization occurs in LTD and seems to be regulated by STEP 34647 |t was found
that STEP regulates the Tyr dephosphorylation of the GIuA2 subunit, which leads to the
internalization of GluA1/GIuA2 receptor complexes post-mGIuR stimulation 34, Activation of
mGIuRs by agonist DHPG also increases local translation of STEP, which results in tyrosine
dephosphorylation of GluA2 and internalization of GluA1/GIuA2 receptor complexes **. DHPG
also induces the dephosphorylation of GIuA2 and the internalization of AMPARs - this is
decreased by the substrate-trapping protein TAT-STEP (C to S). It has been shown that STEP
knockout (KO) neuronal cultures do not undergo DHPG-mediated AMPAR endocytosis while this
endocytosis is restored by adding wild-type TAT-STEP protein to STEP KO cultures. This
ultimately suggests that STEP activated by mGIuR stimulation dephosphorylates GIuA2, thus
promoting their internalization ** 8, Recently, by utilizing mass spectrometry, more light has been
shed on the interlinkages of the STEPe: interactome, specifically on STEPs:’s relation to
AMPARS. It has been shown that STEPe1 binds to the C-termini of GIuA2 and GIuA3, as well as
endogenous AMPARs in the hippocampus. Specifically, within the STEP KO mouse brain,
synaptic expression of both GIuA2 and GIuA3 subunits is increased. Further, it was shown that
the knockdown of STEP in hippocampal slices increases AMPAR-mediated currents, whereas
STEPs: overexpression reduced synaptic expression of AMPARs. STEPe; also regulates synaptic
AMPARSs by modulating lysosomal degradation. These findings define STEPs:’s critical role in
organizing synaptic AMPARs .,

To test if STEPe1 serves as a key modulator of these glutamatergic receptors during homeostatic
synaptic plasticity, our laboratory first investigated if STEPes1 expression and/or activity is
regulated during the induction of this plasticity. Jang et al. showed that prolonged hippocampal
network activity blockade for 48 hours using sodium channel blocker tetrodotoxin (TTX) induced
synaptic scaling in dissociated hippocampal cultured neurons and reduced STEPs1 mRNA and
protein expression compared to control treatments. TTX treatment for 36-48 hours also enhanced
Ser??! phosphorylation indicated decreased STEPe: activity. In contrast, prolonged activity
enhancement for 48 hours using GABAA receptor antagonist bicuculline (BC) increased STEPe;
protein levels. BC treatment for 36-48 hours reduced Ser??! phosphorylation, which indicated
increased STEPs; activity “°.



Jang et al. further showed using mEPSC recording that these prolonged alterations of hippocampal
network activity, using either TTX or BC bidirectionally, regulate Tyr-phosphorylation of GluN2B
and GIuA2 subunits of NMDA and AMPA receptors, respectively. Overall, this study revealed
that homeostatic scaling occurs in a STEP-dependent manner. Prolonged TTX treatment increased
the amount of Tyr!*"2-phosphorylated GIuN2B (GIuN2B-pY1472) and 3Tyr-phopshorylated
GIuA2 (GluA2-p3Y), which was consistent with the decreased level of STEPe; activity seen due
to TTX treatment. On the other hand, prolonged BC treatment decreased the levels of GIuUN2B-
pY1472 and GluA2-p3Y, as well as increased STEPe; level and activity. Enhancing STEP activity
by administering TAT-STEP WT versus TAT-myc prior to the TTX-induced recording revealed
that increased STEP blocks synaptic scaling — the TTX-induced synaptic scaling was abolished by
the TAT-STEP WT preincubation “°,

Intriguingly, the BC-induced activity enhancement increased STEPe: and decreased the Tyr-
phosphorylation of GIuUN2B and GIuA2, but did not induce synaptic down-scaling “°. It may be
that STEPe1 upregulation internalizes extrasynaptic GIuUN2B and GIuA2. Previous studies have
shown that activity-dependent AMPAR endocytosis occurs extrasynaptically 4 and requires
GIuA2 * and that GIuN2B-containing NMDARs are extrasynaptically enriched and undergo
endocytosis 3% °1:52_ Jang et al. hypothesize that this STEPe-dependent decrease in GluA2 and
GIuN2B abundance due to BC-induction may be an additional homeostatic mechanism in place to

limit or prevent overstimulation and excitotoxicity °.

1.6 Role of STEP in Synaptic Plasticity via MAPK, Fyn, or Pyk2 Inactivation

STEPe; also dephosphorylates main substrates that are members of the mitogen-activated protein
kinase (MAPK) family, such as extracellular signal-regulated kinases 1 and 2 (ERK1/2) and p38.
STEPs: dephosphorylates the regulatory Tyr?®* or Tyr'®’ residues within the respective activation
loops of ERK1/2, therefore resulting in their inactivation (Fig. 1.2). This is critical regarding its
effect on glutamatergic synaptic transmission since ERK1/2 activation is necessary for the
development of synaptic strengthening. Specifically, it’s implicated in synaptic plasticity and
memory formation through its role in stabilizing dendritic spines, initiating local protein synthesis
in dendrites and spines, and its involvement in nuclear transcription 2® 27, P38, on the other hand,
is dephosphorylated and deactivated by STEPe: within its activation loop at Tyr'®2 2831 |t js

involved in regulating cell death pathways and NMDAR-mediated excitotoxicity °* >4, When there

6



is increased glutamate signaling, extrasynaptic NMDARs are engaged and promote calpain
cleavage of STEPe: within its kinase interacting motif (KIM) domain, resulting in the production
of STEPs3 which is unable to bind to substrates. This extrasynaptic stimulation and the subsequent
cleavage of STEPs: into STEP33 ultimately activates p38 and cell death pathways. When a peptide
that corresponded to the calpain cleavage site was used to prevent this STEPe; cleavage, neurons

were significantly protected from glutamate-mediated excitotoxicity 8.

STEPe: has also been shown to directly dephosphorylate and inactivate nonreceptor tyrosine
kinase Fyn at Tyr*® 1 which phosphorylates the GIUN2B subunit of NMDARSs at the same
phosphorylation site that STEPe1 regulates (Tyr*4’?) 16 3%(Fig. 1.2). Lastly, STEPs1 regulates
proline-rich tyrosine kinase 2, or Pyk2, which is a member of the focal adhesion kinase family that
is highly expressed in the brain > and plays a role in synaptic plasticity and the induction of LTP
%, STEPe directly binds and dephosphorylates Pyk2 at Tyr*%2, which ultimately leads to its
inactivation, as well as its downstream signaling pathways, such as Pyk2’s phosphorylation and
activation of Src and Fyn (Fig. 1.2), as well as Pyk2’s role as a docking site for the SH2 domain
of each of these kinases 7 8, In addition, Pyk2 activation results in its postsynaptic translocation
and association with the SH3 domain of PSD-95, which is critical for LTP °. It has been previously
shown that STEP KO mice displayed enhanced phosphorylation of Pyk2 at Tyr*%? and its substrates
paxillin and ASAP1, confirming that the removal of STEP (and thus removal of its ability to

dephosphorylate Pyk2) exerts a functional downstream effect of Pyk2 ',

1.7 Role of STEP in Learning, Memory, and Behavior

Utilizing a genetic STEP knockout (KO) murine model has revealed novel data on the role of
STEP in behavior and neurological disorders. A seminal study published by Venkitaramani et al.
found that a double homozygous knockout model of STEP maintained typical neuroanatomy
relative to wild-type (WT) littermates — notably in the striatum, hippocampus, and amygdala — and
expressed virtually no STEP protein. Mice that were heterozygous for the STEP gene expressed
approximately 50% of what was expressed by WT littermates. Surface expression of
GIuN1/GIuN2B receptor complexes is also increased in STEP knockout (KO) mice °°.

In comparison to WT littermates, STEP KO mice display normal behavior by performing baseline

locomotor activity in terms of distance traveled in open field tests as well as during rotarod



performance, which is a test designed to assess motor coordination. STEP KO mice show
significantly enhanced hippocampal memory, such as improved spatial memory during the Morris
water maze test as well as reference memory during radial-arm water maze tests. They elicit normal
social behavior in social discrimination tasks, yet differ in that STEP KO mice exert significantly
higher levels of dominance compared to WT “8. However, STEP KO mice display significant
deficits in pre-pulse inhibition (PPI), which is a measure of the startle reflex response and sensory
motor gaiting. PPI is an autonomic inhibition system that regulates sensory input by filtering out
irrelevant or distracting stimuli and is found to be deficient in patients with schizophrenia 1,
Conflicting reports have found that in the elevated zero maze and light/dark test, STEP KO mice
experience both anxiogenic-like phenotype compared to WT controls 2. Overall, no significant

difference in behavior is shown .

Previous literature investigating the effects of STEP KO on acute seizure models demonstrates
that there is a reduced sensitivity to pilocarpine-induced seizures % and a diminished response to
acutely administered NMDAR antagonist, MK-801 (0.6 mg/kg, i.p.) ®. However, there is
counterevidence offered by one study that found hypersensitivity of STEP KO mice to in response
to acute administration of MK-801 (0.178 mg/kg, i.p.) and pentylenetetrazole (PTZ)-induced
seizures (80 mg/kg, i.p.) %, suggesting that STEP KO mice are more susceptible to acute seizures.
To address this, it is important to note that pilocarpine-induced seizures and PTZ operate using
two different mechanisms of seizure onset. Pilocarpine is a cholinergic muscarinic agonist and
induces seizures in rodents after systemic or intracerebral administration. The amygdala, thalamus,
olfactory cortex, hippocampus, neocortex, and substantia nigra are the most sensitive regions to
epilepsy-related damage produced by pilocarpine ¢, whereas PTZ is a GABA antagonist . The
difference in results could also be age-dependent, as the former study tested the effects of MK-801
in mice 6-8 months of age (around 24-32 weeks old) ®, whereas the latter study tested mice that
were 4-5 months of age (16-20 weeks old) % (Table 1.1).

Furthermore, it is theorized that BDNF level in AD patients is associated with reduced cortical
cholinergic synapses, where BDNF dysregulation may affect cholinergic synapses and overall
impact synaptic plasticity ¢”. Altering BDNF expression or the BDNF/TrkB signaling pathway
may go on to induce synapse loss and overall synaptic function ®, and the early downregulation

of BDNF in AD is associated with severity of cognitive impairments . In contrast, the



upregulation of BDNF/TrkB mRNA expression, specifically within the hippocampus, is associated
with improved memory °. Interestingly, it has been shown that when there is a downregulation in
BDNF, STEP levels reciprocally increase in vivo, as observed in in BDNF(+/-) mice and after
acute BDNF knockdown in cortical cultures "t —while BDNF signaling has been shown to reduce
STEP levels in murine primary cortical neurons and promotes ubiquitin-proteasome system (UPS)-
mediated degradation of STEPe in protein extracts obtained from primary cortical cultures 2.
Pharmacologically inhibiting STEP was also shown to reverse motor abnormalities in BDNF(+/-)
mice, in which treatment with acute STEP inhibitor TC-2153 (10 mg/kg, i.p.) significantly
attenuated increased locomotor activity of these mice in an open-field chamber at 1 hour post-
injection, while the locomotion of wild-type mice were not affected. Additionally, TC-2153
administration reversed biochemical abnormalities in BDNF(+/-) mice by increasing
phosphorylated levels of STEP substrates GIuUN2B, Pyk2, and ERK1/2, in synaptic membrane
fractions of the frontal cortex ’*. Phosphorylated GIuN2B and ERK1/2 have also been shown to
increase in neuronal cultures during post-treatment of BDNF or TrkB activation 2. The
culmination of these findings demonstrates that increased STEP in AD patients, as well as animal
models, may reflect alterations in BDNF/TrkB signaling.

1.8 Role of STEP in Hyperexcitability Disorder

Many diseases are suggested to be affected by STEP dysregulation. Up-regulation of STEP protein
contributes to the pathophysiology of diseases such as Alzheimer’s disease (AD) ", schizophrenia
6 fragile X syndrome (FXS) 2, pilocarpine-induced acute seizure onset ® ™, and alcohol-induced
memory loss "™ "®(Tables 1.1 and 1.2). In contrast, having too little STEP and/or STEP activity has
been associated with Huntington’s disease ’/, drug abuse 2> ’®, stroke/ischemia '°, inflammatory
pain 8280 and thermal hyperalgesia (altered perception of temperature in which normal stimuli may
be perceived as pain) 8 — though interestingly, elevated STEP levels and decreased
phosphorylation of proteins involved in nociception transduction in hippocampi is observed in
APP mice &, Specifically, there is emerging evidence that suggests STEP may be a critical
molecular target for treating seizures. Deletion of the PTPN5 STEP gene results in resistance to
pilocarpine-induced seizures in a murine model 5 as well as reverses the audiogenic seizure
phenotype observed in the FXS mouse model 8. In the same vein, acute pharmacological
inhibition using selective STEP inhibitor TC-2153 is shown to reverse cognitive deficits in a 3xTg



mouse model of AD " — these mice are documented to display hippocampal hyperactivity and
spontaneous seizures 8 8. Aspects of AD observed in human patients and animal models strongly
coincide symptomatically with the Temporal Lobe Epilepsy (TLE), the most common form of
focal-onset epilepsy in adults accounting for approximately 60% of epileptic patients 1. In mesial
TLE, seizures typically originate in the hippocampus and progressively worsen over time 1. AD
and TLE share several main features related to cognitive dysfunction, pathological and
neuroimaging features 8, one of the hallmarks being hippocampal sclerosis &, or the scarring and
hardening of the hippocampal tissue. Notably, patients with drug resistant TLE who experience a
higher frequency of seizures have an increased likelihood of having such cognitive comorbidities
8_ Current antiseizure drugs are ineffective for ~75% of patients with advanced mesial TLE, which
ultimately leads to severe outcomes, including depression, significant memory loss, cognitive
decline, hippocampal sclerosis, temporal lobe resection, and high mortality rate 8. Ultimately,
these disorders — in addition to FXS, schizophrenia —display hyperexcitability phenotypes both in
recapitulative models of the disease as well as in diagnosed human patients, and exhibit
significantly upregulated STEP expression. We will continue to elaborate on the role of STEP in
these diseases as our prime area of focus.

1.9 STEP and its Role in Acute Seizures and TBI

Mesial temporal lobe epilepsy (TLE) is a hyperexcitability disease, in which seizures often begin
in the hippocampus and progressively worsen over time 8 % to cause hippocampal sclerosis,
cognitive decline, and drug-resistant seizures 1. High levels of STEPs in the hippocampus and
cortex are implicated in hyperexcitability disease — one such disorder being epileptogenesis. It is
apparent that STEPs1 weakens excitatory synaptic strength in the hippocampus 36 4 47 _ thus,
seizure susceptibility and propensity would theoretically increase after genetic ablation or

pharmacological inhibition of STEP.

However, this is not what is seen in STEP KO mice between 6-8 weeks of age (males and females
combined, weight 18-22 g). These mice end up displaying resistance to pilocarpine-induced
seizures, associating with higher seizure thresholds when compared to wild-type mice.
Furthermore, significantly fewer STEP KO mice develop seizures that progress to the stage of
status epilepticus (SE) ®*, which is generally defined in experimental models as the time between

chemoconvulsant administration and the end of behavioral seizure activity %X, In humans and
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rodents alike, this severe period of SE is critical since even a single event can result in breakthrough
spontaneous recurrent seizures (which typically occur after a latent period ranging from weeks to
years) %2, It was also found that by electrically stimulating the hippocampal-entorhinal cortical
pathway in STEP KO hippocampal slice, there is less activation of the dentate gyrus granule cell
layer (GCL) — however, there is greater activation of the hilus, compared with heterozygous slices
(Table 1.1). These results are intriguing, considering GABAergic hilar neurons expressing STEP
undergo excitotoxic cell death (one of the events that occurs during TLE development) following
pilocarpine-induced SE. Disrupting STEP function in these neurons via calcineurin inhibitor
FK506 to block STEP activity (calcineurin is an upstream activator of STEP 24) leads to decreased
SE-induced hilar interneuron cell death " (Table 1.2). Briggs et al. addressed the question of
whether the ablation of STEP, specifically in hilar interneurons, will increase resistance to SE
development in a pilocarpine model. Their work concludes that a genetic knockout model of STEP
demonstrates a seizure-resistant phenotype, and thus propose that the mechanism behind such
resistance lies within the reduced excitability of GCL neurons in STEP KO mice. These results
raise the question: if the genetic deletion of STEP increases resistance to pilocarpine-induced SE,
would the acute pharmacological inhibition of STEP produce a similar phenotype?

Interestingly, wild-type (C57BI/6J) mice and SOD*" mice (a model low antioxidant capacity,
which contributes to oxidative stress) also show decreased synaptic formation of NMDARSs,
decreased NMDAR-dependent synaptic current, and increased STEPe; activity after being exposed
to a traumatic brain injury (TBI) protocol using a controlled frontal impact device %. SOD*" mice
also show alterations in cognitive performance. This suggests that STEPs1 may contributes to
neuropathological progression post-TBI and could potentially be used as a biomarker for synaptic
damage in traumatic lesions. TBI is a significant trauma to the brain and can lead to the onset of
post-traumatic epilepsy and development of TLE, also referred to as post-traumatic TLE 9.
Similarly, the induction of status epilepticus (SE) is a form of traumatic injury, particularly
achieved by using systemic or focal injection of a chemoconvulsant (e.g. kainate or pilocarpine).
It has been shown that loss of GABAergic hilar neurons prominently occurs in excitotoxic cell
death during the development of TLE by induction of SE *°. High levels of STEP have been
reported in vulnerable somatostatin-immunoreactive hilar interneurons, and in vivo disruption of
STEP activity allows the activation of the MAPK pathway, leading to immediate-early gene

expression and significant rescue from cell death after pilocarpine-induced seizures 7.
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1.10 Effects of Genetic and Pharmacological Inhibition of STEP on Seizures and Excitability

Acute, selective pharmacological STEP inhibitor TC-2153 (8-(trifluoro-methyl)-1,2,3,4,5-
benzopentathiepin-6-amine-hydrochloride) was originally targeted to be a small-molecule
inhibitor following the validation of STEP as a possible target for drug discovery *. Amino-
substituted benzopentathiepin derivatives, such as TC-2153, were shown to maintain reasonable
solubility in aqueous solution ¥ % and TC-2153 itself was shown to have reportedly low levels of
acute toxicity (LD 50.1,000 mg/kg) . To determine whether TC-2153 modified the active
cysteine residue of STEP, high-resolution tandem mass spectrometry was performed on WT STEP
and a catalytic cysteine-to-serine (C to S) STEP mutant for comparison. In the absence of TC-
2153, the catalytic Cys*’? of STEP revealed a disulfide bridge between Cys*®and Cys*’?, which
was not present in the STEP (C to S) mutant. The incubation of WT STEP with TC-2153 showed
the presence of a de novo trisulfide bond within the bridge connecting Cys*®®/Cys*’2, which was
not observed in WT STEP or mutant STEP alone — ultimately, this analysis suggested that the
active cysteine site is modified by TC-2153 and that the sulfur(s) from the benzopentathiepin core
is retained, and concluded STEP activity (in the hippocampus and frontal cortex, specifically) to
be potently inhibited by TC-2153 3(Table 1.2).

Pharmacological inhibition of STEP using TC-2153 significantly reduced seizure severity in wild-
type mice of both sexes, and subsequent ovariectomy (OVX) rescued the TC-2153-induced seizure
reduction in females. TC-2153 application had significantly decreased the overall excitability of
acute hippocampal slices from wild-type mice of both sexes, as well as decreased the intrinsic
excitability and hyperpolarization-induced currents of cultured hippocampal neurons in vitro
10(Table 1.2). These findings ultimately suggest that the antiseizure effects of TC-2153 are
mediated by its unexpected action on suppressing neuronal intrinsic excitability. Considering this
potential novel mechanism of action, TC-2153 may prove to be a worthy candidate for patients

with epilepsy, since there is a critical need for new therapeutic drugs.

1.11  Genetic Ablation of STEP Exerts Age- and Sex-Dependent Effects on Seizure Severity

Since STEPes1 weakens excitatory synaptic strength in the hippocampus, seizure susceptibility
should increase in STEP KO mice which deletes all STEP isoforms * (Table 1.1). However, Briggs
et al. previously showed that STEP KO mice (at 6-8 weeks of age and of combined sex) are

resistant to pilocarpine-induced seizures ®4. STEP KO females at 6-7 weeks and 8-12 weeks of age
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show decreasing trends in seizure severity *%° (Table 1.1), which demonstrate that genetic ablation
of STEP, especially catalytic STEP4s and STEPs1, most likely affects seizure severity in an age-
and sex-dependent manner. It is important to highlight that in rodents 6 to 8 weeks of age, puberty
onset coincides with significant changes in sex hormone-dependent synapse formation and circuit
maturation in the brain, specifically within the hippocampus and cortex 02192 The 8" week of age
in particular designates the end of puberty and the adolescence period 1. During this time, critical
changes in the hippocampal circuitry and synapse formation as a result of fluctuating sex hormone
levels may dictate the overall sensitivity to chemoconvulsant, specifically kainate and pilocarpine,
which utilize different pathways for inducing limbic seizures %% 1% This may explain the age-

dependent switch in seizure susceptibility of STEP KO mice observed between the two models.

1.12 Anti-Seizure Effect of the STEP Inhibitor TC-2153

TC-2153 treatment decreased hippocampal excitability and the severity of KA-induced seizures
100 that arise mostly from the hippocampus where KA subtype glutamate receptors are highly
expressed, especially in the CA3 region %, It is known that TC-2153 inhibits two catalytically
active STEP isoforms, STEP4s and STEPe1, though only STEPe; is expressed in the hippocampus
and neocortex 2. Thus, most of the anti-seizure effect of TC-2153 is likely mediated by inhibition
of STEPe: in the hippocampus, though the possibility of inhibiting both catalytically active STEP

isoforms in other brain regions contributing to this decreased excitability cannot be excluded.

Particularly, females displayed a greater trend in anti-seizure effect of TC-2153 compared to males
—this marked difference was ultimately abolished by OVX 1%, This is not anomalous, since greater
anti-seizure potency in females has also been reported for neurosteroids in various acute seizure
models 1%, Estrogen has also been shown to exacerbate seizures in women with epilepsy 1% and
both estrogen and testosterone increase seizure susceptibility in rodent KA models 07198 |n
contrast, seizure frequency in mice and women with epilepsy is reduced by high progesterone level
106,109 The potential role of ovarian-derived hormones in seizure susceptibility is interesting since
prevalence, frequency, and semiology of focal seizures and TLE have been reported to differ by
sex in both clinical patient populations and preclinical animal models due to their neurobiological

actions 119,
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Excitability of hippocampal slices from both sexes was also reduced following TC-2153

application 1%

, even after circulating gonadal hormones had washed away while acclimating the
slices in ACSF . This suggests that gonadal hormone cannot fully explain the subtle sex
difference in the response to TC-2153. Considering that women display higher drug concentration

in blood and longer duration for drug metabolism and clearance than men *°

, a greater trend in
anti-seizure effect in females may arise from higher brain concentration of TC-2153 in females
than males. Alternatively, the enhanced seizure severity in OVX females compared to naive
females may also contribute to the diminished efficacy of TC-2153 in OV X females. Future studies
shall evaluate ADME properties of TC-2153 in both sexes and use gonadectomy in combination
with hormone replacement to confirm whether TC-2153 decreases KA-induced seizure severity
by altered pharmacokinetics of TC-2153 or suppressing proconvulsant actions of estrogen or

testosterone, and/or potentiating anti-convulsant actions of progesterone.

1.13  Decrease in Hippocampal Intrinsic Excitability as a Proposed Mechanism for Anti-
Seizure Effect of TC-2153

TC-2153 application markedly decreased intrinsic excitability of cultured hippocampal pyramidal
neurons %, This suggests a compelling possibility that STEPs1 may regulate ionic currents critical
for intrinsic neuronal excitability and action potential (AP) waveform, in contrast to its well-known
role in weakening synaptic transmission. It is known that the STEPs; interacts with various
proteins, including ion channels, ion transporters, and signaling proteins important for neuronal
excitability and synaptic transmission . In addition, hyperpolarized RMP and decreased Rin in
TC-2153-treated hippocampal neurons suggest the opening of potassium channels . Among
major potassium currents in hippocampal pyramidal neurons 2, fast activating and inactivating
Ia and fast activating and slowly inactivating Ip delay the onset of firing and contribute to AP
repolarization and firing rate > 3. Slowly activating and inactivating Ik mediates AP
repolarization '3, whereas slowly activating and non-inactivating Im hyperpolarizes resting
membrane potential (RMP) and suppresses repetitive firing of APs without affecting their latency
114 Calcium-activated Ic contributes to fAHP and regulates AP repolarization, firing rate, and half-
width 15, The effects of TC-2153 on ISI, AP rise and decay times, AP half width, and fAHP
amplitude 1% suggest that one or more of these potassium currents may be regulated by TC-2153

to control intrinsic excitability and AP waveform.
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1.14 Iy as anovel target of TC-2153

TC-2153 treatment is shown to decrease In, which contributes to sag voltage and rebound potential
evoked by membrane hyperpolarization. The role of Iy in hippocampal neuronal excitability is
complex, as In exerts both excitatory and inhibitory effects on the ability of an excitatory
postsynaptic potential (EPSP) to trigger an AP ', HCN1 and HCN2 are preferentially enriched in

116 where Iy decreases EPSP

the distal dendrites of hippocampal CA1l pyramidal neurons
summation ', but dendritic excitability can be enhanced or reduced by In 8 1% |, can also
increase AP firing rate by depolarizing RMP and decreasing Rin 12°. Therefore, TC-2153-induced
Inh reduction may contribute to hyperpolarized RMP and decreased excitability seen in TC-2153-

treated neurons 1%,

Finally, the mechanism underlying how TC-2153 decreases In is unknown. Activation kinetic of
HCN2 channel is regulated by Src phosphorylation of its Tyr*’®, whereas the receptor-like protein-
tyrosine phosphatase-alpha can dephosphorylate HCN2 and decrease its surface and current
expression 2, raising the possibility that STEPs1 may dephosphorylate HCN2, and its inhibition
by TC-2153 may ultimately modify HCN2 channel function or expression. Alternatively, TC-2153
may directly bind to and decrease current expression of HCN1 and/or HCN2 channels (Fig. 1.4).
The mechanism underlying inhibitory actions of TC-2153 on Iy warrants future studies.

1.15 STEP and its Role in Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic, progressive, age-dependent neurodegenerative disorder
associated with memory loss and the leading cause of dementia *?? It is characterized by two main
pathological hallmarks: the accumulation of amyloid B (AB) plaques, in which soluble AR
oligomers are correlated with memory loss in early stages of AD 123124 and neurofibrillary (tau)
tangles, where hyperphosphorylation of tau corresponds to memory loss and neurodegeneration
125127 Accumulated A disrupts synaptic transmission and disturbs the excitatory and inhibitory
balance, contributing to cognitive decline Major changes in both excitatory and inhibitory synaptic
strength are associated with this disease, where high A levels are shown to cause synaptic loss,
disrupt synaptic transmission, and disturb the excitatory and inhibitory balance 233! and to not
only decrease glutamatergic synaptic transmission and long-term potentiation (LTP)**?, but also

to increase long-term depression (LTD) in mouse models of AD 33, AD is also a hyperexcitability
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disease associated with seizure activity and neuronal network dysfunction 3. Based on the
literature, there appears to be strong evidence suggesting that changes in STEP phosphorylation or
protein levels may underlie the hyperexcitability seen in AD animal models and patients - notably,
it is the Tyr phosphorylation of STEPs: and surface density of glutamatergic NMDA and AMPA
receptors that associates it with the postsynaptic density 3 363 and the specific regulation of these
receptors contributes to Hebbian LTP. Extrasynaptic NMDAR stimulation also enacts calpain-
mediated cleavage of STEPs1, which in turn selectively activates p38 and promotes cell death %,
STEP levels are shown to be elevated in the prefrontal cortex of both human Alzheimer’s Disease
(AD) patients and in animal models of AD (Tg-2576 and J20) % 13 Genetically reducing STEP
activity in a triple transgenic AD mouse model by crossing STEP~ mice with 3xTg-AD mice to
produce 3xTg-AD/STEP~ double mutants showed that a decrease in STEP levels reverses
cognitive and cellular deficits observed in these mice, such as spatial reference memory, spatial
working memory, and object recognition 3. Genetically reducing STEP also reversed the loss of
glutamate receptors from synaptosomal membranes — phosphorylated-ERK and phosphorylated-
Fyn kinase levels increased, as well. Field potentials recorded within the CALl region in
hippocampal slices from 10-mo-old double mutant mice compared with 3xTg-AD mice revealed
CA1-LTP were significantly enhanced 6. Recent findings also show that STEP inhibition
improves cognitive function in tandem with increasing synaptic connectivity in vitro as well as in

the triple transgenic AD mouse model **°.

Amyloid-p (AB) oligomers are shown to cause synaptic dysfunction early in AD by enhancing
mGIuR-dependent LTD via STEPe 7. Chemical induction of mGIuR-LTD by a selective
mGIuR5 agonist Dihydroxyphenylglycine (DHPG) increases STEPs: levels and induces
dephosphorylation of AMPAR subunit GIuA2 34, This mGluR-dependent enhancement of STEPs;
and LTD is blocked by exogenous application of Reelin ¥, a neuromodulator that regulates
synaptic plasticity and prevents AP toxicity via apolipoprotein E (ApoE) receptors . By contrast,
conditional deletion of Reelin increases DHPG-induced STEPe: level and calcium-permeable
GluA2-lacking AMPARs, and occludes the mGIuR-LTD **¥7. Since STEPs1 plays an important role
in neurodegeneration 3¢ % and Reelin signaling is impaired by ApoE4 **, a major risk factor of
sporadic AD 1%, it is tempting to speculate that downregulation of Reelin signaling by ApoE4 may
in part contribute to upregulation of STEPs: seen in AD.
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Recently, another study was conducted to investigate the effects of a synthetic compound called
DI-3-n-butylphthalide (NBP), which was approved for the treatment of ischemic stroke in China
140, By exploring the mechanism of NBP therapy in APP/presenilin 1 (PS1) transgenic mice and
its involvement in the STEP/ERK/CREB signaling pathway, it was discovered that NBP treatment
effectively ameliorated the spatial learning and memory impairment of the APP/PS1 transgenic
mice while conducting experiments in the Morris water maze. NBP also reduced amyloid-induced
activation of STEPe1 levels and increased pERK1/2 and pCREB levels in the cortex and
hippocampus of APP/PS1 transgenic mice 4°. NBP may serve as an effective treatment for AD by
acting through the STEP/ERK/CREB signaling pathway to alleviate cognitive impairment related

to AD, reduce STEP levels, and increase its phosphorylated substrate levels.

A few notable hallmarks of neurodegeneration, specifically in patients with AD, are excitotoxicity
and neuronal death — it is established that following pilocarpine-induced status epilepticus (SE),
STEP-expressing somatostatin-immunoreactive interneurons in the hilus and CA1 region of the
hippocampus experience excitotoxic cell death. These neurons were made less susceptible to
excitotoxic insult from seizures by disrupting STEP function and ultimately allowing MAPK
pathway activation, immediate early gene expression, and significant rescue from cell death *. In
addition to these findings, it was later discovered that the STEP KO model of mice are more
resistant to pilocarpine-induced seizures when compared to their wild-type littermates 6. The
results from Choi et al. suggested that STEP acts to increase neuronal sensitivity to SE-induced
excitotoxicity by blocking neuroprotective responses initiated by the MAPK pathway. One of the
main STEP substrates, p38 MAPK, is involved in regulating cell death pathways and NMDAR-

mediated excitotoxicity.

Seizures, epileptiform activity, and hippocampal network hyperactivity have all been reported in
humans in the mild cognitive impairment (MCI) and early stages of AD — for these patients,
cognitive decline also began 5 to 7 years earlier in patients with epilepsy compared to patients
without " 141, One potential cause underlying hyperexcitability in AD could be that STEP —
specifically STEPs: — regulates unknown ionic currents critical for maintaining intrinsic neuronal
excitability, as similarly observed in hippocampal pyramidal neurons treated with STEP inhibitor
TC-2153, where intrinsic excitability was reduced °°. The interactome of STEPs; is vast and

interacts with numerous ion channels, ion transporters and signaling proteins that are critical for
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proper neuronal excitability and synaptic transmission * — specifically, there is a possibility that
STEP interacts with and dephosphorylate ion channels such as hyperpolarization-induced cyclic
nucleotide (HCN) channels, which produce an In current responsible for the control of neuronal
burst firing 116, HCN channel mislocalization has been shown to occur in CA1 pyramidal cells
within a rodent model of TLE *?, where auxiliary subunit tetratricopeptide repeat—containing
Rab8b-interacting protein (TRIP8b) regulates its subcellular localization and function %,
Moreover, HCN channel trafficking and gating can be modulated by various other kinases, one of
which is p38 MAPK 4, Intriguingly, acute inhibitor TC-2153 is shown to specifically decrease Iy
current in cultured hippocampal pyramidal neurons , whether TC-2153 is acting indirectly through
STEP or directly modulating HCN channel function is unknown. One suggestion is that STEP has
the ability to modulate HCN channels by either direct dephosphorylation of the channel or TRIP8b,
or by way of one of its main substrates, such as p38 MAPK (Fig. 1.4).

Alternatively, neural network synchrony and brain oscillatory rhythms are governed by inhibitory
GABAergic interneuron activity and that inhibitory interneuron dysfunction is linked to network
abnormalities in AD ***. Here, one likely cause underlying hyperexcitability in AD is that STEP —
specifically, STEPs1 — is recruited and upregulated by AB 3" and this level increase may lead to
heightened susceptibility to excitotoxicity in GABAergic hilar interneurons, perpetuating the

progression of further cell death, decreased inhibition, and neurodegeneration.

1.16 STEP and its Role in Schizophrenia Associated with Hyperexcitability

Schizophrenia (SZ) is a heterogeneous disorder where patients exhibit positive symptoms (i.e.
delusions, hallucinations), negative symptoms (i.e. anhedonia, avolition, social withdrawal), and
cognitive dysfunction *°. A proposed contributing factor to the etiology of SZ involves the
disruption of glutamatergic signaling, specifically the hypofunction, of NMDARs 46, and it shown
that brains of patients with SZ maintain abnormal glutamate receptor densities in the prefrontal
cortex, thalamus, and temporal lobe, in addition to decreased receptor function 47 148,
Interestingly, STEPs: levels are significantly higher in the postmortem anterior cingulate cortex
and dorsolateral prefrontal cortex of schizophrenia patients, as well as in mice treated with the
psychotomimetics MK-801 and phencyclidine (PCP) %. This is intriguing, considering the main
function of STEP is to dephosphorylate and either inactive or internalize its main substrates,
particularly NMDARs and AMPARs. Higher STEP expression would thus lead to reduced
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expression of surface glutamatergic receptors, which would likely disrupt glutamatergic signaling
and function. STEP inhibition has also been shown to influence models of schizophrenia, such as
reversing the behavioral and cognitive deficits in the Nrgl+/— knockout mouse model of
schizophrenia 1%°. In addition, STEP KO mice are less sensitive to both the locomotor and cognitive
effects of acute and chronic administration of phenycyclidine (PCP) ®° . Lastly, it has been shown
that chronic treatment using both typical and atypical antipsychotic medications in mice result in
PKA-mediated phosphorylation of STEPsi, resulting in increased surface expression of
GIuN1/GIuN2B receptors — in short, these treatments ultimately restore NMDAR density and
proper glutamatergic function to these models . SZ is shown to feature characteristics of a
hyperexcitability disease, such as increased cortical excitability and aberrant hippocampal activity
150 Neurodevelopmental models of SZ also show altered hippocampal excitability, synaptic
transmission and synaptic plasticity **%. Increased STEP expression may underlie the excitability
dysfunction observed in SZ by disrupting the density of glutamatergic receptors at the postsynaptic
membrane by internalizing NMDARs and AMPARs (while it is well-established that NMDAR
antagonists induce psychotic-like symptoms in models of SZ, whereas the results for AMPAR

disruption is more controversial 1°2).

1.17 STEP and its Role in Fragile X Syndrome and Autism

Fragile X syndrome (FXS) is the leading cause of inherited intellectual disability *>* caused by an
increase in the number of repeats of a short nucleotide sequence located in the fragile X mental
retardation 1 gene (FMR1) on the X chromosome, which encodes the RNA-binding protein FMRP
154 Clinical features of FXS include hyperactivity, hypersensitivity, learning disability, and
hyperarousal to seizures °. In turn, Autism Spectrum Disorder (ASD) is also a form of
hyperexcitability disorder in which there appears to be a reduction in synaptic pruning, resulting
in higher synapse formation and an increase in dendritic spine number %8, A particular trait in both
FXS and ASD individuals is that they display less neural habituation, or even increased responses
to repeated stimuli, resulting in hypersensitivity . Many studies have investigated the role of
STEP and its deletion or inhibition in models of FXS and ASD. Inhibition of STEP in a VPA-
exposed rodent model of autism shows that behavior deficits such as reduced sociability, repetitive
and abnormal anxiety phenotypes associated with ASD are rescued °8. Previous literature also
shows that acute pharmacological inhibition of STEP using TC-2153 induced the reduction of
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behavioral hyperactivity, reversal of audiogenic seizures, decrease in dendritic spine density and
mGIluR-mediated exaggerated LTD in Fmrl KO mice . The pharmacological inhibition of STEP
has been shown to reduce mGluR-mediated exaggerated long-term depression (LTD) in Fmrl KO
mice ®2. In cell-based secondary assays, global STEP inhibitor TC-2153 also increased tyrosine
phosphorylation of GIuA2 and GIuN2B, resulting in the internalization of synaptic AMPARS and
NMDARs "3, Genetic STEP deletion also reduces audiogenic seizures in Fmrl KO mice and
restores specific social and nonsocial anxiety-related behaviors &. As suggested by Chatterjee et
al., it is possible that significantly upregulated STEP may be involved in the disruption of spine
pruning through hyposignaling of the BDNF-TrkB signaling pathway 8, since BDNF plays a

critical role in spine maturation and pruning *°.

1.18 Role of STEP in regulating GnRH-induced FSH secretion and PGE2 release from

neurons

It was recently found that follicle-stimulating hormone (FSH) secretion in gonadotropes is
regulated by PTPNS5 by way of its role in binding GnRH to GnRH receptors 1. Gs-protein kinase
A (PKA) and Gg-phospholipases C (PLC) signaling pathways cooperatively regulate GnRH-
induced FSH secretion — this work shows that Ca?* influx activates Ca2*-dependent phosphatase
calcineurin, leading to the phosphorylation (and thus activation) of PTPN5, and that the
intracellular release of Ca?* is reduced by administration of TC-2153. This study concludes that

by either blocking or knocking out PTPN5, FSH is reduced in the whole pituitary L.

Interestingly, a separate investigation of the role of STEP as a key regulator of neuronal release of
the proinflammatory prostanoid prostaglandin E2 (PGE2) was also recently conducted %°. This
study portrayed evidence that glutamate-mediated activation of NMDARs in STEP-deficient
neurons led to a rapid, sustained increase in p38 MAPK phosphorylation in corticostriatal neuronal
cultures at 12-14 days in vitro, which were exposed to excitotoxic insult. This sustained p38
MAPK phosphorylation, in the absence of STEP, enhanced activation of cytosolic phospholipase
A2 (cPLA2), which is mediated by p38 MAPK and catalyzes the release of arachidonic acid (the
initial substrate for PGE2 bionsynthesis) 1®* and induced the increase of cyclooxygenase-2 (COX-
2) expression, which is involved in the conversion of arachidonic acid to prostanoids 2. Together,
these results were found to significantly increase neuronal PGE2 release from STEP KO neurons
within 2 h post-insult. Restoring STEP function to neurons using a STEP mimetic generated from
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STEPe1 (TAT-STEP-myc peptide) was found to significantly decrease activation of the
cPLA2/COX-2/PGEZ2 signaling cascade by attenuating glutamate-induced p38 MAPK activation,
COX-2 expression, and PGE2 release in STEP KO cultures. Ultimately, these findings
simultaneously identified a mechanism involved in the role of STEP in the release of PGE2 after
excitotoxic insult and was the first study to highlight the immunomodulatory ability of a neuronal

tyrosine phosphatase.

1.19 Summary

Mesial temporal lobe epilepsy (TLE) is a hyperexcitability disease, in which seizures often begin
in the hippocampus and progressively worsen over time 8 % to cause hippocampal sclerosis,
cognitive decline, and drug-resistant seizures . The molecular players and mechanisms underlying
hippocampal hyperactivity that drive the seizure generation in TLE is unknown. STEP may be a
good candidate for mitigating seizures in hyperexcitability disease. High levels of STEPs: are
associated with Alzheimer’s disease (AD) ¢ and FXS . Pharmacological inhibition of STEP with
TC-2153 alleviates excitatory synaptic defects and memory loss observed in AD mouse model "3
and reverses behavioral and synaptic deficits in FXS mouse model 8. The previous literature
demonstrates that STEP dephosphorylates subunits of key glutamate receptors and internalizes
them, thereby weakening excitatory synaptic strength “°; however, the roles of STEPs on
susceptibility to seizures that arise from the hippocampus and hippocampal network excitability
are not clear. Experiments published by Briggs et al. investigating the effect of pilocarpine-induced
seizure susceptibility of a STEP KO murine model shows a reduction in seizures ®*. It has also
been found that seizures diminish in the Fmrl KO murine model when STEP is acutely inhibited

8, Here, we find many open questions that need to be addressed:

(1) What effect does the genetic ablation or pharmacological inhibition of STEP have on the

susceptibility to acute seizures that arise from the hippocampus?

(2) What effect does the genetic ablation or pharmacological inhibition of STEP have on the

hippocampal network activity?

(3) Does STEP contribute to neuronal intrinsic excitability and regulate ion channels implicated in

controlling intrinsic membrane properties?
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(4) Since brain injury (such as injury-causing SE or traumatic brain injury) induces the
development of TLE, does STEP expression level change upon brain injury and does STEP play

a role in the development of post-traumatic epilepsy in animal models?

To address these questions, my doctoral research aims to investigate and assess the effects of both
pharmacologically and genetically removing STEP on seizure severity, as well as determining the
role of acutely inhibiting STEP on hippocampal circuitry, intrinsic excitability, and intrinsic
membrane properties. The burning questions we wanted to answer were 1) does application of a
STEP inhibitor reduce the hyperexcitability observed within the hippocampus, as seen in patients
who suffer from TLE and acute seizures, and 2) since TC-2153 reduces the excitability of cultured
rat hippocampal pyramidal neurons, will In Chapter 2, | will present our submitted study that
delves into the effects of kainic acid-induced seizures in a STEP KO murine model, as well as
administering acute STEP inhibitor, TC-2153, in a kainic acid-induced seizure model. We further
observe the striking effect of TC-2153 on hippocampal network excitability in acute slice and
cultured pyramidal hippocampal neurons 2. It is well-known that current antiseizure drugs (ASDs)
do not work for everyone, especially patients with TLE *. Finding small, novel chemicals that can
be utilized as ASDs are in critical need — the inhibition of STEP by TC-2153 appears to possess
this potential. In Chapter 3, I will present my findings from my project investigating the effects of
repeated, low-dose kainate injections on the development and progression of TLE in a STEP KO

murine model.
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Figure 1.1. (A) Crystal structure of the PTPN5 gene that encodes STEP protein (PDB structure
#2B1J, Homo sapien), courtesy of the Worldwide Protein Data Bank). (B) The four main
alternatively spliced isoforms of STEP. PR: Proline-rich region contributing to substrate
specificity; TM: transmembrane domains that tether STEP to the plasma membrane of the
endoplasmic reticulum and/or PSD; KIM: Kkinase-interacting motif; PTP: protein tyrosine
phosphatase domain.
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Figure 1.2. The outlined structure of special isoform STEPei, its critical domains, and main
substrates that inactivates/internalized. The PTP domain contains a catalytically active signature
consensus sequence [[/VIHCxAGxxR[S/T]G at its C-terminus. Downstream from this catalytic
sequence is the KIM domain, which is involved in binding to all of STEP’s known substrates. At
its N-terminus, STEP contains a 172 amino acid sequence that contains two hydrophobic domains
(TM) that tether STEP to the endoplasmic reticulum or PSD of dendritic spines. STEP also contains
two proline-rich regions (PR) that contribute toward its substrate binding and specificity — the first
is required for binding to Fyn and the second is required for binding to Pyk2. STEPe
dephosphorylates its main substrates at designated Tyr residues: ERK1/2 at Tyr'® or Tyr?®,
respectively; p38 at Tyr'®2; NMDARs at Tyr'*”?; AMPARs at Tyr®®, Tyr®”3, and Tyr®’® (3Tyr); Fyn
at Tyr*?%; and Pyk2 at Tyr*®?,
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Figure 1.3. STEP regulation and function by PKA — this occurs via two separate ways: 1) Direct
inactivation of STEPs by phosphorylation of regulatory Ser®?!, thus preventing STEPe¢; from
binding to its main substrates; 2) Indirect inactivation of STEP¢ by phosphorylation of DARPP-
32, which inhibits PP1. This ultimately prevents PP1 from dephosphorylating STEP¢; and reduces
the overall level of active STEPs;.
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Figure 1.4. Novel potential mechanism of STEPe1’s role in the modulation and activity of HCN
channels and/or auxiliary subunit TRIP8b, a protein responsible for HCN channel localization and
function. Here, we propose that STEPs: may be implicated in regulating HCN channels either
directly or indirectly through proteins such as TRIP8b or p38. We also speculate acute STEP
inhibitor may play a role by either directly or indirectly affecting the function of HCN channels or
TRIP8Db.
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CHAPTER 2: PHARMACOLOGICAL INHIBITION OF STEP AND ITS REDUCTION
OF HIPPOCAMPAL EXCITABILITY AND SEIZURES!

2.1 Summary

Obijective: STriatal-Enriched protein tyrosine Phosphatase (STEP) is a brain-specific tyrosine
phosphatase. Membrane-bound STEPe; is the only isoform expressed in hippocampus and cortex.
Genetic deletion of STEP enhances excitatory synaptic currents and long-term potentiation in the
hippocampus. However, whether STEPs: affects seizure susceptibility is unclear. Here we
investigated the effects of STEP inhibitor TC-2153 on seizure propensity in a murine model

displaying kainic acid (KA)-induced status epilepticus and its effect on hippocampal excitability.

Methods: Adult male and female C57BL/6J mice received intraperitoneal injection of either
vehicle (2.8% DMSO in saline) or TC-2153 (10 mg/kg) and then either saline or KA (30 mg/kg)
3 hours later before being monitored for behavioral seizures. A subset of female mice was
ovariectomized (OVX). Acute hippocampal slices from GCaMP6s mice were treated with either
DMSO or TC-2153 (10 uM) for 1 hour, and then incubated in ACSF and potassium chloride (15
mM) for 2 min prior to live calcium imaging. Pyramidal neurons in dissociated rat hippocampal
culture (DIV 8-10) were pre-treated with DMSO or TC-2153 (10 uM) for 1 hour before whole-

cell patch clamp recording.
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Results: TC-2153 treatment significantly reduced KA-induced seizure severity, with greater trend
seen in females. OV X abolished this TC-2153-induced decrease in seizure severity in females.
TC-2153 application significantly decreased overall excitability of acute hippocampal slices from
both sexes. Surprisingly, TC-2153 treatment hyperpolarized resting membrane potential and
decreased firing rate, sag voltage, and hyperpolarization-induced current (In) of cultured

hippocampal pyramidal neurons.

Significance: This study is the first to demonstrate that pharmacological inhibition of STEP with
TC-2153 decreases seizure severity and hippocampal activity in both sexes, and dampens
hippocampal neuronal excitability and In. We propose that anti-seizure effects of TC-2153 are

mediated by its unexpected action on suppressing neuronal intrinsic excitability.

KEY POINTS
e Administration of TC-2153 significantly reduces seizure severity in both males and
females.
e Ovariectomy abolishes the TC-2153-induced decrease in seizure severity observed in
females.
e TC-2153 treatment significantly decreases overall excitability of acute hippocampal slices
prepared from both sexes.
e TC-2153 application decreases intrinsic excitability and hyperpolarization-induced

currents of cultured hippocampal neurons.

2.2 Introduction

Temporal Lobe Epilepsy (TLE) is the most common form of focal-onset epilepsy in adults
and accounts for 60% of epileptic patients . In Mesial TLE, seizures often begin in the
hippocampus and progressively worsen over time. Current anti-seizure drugs are ineffective for
~75% of the patients with advanced mesial TLE, leading to severe consequences including
hippocampal sclerosis, high mortality rate, cognitive decline, depression, and temporal lobe
resection 1. Furthermore, dysregulation of intrinsic excitability and synaptic transmission has been

widely thought to underlie hippocampal hyperactivity that drives the development of spontaneous
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seizures in TLE 23, underscoring a critical need to identify the underlying mechanisms and novel

therapeutic targets.

STriatal Enriched protein tyrosine Phosphatase (STEP) is a brain-specific tyrosine (Tyr)
phosphatase encoded by the PTPN5 gene 4. Among four STEP isoforms, cytosolic STEP4s and
membrane-bound STEPe; are catalytically active and widely expressed in the brain except the
cerebellum 4. However, only STEPs; is expressed in the hippocampus and neocortex ° where it
dephosphorylates N-Methyl-D-aspartic acid receptor (NMDAR) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR), the key glutamate receptors that mediate
fast excitatory synaptic transmission. Specifically, STEPe1 dephosphorylates NMDAR subunit
GIuN2B at Tyr'#’2 and AMPAR subunit GluA2 at Tyr8%® Tyr873 and Tyr8’®, resulting in their
internalization %°, STEPs; also dephosphorylates and inactivates protein kinases including
extracellular signal-regulated kinase % (ERK1/2), p38, Fyn, and Pyk2 *. Reduction of STEP
increases NMDAR and AMPAR surface expression and excitatory synaptic currents % %2,
enhances long term potentiation 3, and prevents the internalization of GluA2-containing AMPARS
during metabotropic glutamate receptor-dependent long term depression in the hippocampus °.
Activity-dependent regulation of STEPe; also contributes to homeostatic stabilization of excitatory
synapses by regulating Tyr phosphorylation of GIuN2B and GIuA2 *°. Thus, STEPs1 weakens
excitatory synaptic strength.

Emerging evidence suggests that STEP may be a molecular target for seizure treatment.
Deletion of STEP gene PTPN5 results in resistance to pilocarpine-induced seizures * and
diminishes audiogenic seizures in a fragile X syndrome (FXS) mouse model *°. This reduction in
seizure propensity is puzzling since loss of STEP would be expected to increase seizure
susceptibility by potentiating excitatory synaptic strength. It is possible that genetic deletion of
STEP may have compensatory effects on other related genes and/or pathways, complicating
delineation of the role of STEP in seizure susceptibility. Therefore, here we tested the hypothesis
that acute pharmacological inhibition of STEP increases seizure propensity.

TC-2153 (8-(trifluoro-methyl)-1,2,3,4,5-benzopentathiepin-6-amine-hydrochloride) is a
selective STEP inhibitor, which forms irreversible covalent bonds with the cysteine residues near
a signature catalytic domain in STEP4s and STEPs1 6. Despite the low IC50 (24.6 nM), a higher

concentration of TC-2153 is required to increase Tyr phosphorylation of STEPs; substrates in
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primary cortical neuronal culture (1-10 uM) and the cortex in vivo (10 mg/kg) and reverse
cognitive deficits in a 3xTg mouse model of Alzheimer's Disease (AD) ® which display
hippocampal hyperactivity and spontaneous seizures 18, With a low level of acute toxicity (LD
50 > 1000 mg/kg) 1%, TC-2153 can alleviate audiogenic seizures in FXS mouse model ** and block
pentylenetetrazole-induced convulsions *° although the sex-dependence of anti-seizure effects of

TC-2153 and the underlying mechanism were not described.

In this study, we discovered that TC-2153 dampens hippocampal activity and exerts anti-
convulsant activity in both C57BL/6J male and female mice against a single systemic injection of
kainic acid (KA), which induces status epilepticus (SE) arising from the hippocampus %.
Furthermore, TC-2153 decreases action potential (AP) firing rate, sag voltage, and
hyperpolarization-induced current (In) in hippocampal neurons, providing novel evidence that
pharmacological inhibition of STEP by TC-2153 downregulates intrinsic neuronal excitability in

contrast to its well-known role in synaptic transmission.

2.3 Materials and Methods

Kainic acid-induced seizures

All animal procedures were approved by the Institutional Animal Care and Use Committee of the
University of Illinois at Urbana Champaign and conformed to the ARRIVE Guidelines. Both male
and female Ptpn5 homozygous knock-out mice (Ptpn57) & wild-type mice (Ptpn5 **), C57BL/6J
mice (Jax.org, Stock Number: 000664) were used for seizure studies at 6-12 weeks old. C57BL/6J
females received ovariectomy surgeries at 9-10 weeks old as described 2! and were used in seizure
studies at 7-10 days after surgery. Behavioral seizures were induced in mice by a single
intraperitoneal (i.p.) injection of saline or KA, (30 mg/kg, Abcam) 2° and monitored using modified
Racine scale for 2 hours (h) 2. To test the effects of TC-2153, C57BL/6J mice received KA at 3
h post i.p. injections with either vehicle control (saline containing 2.8% DMSO) or TC-2153 (10
mg/kg in saline containing 2.8% DMSO, Sigma Aldrich). This treatment was previously
demonstrated to increase Tyr-phosphorylation of STEP substrates in the cortex 6.
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Immunoblot Analysis

At 3 h post injection with either vehicle control or TC-2153, the mouse hippocampi were
biochemically fractionated to the supernatant and the membrane fractions (0.5 mg/mL) as
described 2. Primary dissociated hippocampal cultures were prepared from Sprague-Dawley rat
embryos at embryonic day 18 and plated at 330 cells/mm? as described °. To maximally inhibit
STEP, neurons at 9-10 days in vitro (DIV) were treated for 1 h with either vehicle control (0.14%
DMSO) or TC-2153 (10 uM) 8. Although the pharmacokinetics of TC-2153 is unknown, Tyr-
phosphorylation of STEPs: substrates were previously reported to increase in both neuron culture
upon 10 pM TC-2153 application and forebrain tissues upon its i.p. injection at 10 mg/kg ¢,
suggesting that a 10 uM concentration used in in vitro studies is equivalent or close to its brain
concentration achieved by in vivo delivery. Samples were immunoblotted for STEPe1 and its
substrates. Densitometric quantification was performed with ImageJ Software (National Institutes
of Health) 1% 2,

GCaMP6s imaging in acute hippocampal slices

Acute coronal hippocampal slices (200 um) were prepared from Thy1-GCaMP6s mice (Jax.org,
Stock Number: 024275) at 4-11 weeks old. Slices were incubated for 1 h at room temperature in
basal artificial cerebrospinal fluid (ACSF) with either DMSO (0.14%) or TC-2153 (10 uM) which
was previously shown to enhance hippocampal LTP 2?4 similar to STEP deletion . Time lapse
fluorescence images of GCaMP6s (size: 640 x 404 pixel) were acquired in ACSF for 1 minute
(min) at 3.6 frame per second (sec) with 25 msec exposure time, and 3x3 binning under a Zeiss
Axio Observer microscope. Slices were then incubated with potassium chloride (KCI, 15 mM) in
ACSF for 2 min and imaged for another 1 min. Images from 10-60 sec after KCI exposure were
analyzed for mean fluorescence intensity (F) in dentate gyrus (DG), CA1, and CA3 using ImageJ.
AF/F= (F-Fmin)/Fmin Was computed as described ?°, where AF indicates the difference between the

initial intensity in ACSF and the intensity after KCI stimulation. AF/F was normalized to ACSF.
Electrophysiology

At 1 h post treatment with DMSO (0.14%) or TC-2153 (10 uM), whole-cell patch-clamp
recordings of evoked AP firing, sag voltage, and rebound potential were performed at 30-32°C

from cultured hippocampal pyramidal neurons held at -60 mV in external solution containing
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CNQX (20 uM), DL-APS5 (100 uM) and bicuculline (20 uM) under current clamp mode using a
Multiclamp 700B amplifier, Digidatal440A, and pClamp 10.6 software (Molecular Devices) 2.
Voltage clamp recording of In was performed with CNQX (20 uM), DL-APS (50 uM), bicuculline
(10 uM), and TTX (0.5 uM) as described 2’. Clampfit 10.7 software (Molecular Devices) were

used for recording analyses 2'.
Statistical analysis

Data are reported as mean+ STDEV. Statistical analyses were performed using Origin Pro 9.5
(Origin Lab) to compare differences between means in 2 groups using the Student’s two-tailed t
test, and in groups of >3 using post-hoc Tukey test. For non-parametric data, the Mann-Whitney
U-test was used. Sex difference was analyzed by two-way ANOVA with sex as one factor and
treatment as the other. The priori value (p) < 0.05 was considered statistically significant.

Detailed description of each method is provided in Supplementary Information.

2.4 Results

Homozygous loss of STEP affects sensitivity to KA-induced seizure severity in age- and sex-

dependent manner.

Since STEPs: weakens excitatory synaptic strength "% 3 we hypothesized that genetic
deletion of PTPN5 would increase susceptibility to acute seizures. To test this hypothesis,
homozygous PTPN5 mice (STEP KO) and their wild-type PTPN5** littermates (STEP WT)
were treated with KA (30 mg/kg, i.p.) %°, and behavioral seizures were scored every 10 min for the
first 2 h using a modified Racine scale (Fig. 2.1) 2. Initially, we tested 6 to 7 week old adolescent
STEP WT and KO mice (P42-55) in reference to the age range that was originally investigated by
Briggs et al., which combined both sexes for analysis and showed that STEP KO mice are resistant
to pilocarpine-induced seizures 4. Consistent with Briggs et al., STEP KO males at this age
displayed a decrease in KA-induced seizure severity at nearly every time interval (Fig. 2.1B),
resulting in a lower cumulative seizure score compared to WT males (Fig. 2.1C). A similar trend

was observed for STEP KO females, but did not reach statistical significance (Fig. 2.1B-C, Table
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S2.2). The percentage (%) of mice that reached Stage 5 (SE) and Stage 6 (death) were also

decreased in KO males but not females compared to WT mice (Fig. 2.1D-E).

We next tested adult mice at 8 to 12 weeks of age (P56-P90) to avoid the adolescence
period when puberty onset and maturation occurs and corticolimbic circuits are still developing 2
29 In contrast to 6 to 7 weeks old STEP KO males (Fig. 2.1B-D), 8 t012 weeks old STEP KO
males showed similar seizure severity to WT males for the first 100 min following KA injection.
However, their seizure scores at 110 and 120 min post-KA injection, % SE, and % Death were
higher than WT males (Fig. 2.1F-I), consistent with our original hypothesis that STEP KO mice
would show increased seizure susceptibility. In contrast, STEP KO females displayed a decreasing
trend in seizure severity, the % SE, and % Death compared to WT females (Fig. 2.1F-I). Significant

interaction between sex and treatment was noted (Interaction: F(, 53=7.69, p=0.008, Table S2).

TC-2153 decreases KA-induced seizure severity in C57BL/6J mice.

To test if effects of acute pharmacological inhibition of STEP on seizure susceptibility are
similar to genetic deletion of STEP, C57BL/6J mice at 8 to 12 weeks of age (P56-P90) were i.p.
injected first with STEP inhibitor TC-2153 (10 mg/kg) or vehicle control and 3 h later with KA
(30 mg/kg) to induce behavioral seizures (Fig. 2.2A). Such treatment with TC-2153 was previously
shown to increase Tyr-phosphorylation of STEPe: substrates in the cortex including GIuN2B and
ERK1/2 %6, Upon TC-2153 injection, males displayed lower seizure scores at 50, 90, 110, and 120
min post-KA injection (Fig. 2.2B), decreasing cumulative seizure score, % SE, and % Death
compared to vehicle injection (Fig. 2.2C-E). In females, TC-2153 application induced a larger
decrease in seizure scores at nearly every time intervals, except 20-40 min (Fig. 2.2B) and reduced
cumulative seizure score, % SE, and % Death compared to vehicle controls (Fig. 2.2C-E).
However, no sex difference was observed for the effect of TC-2153 on cumulative seizure scores
(Sex: Fq, 48=1.32, p=0.26, Table S2.2). Importantly, TC-2153 treatment reduced the number of
mice that died by KA injection from 5 to 1 in both sexes (Fig. 2.2E). These data indicate that TC-
2153 reduced KA-induced seizure severity in C57BL/6J mice.

This result was contrary to our original hypothesis that seizure susceptibility will increase

by acute pharmacological inhibition of STEP. To confirm that TC-2153 was blocking STEP
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activity, primary rat hippocampal neuronal culture was treated with either DMSO (vehicle control)
or TC-2153 (10 uM) for 1 h. Immunoblot analysis of STEPe; substrates revealed that TC-2153
application significantly increased the levels of Tyr'4’2-phosphorylated GIuN2B and Tyr?%/Tyr'8’-
phosphorylated ERK1/2 compared to DMSO, without affecting the expression of GIuN2B,
ERK1/2, and STEPe: (Fig. S2.1A-B). Consistent with the previous reports in cultured cortical
neurons 8 these results demonstrate that TC-2153 inhibits STEPe activity in cultured

hippocampal neurons.

To confirm that TC-2153 inhibits STEPe; in the hippocampus in vivo, the hippocampi of
C57BL/6J mice were collected at 3 h post injection with either vehicle control or TC-2153 (10
mg/kg). Unlike previous reports 6, TC-2153 treatment did not alter hippocampal level of
phosphorylated ERK1/2 in both sexes (Fig. S2.2). However, TC-2153 application significantly
increased the hippocampal level of phosphorylated GIUN2B in females but not males, indicative
of STEPs: inhibition in females (Fig. S2.2). It is interesting to note that the effect of TC-2153 on
enhancing phosphorylated GIuN2B in females but not males (Fig. S2.2) mirrors its greater trends
on reducing KA-induced seizure severity in females (Fig. 2.2B-D).

Ovariectomy abolishes the TC-2153-induced seizure suppression in female C57BL/6J mice.

To investigate whether ovarian hormones were implicated in the TC-2153-induced
reduction in seizure severity seen in females, female C57BL6/J mice received ovariectomy (OVX),
which eliminates bulk circulation of ovarian-derived hormones from the system *. Under DMSO
injection, OVX females reached SE more quickly than ovary-intact females following KA
injection (Fig. S2.3). Remarkably, TC-2153 injection no longer decreased KA-induced seizure
severity, cumulative seizure scores, and % Death in OV X mice compared to DMSO injection (Fig.
2.2B-C, E). Furthermore, similar numbers of OV X females reached SE regardless of treatment
(vehicle: 6 out of 6 mice, TC-2153: 6 out of 7 mice) (Fig. 2.2D). These data indicate that OV X
abolishes the TC-2153-induced suppression of seizure severity seen in intact females.

TC-2153 treatment reduces the excitability of acute hippocampal slices.
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To investigate if TC-2153 affects hippocampal excitability, calcium imaging was
performed on acute hippocampal slices prepared from mice containing genetically encoded
calcium indicator GCaMP6s %. Acute slices were treated with either DMSO or TC-2153 (10 pM)
in ACSF for 1 h prior to imaging of GCaMP6s (Fig. 2.3A-C). Under DMSO application, KCI-
mediated depolarization significantly increased calcium signals in the somatic and dendritic layers
in the CA1, CA3, and DG regions from both sexes (Fig. 2.3C-D, Table S2.3). In contrast, TC-2153
treatment significantly reduced the KCl-evoked calcium signals in every region (Fig. 2.3C-D,
Table S2.3), indicating that TC-2153 decreases the excitability of the hippocampal slices.

TC-2153 treatment hyperpolarizes resting membrane potential and decreases intrinsic

excitability in cultured hippocampal neurons.

The inhibitory action of TC-2153 on the excitability of the hippocampal slices was contrary
to the well-known role of STEPs: in weakening excitatory synaptic strength in the hippocampus.
Therefore, we hypothesized that TC-2153 may regulate intrinsic excitability of hippocampal
pyramidal cells. To test this, we performed whole-cell patch-clamp recording of cultured
hippocampal neurons (DIV 8-10) after pre-treating with either DMSO or TC-2153 (10 uM) for 1
h (Fig. 2.4A-C). TC-2153 application hyperpolarized resting membrane potentials (RMP) and
decreased the input resistance (Rin), but did not affect membrane capacitance of recorded neurons
(Fig. 2.4D). Current clamp recording in the presence of synaptic transmission blockers revealed
that TC-2153 application reduced instantaneous firing rates and the number of APs at 20 to 200
pA injections compared to DMSO or no treatment (Fig. 2.4A-C). TC-2153 treatment also
increased average rheobase current, interspike interval (ISI), AP rise time, AP decay time, and AP
half width, while decreasing fast after-hyperpolarization (fAHP) amplitude at 100 pA injection
(Table 2.1). These data indicate that TC-2153 decreases hippocampal neuronal excitability.

TC-2153 treatment decreases sag voltage and In in cultured hippocampal neurons.

To test if TC-2153 regulates intrinsic membrane properties of hippocampal pyramidal
neurons upon membrane hyperpolarization, we measured the amplitude of voltage sag and rebound

potential. We found that TC-2153 treatment significantly reduced voltage sag by 75.2% and
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rebound potentials by 51.6% at -200 to -40 pA current injections compared to DMSO or no
treatment (Fig. 2.5A-C).

Hyperpolarization-activated cyclic nucleotide-gated ion (HCN) channels produce a slowly
depolarizing non-selective inward cationic current called In, which mediates voltage sag and
rebound potentials and regulates RMP and excitability of the hippocampal pyramidal neurons 3.
Among HCN1-4 subunits, HCN1 and HCN2 subunits are predominantly expressed in the
hippocampal and cortical excitatory neurons 2. To test if TC-2153 modulates In, we first confirmed
that cultured hippocampal neurons expressed HCN1 and HCN2 subunits (Fig. S2.1C-D). Voltage-
clamp recording upon membrane hyperpolarization revealed that TC-2153-treated neurons
displayed smaller Iy density (pA/pF) at -70 mV to -120 mV compared to DMSO-treated and
untreated neurons (Fig. 2.5D-E). The normalized conductance (G/Gmax) and V1, calculated from
G/Gmax showed a depolarizing shift in voltage dependence (Fig. 2.5F, Table S2.4). Consistent
with decreased sag voltage and rebound potential (Fig. 2.5A-C), these data indicate that TC-2153

down-regulates In.

25 Discussion

The role of STEPs: in weakening excitatory synaptic strength in the hippocampus and
cortex has been well-established 1% 13, but its effect on seizure susceptibility and regulation of
hippocampal excitability remains elusive. In this study, we provide evidence that acute
pharmacological inhibition of STEP with TC-2153 decreases KA-induced seizure severity and
hippocampal excitability. Our study has also revealed a previously unknown actions of TC-2153

in modulating intrinsic membrane properties.

Genetic ablation of STEP exerts age- and sex-dependent effects on seizure severity

Since STEPs: weakens excitatory synaptic strength in the hippocampus, seizure
susceptibility should increase in STEP KO mice which deletes all STEP isoforms 8. However,
Briggs et al. combined both sexes for analyses and showed that STEP KO mice at 6-8 weeks of
age are resistant to pilocarpine-induced seizures 4. When we separated the sexes in our analysis

for KA-induced seizure severity, there was a decrease in STEP KO males at 6-7 weeks of age but
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an increase at 8-12 weeks of age (Fig. 2.1). STEP KO females at both age groups showed a
decreasing trend in seizure severity (Fig. 2.1). Our study thus demonstrates that genetic ablation
of STEP, especially catalytic STEP4s and STEPs1, most likely affects seizure severity in an age-

and sex-dependent manner.

In rodents at 6 to 8 weeks of age, sexual maturation occurs in association with significant
changes in sex hormone-dependent synapse formation and circuit maturation in the brain,
particularly in the hippocampus and cortex 2 2°, The 8" week of age marks the end of the puberty
and adolescence period 28. These critical changes in hippocampal circuitry and synapse formation
due to sex hormone shifts may influence sensitivity to pilocarpine and KA which have different
mechanisms for inducing limbic seizures 2 ** and may explain the age-dependent switch in seizure
susceptibility of STEP KO mice.

Anti-seizure effect of the STEP inhibitor TC-2153.

TC-2153 inhibits two catalytically active STEP isoforms, STEP4 and STEPs1 *. Both
isoforms are expressed in the striatum and amygdala ° although only STEPs; is expressed in the
hippocampus and neocortex °. In both male and female mice, TC-2153 treatment decreased
hippocampal excitability (Fig. 2.3) and the severity of KA-induced seizures (Fig. 2.2) that arise
mostly from the hippocampus where KA subtype glutamate receptors are highly expressed
especially in the CA3 region compared to other brain regions including amygdala, striatum, and
cortex 2. Therefore, the majority of anti-seizure effect of TC-2153 is likely mediated by STEPs:
inhibition in the hippocampus, although we cannot exclude the possible contributions of inhibiting
both STEP46 and STEPe1 in other brain regions. While our studies with TC-2153 pretreatment
demonstrate its proof-of-concept anticonvulsant efficacy, investigating its pharmacokinetics and

anti-seizure effects during SE and TLE will be critical to assess its clinically relevant efficacy.

Compared to males, females displayed a greater trend in anti-seizure effect of TC-2153,
which was abolished by OV X (Fig. 2.2). Greater anti-seizure potency in females than males has
also been reported for neurosteroids in various acute seizure models 3. The possible involvement
of ovarian-derived hormones *° is interesting because prevalence, frequency, and semiology of

focal seizures and TLE have been reported to differ by sex in both clinical patient populations and
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preclinical animal models due to their neurobiological actions *°. Estrogen exacerbates seizures in
women with epilepsy *¢ and both estrogen and testosterone increase seizure susceptibility in rodent
KA models 3738, In contrast, seizure frequency in mice and women with epilepsy is reduced by
high progesterone level 6%,

It is interesting that anti-seizure effect of TC-2153 was lost in OV X females, whereas the
effect was present in males (Fig. 2.2). TC-2153 application also reduced the excitability of
hippocampal slices from both male and female mice (Fig. 2.3) even after circulating gonadal
hormones had washed away while acclimating the slices in ACSF “°, suggesting that gonadal
hormone cannot fully explain the subtle sex difference in the response to TC-2153. Considering
that women display higher drug concentration in blood and longer duration for drug metabolism
and clearance than men ®, a greater trend in anti-seizure effect in females may arise from higher
brain concentration of TC-2153 in females than males. Alternatively, the enhanced seizure severity
in OVX females compared to naive females (Fig. S2.3) may also contribute to the diminished
efficacy of TC-2153 in OV X females. Future studies shall evaluate ADME properties of TC-2153
in both sexes and use gonadectomy in combination with hormone replacement to confirm whether
TC-2153 decreases KA-induced seizure severity by altered pharmacokinetics of TC-2153 or
suppressing proconvulsant actions of estrogen or testosterone, and/or potentiating anti-convulsant

actions of progesterone.

Decrease in hippocampal intrinsic excitability as a mechanism for anti-seizure effect of TC-
2153.

Our study demonstrates novel actions of STEP inhibitor TC-2153 (Fig. 2.4-5). TC-2153
application markedly decreases intrinsic excitability of cultured hippocampal pyramidal neurons
(Fig. 2.4). Considering that STEPs: interacts with a variety of proteins including ion channels, ion
transporters, and signaling proteins important for neuronal excitability and synaptic transmission
12 our findings suggest a compelling possibility that STEPs: may regulate ionic currents critical
for intrinsic neuronal excitability and AP waveform, in contrast to its well-known role in

weakening synaptic transmission.
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Indeed, hyperpolarized RMP and decreased Rin in TC-2153-treated hippocampal neurons
(Fig. 2.4D) suggest the opening of potassium channels. Among major potassium currents in
hippocampal pyramidal neurons #!, fast activating and inactivating 1a and fast activating and
slowly inactivating Ip delay the onset of firing and contribute to AP repolarization and firing rate

4142 Slowly activating and inactivating I« mediates AP repolarization #2

, Whereas slowly
activating and non-inactivating Im hyperpolarizes RMP and suppresses repetitive firing of APs
without affecting their latency 3. Calcium-activated Ic contributes to fAHP and regulates AP
repolarization, firing rate, and half-width #4. The effects of TC-2153 on ISI, AP rise and decay
times, AP half width, and fAHP amplitude (Table 2.1) suggest that one or more of these potassium

currents may be regulated by TC-2153 to control intrinsic excitability and AP waveform.

In as a novel target of TC-2153.

We discover that TC-2153 treatment decreases In which contributes to sag voltage and
rebound potential evoked by membrane hyperpolarization (Fig. 2.5). The role of I, in hippocampal
neuronal excitability is complex, as I exerts both excitatory and inhibitory effects on the ability
of an excitatory postsynaptic potential (EPSP) to trigger an AP 3. In hippocampal CA1 pyramidal
neurons, HCN1 and HCNZ2 are preferentially enriched in the distal dendrites 3!, where I decreases
EPSP summation #, but dendritic excitability can be enhanced or reduced by In * 47, I, can also
increase AP firing rate by depolarizing RMP and decreasing Rin *8. Therefore, TC-2153-induced
In reduction (Fig. 2.5) may contribute to hyperpolarized RMP and decreased excitability seen in
TC-2153-treated neurons (Fig. 2.4).

How TC-2153 decreases In is unknown. Activation kinetic of HCN2 channel is regulated
by Src phosphorylation of its Tyr*’®, whereas the receptor-like protein-tyrosine phosphatase-alpha
can dephosphorylate HCN2 and decrease its surface and current expression 4, raising a possibility
that STEPs1 may dephosphorylate HCN2, and its inhibition by TC-2153 may modify HCN2
channel function or expression. Alternatively, TC-2153 may directly bind to and decrease current
expression of HCN1 and/or HCN2 channels. The mechanism underlying inhibitory actions of TC-

2153 on Iy warrants future studies.
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Therapeutic potential of TC-2153.

High levels of STEPs: are associated with Alzheimer’s disease (AD) 7 and FXS *°.
Pharmacological inhibition of STEP with TC-2153 alleviates excitatory synaptic defects and
memory loss observed in AD mouse model *® and reverses behavioral and synaptic deficits in FXS
mouse model ¥°. In addition to these therapeutic potentials, our present study demonstrates that
TC-2153 reduces seizure severity in both male and female mice and the activity of their
hippocampi (Fig. 2.1-2.3) and dampens intrinsic excitability and In of hippocampal neurons (Fig.
2.4-2.5). Clinical challenges exist in the use of anti-seizure drugs that are ineffective or can differ
by sex 1, urging a need for new therapeutic targets. Our study presents TC-2153 as an attractive
therapeutic candidate for epilepsy with novel mechanistic actions.
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Figure 2.1. Homozygous loss of STEP affects sensitivity to KA-induced seizures in age- and
sex-dependent manner. (A) Experimental schematic of kainic acid (KA)-induced seizures in
STEP knockout (KO) and wild-type (WT) mice. A modified Racine scale was used to score
behavioral seizures. (B-D) KA-induced seizures in STEP WT and KO mice at age 6 to 7 weeks
(P42-P55). (B) STEP KO males at age 6-7 weeks (n=12) show a significant decrease in seizure
scores at 20-110 min after KA injection compared to WT males (n=21). STEP KO females at age
6-7 weeks (n=12) show a significant decrease in seizure scores at 30 min post KA injection
compared to WT females (n=12). Mann-Whitney U-test results are shown (*p<0.05). (C)
Cumulative seizure scores. Two-tailed Student t-test results are shown (*p<0.05). (D-E)
Percentage (%) of mice that achieved Stage 5 (D) and Stage 6 (E). (F-I) KA induced seizures in
STEP WT and KO mice at age 8 to 12 weeks (P56-P90). (F) STEP KO males at age 8-12 weeks
(n=12) show a significant increase in seizure scores at 110 and 120 min compared to WT males
(n=13). STEP KO females at age 8-12 weeks (n=16) show a decreased trend in seizure propensity
compared to WT females (n=13), but this trend was not statistically significant. Mann-Whitney U-
test results are shown (*p<0.05). (G) Cumulative seizure scores. Two-tailed Student t-test results
are shown (*p<0.05). (H-1) Percentage (%) of mice that achieved Stage 5 (D) and Stage 6 (E).
Data shown represent the mean = STDEV (*p<0.05).

Figure 2.1 animal experiments were performed and data was collected by Jennifer Walters and
Archit Bajaj; data was analyzed by Jennifer Walters.
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Figure 2.2. TC-2153 treatment decreases KA-induced seizure severity in adult C57BL/6J
mice compared to vehicle control with greater effects seen in females. (A) Experimental
schematic of kainic acid (KA)-induced seizure severity in both male and female C57BL/6J mice
at 8-12 weeks (P56-P90) and ovariectomized (OVX) C57BL/6J females at 9-10 weeks (P63-P76)
at 3 h post i.p. injection with STEP inhibitor TC-2153 (10 mg/kg in saline containing 2.8% DMSQO)
or vehicle control (saline containing 2.8% DMSO). Behavioral seizures were monitored using
modified Racine scale. (B) TC-2153 treatment in male mice (n=12) decreases severity of KA-
induced seizures at 90-120 min post injection compared to vehicle treatment (n=13). TC-2153
injection in female mice (n=12) significantly decreases KA-induced seizure severity at nearly
every time point compared to vehicle treatment (n=12), whereas KA-induced seizures were similar
between vehicle-injected OVX females (n=6) and TC-2153-injected OV X females (n=7) for the
first 2 h. Mann-Whitney U-test results are shown (*p<0.05). (C) Cumulative seizure scores. Two-
tailed Student t-test results are shown (*p<0.05). (D-E) Percentage (%) of mice that achieved
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Figure 2.2 (cont.) Stage 5 (D) and Stage 6 (E). Data shown as mean £ STDEV. Table S2.1 shows
two-way ANOVA test results with sex as one factor and treatment as the other.

Figure 2.2 ovariectomies were performed by Dr. Catherine Christian-Hinman; animal
experiments were performed by Jennifer Walters; data was analyzed by Jennifer Walters.
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Figure 2.3. TC-2153 treatment reduces the excitability of acute hippocampal slices. (A)
Experimental schematic of calcium imaging on coronal acute hippocampal slices prepared from
Thy1-GCaMP6s mice at P28-90. The slices were incubated with DMSO (0.14%) or TC-2153 (10
uM) for 1 h, and subjected to GCaMP6s imaging first in ACSF and then after 2 min of 15 mM
KClI application. (B) Manual tracing of hippocampal CA1, CA3, and DG regions for analysis. (C)
Representative GCaMP6s fluorescence images of slices. Raw pixel intensity is shown. (D)
Quantification of GCaMP6s fluorescence (AF/F) in DG, CAl, and CA3 regions normalized to
ACSF. The total number of slices imaged: DMSO-treated slices (n=23 including 10 from 4 males,
13 from 5 females); TC-2153-treated slices (n=16 including 7 from 4 males and 9 from 5 females).
Compared to DMSO treatment, TC-2153 treatment reduces GCaMP6s signals in DG, CA1, and
CAS3 regions of hippocampal slices prepared from both males and females. The total number of
analyzed slices from males: DG (10 DMSO, 7 TC-2153), CA1 (10 DMSO, 7 TC-2153), and CA3
(8 DMSO, 6 TC-2153). The total number of analyzed slices from females: DG (11 DMSO, 9 TC-
2153), CA1 (11 DMSO, 9 TC-2153), CA3 (8 DMSO, 7 TC-2153). Data shown as mean + STDEV.
Post-hoc Tukey test results are shown for ACSF vs. KCI (*p<0.05, #*#p<0.005) and for
DMSO+KCI vs. TC+KCI (*p<0.05, ***p < 0.005). Table S2.2 shows two-way ANOVA test
results with sex as one factor and treatment as the other.

Figure 2.3 data was collected and imaged by Jiaren Zhang, Eung Chang Kim, and Jennifer
Walters; data was analyzed by Jennifer Walters.
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Figure 2.4. TC-2153 hyperpolarizes RMP and reduces AP firing and input resistance in
cultured hippocampal neurons. Whole-cell current-clamp recording of hippocampal pyramidal
neurons in dissociated culture (DIV 8-10) was performed in current clamp mode after 1 h
treatment with TC-2153 (10 uM) or DMSO (0.14%). (A-C) TC-2153 reduces AP firing in cultured
hippocampal neurons. Spike trains were evoked in pyramidal neurons in the presence of synaptic
transmission blockers by delivering constant somatic current pulses of 500 ms duration in the range
0-200 pA with a step interval of 10 s at a holding potential of =60 mV. (A) Representative traces
of APs at 100 pA injection. (B) Average instantaneous AP firing rate. (C) Average number of APs.
The number of recorded neurons: untreated (gray circle, n=12), DMSO (black square, n=15), or
TC-2153 (red triangle, n=18). (D) TC-2153 reduces hyperpolarizes RMP and decreases input
resistance in cultured hippocampal neurons. Average resting membrane potential, capacitance, and
input resistance in the recorded neurons: untreated (n=24), DMSO (n=28), or TC-2153 (n=36).
Data shown as mean + STDEV. Post-hoc Tukey test results are shown for TC-2153 vs. untreated
or DMSO (***p < 0.005).

Figure 2.4 data was recorded by Eung Chang Kim; analyzed by Eung Chang Kim and Jennifer
Walters.
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Figure 2.5. TC-2153 treatment reduces In in cultured hippocampal neurons. Whole-cell
current clamp recording of cultured hippocampal neurons (DIV 8-10) was performed after 1 h
treatment with TC 2153 (10 uM) or DMSO (0.14%). (A-C) TC-2153 reduces voltage sag and
rebound voltage in cultured hippocampal neurons. (A) Representative responses to
hyperpolarizing current steps from -200 to 0 pA in 20 pA increments in current clamp mode. The
amount of voltage sag (blue lines) and rebound potential (red lines) was determined as difference
between the maximum and steady-state voltage during the hyperpolarizing current injection. (B)
Average sag voltage. (C) Average rebound voltage. The number of recorded neurons: untreated
(gray circle, n=12), DMSO (black square, n=13), or TC-2153 (red triangle, n=18). (D-F) In voltage
clamp mode, In was evoked by applying voltage steps from the holding potential of -60 mV to -
120 mV in 5 mV decrements. (D) Representative traces of In. (E) In density at all voltage steps.
(F) Normalized conductance (G/Gmax) at all voltage steps. The number of recorded neurons:
untreated (n=9), DMSO (n=12), TC-2153 (n=15). Data shown as mean + STDEV. Post-hoc Tukey
test results are shown for TC-2153 vs. untreated or DMSO (***p < 0.005).

Figure 2.5 data was recorded by Eung Chang Kim; analyzed by Eung Chang Kim and Jennifer
Walters.
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Supplementary Figures and Legends
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Supplementary Figure 2.1. TC-2153 application increases Tyr-phosphorylation of STEPe
substrates in hippocampal neuronal culture. Dissociated rat primary hippocampal neuronal
culture that were treated for 1 h with either DMSO as a vehicle control, or TC-2153 (10 uM) at
DIV (days in vitro) 9-10. (A-B) Immunoblot analysis of STEP¢;, Tyr'4"2-phosphorylated GluN2B
(p-GluN2B), total GluN2B (GluN2B), Tyr?%2204_phosphorylated ERK1/2 (p-ERK), total ERK1/2
(ERK), and GAPDH. (A) Representative immunoblots. (B) Quantification of immunoblots. The
ratios of the phosphorylated or total protein band intensity over the GAPDH band intensity were
calculated and normalized to vehicle control. TC-2153 treatment significantly increases the level
of Tyr'*”>-phosphorylated GIluN2B and Tyr’***'®_phosphorylated ERK1/2 compared to DMSO
treatment. (C-D) Immunoblot analysis of HCN1, HCN2, and GAPDH. (C) Representative
immunoblots. (D) Quantification of immunoblots. TC-2153 treatment significantly decreases the
level of HCN1 but not HCN2 compared to DMSO treatment. Data shown as mean + STDEV for
6 dishes per treatment group. Student #-test results are shown (*p<0.05, **p<0.01).

Supplemental figure 2.1 data was collected by Brian C. Baculis and Archit Bajaj; analyzed by
Brian C. Baculis.
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Supplementary Figure 2.2. The effect of TC-2153 injection on Tyr-phosphorylation of
STEPs1 substrates in mouse hippocampi in vive. Immunoblot analysis of hippocampal tissues
of C57BL6/J mice (8-12 weeks old) at 3 h post injection with TC-2153 (10 mg/kg) or vehicle
control. Hippocampal tissues were fractionated into membrane (P2) and soluble (S2) lysate
fractions, which were then subjected to immunoblot analysis for STEP¢, Tyr'4’2-phosphorylated
GIuN2B (p-GluN2B), total GluN2B (GluN2B), Tyr?%22%_phosphorylated ERK1/2 (p-ERK), total
ERK1/2 (ERK), and GAPDH. (A, C) Representative immunoblots of male hippocampi (A) and
female hippocampi (C) fractions. (B, D) Quantification of immunoblots of male hippocampi (B)
and female hippocampi (D). TC-2153 injection significantly increases the hippocampal level of
Tyr'*”?> -phosphorylated GluN2B in females but not male. Data shown as mean = STDEV for 4
mice per treatment group per sex. Student z-test results are shown (*p<0.05, **p<0.01).

Supplemental figure 2.2 data was collected and analyzed by Jennifer Walters.
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Supplemental Figure 2.3. TC-2153 injection decreases seizure severity in ovary-intact but
not ovariectomized female mice. The data points of ovary-intact females (naive) and
ovariectomized (OVX) females from Figure 2B were replotted to compare the effects of OVX.
Under DMSO vehicle treatment, OV X females (n=6) reached SE more quickly than ovary-intact
females following KA injection (n=12). Under TC-2153 injection, OVX females (n=7) displayed
higher seizure scores compared to ovary-intact females (n=12). Data shown represent the mean +
STDEV. Mann-Whitney U-test results are shown (*p<0.05).

Supplemental figure 2.3 data was collected and analyzed by Jennifer Walters; ovariectomies were
performed by Dr. Catherine Christian-Hinman; animal experiments were performed by Jennifer
Walters.
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Supplementary Tables

Supplementary Table 2.1. Two-way ANOVA statistical analysis for Figure 1C, G

Behavior Test Result ANOVA table F(DFn, DFd) p value
KA-induced Cumulative Sex F(1,56) =0.087 p=0.769
seizure of WT  Seizure Score Genotype F(1,56) =9.245 p=0.004
and STEP KO Interaction F(1,56)=1.854 p=0.179
Mice (P42-

P55)

KA-induced

seizure of WT Cumulative Sex F(l, 53) =0.61 p= 0.438
and STEP KO  Seizure Score Genotype F(1,53) =0.22 p = 0.644
Mice (P56- Interaction F(1,53) =7.69 p =0.008
P90)
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Supplementary Table 2.2. Two-way ANOVA statistical analysis for Figure 2C

Experiment Result ANOVA table F(DFn, DFd) p value
KA-induced Cumulative Sex F(1, 48) =1.32 p =0.258
seizure of i

Mice Treated Seizure Score Treatment F(1,48)=1594 p=0.0003
with TC-2153 Interaction F(1,48) = 2.08 p=0.158
or Vehicle
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Supplementary Table 2.3. Two-way ANOVA statistical analysis for Figure 3

Experiment Result ANOVA table F(DFn, DFd) p value
GCaMP Area Ratio over Sex F(1, 36) =1.75 p=0.195
imaging ACSF in Dentate a _
analysis of Gyrus (DG) Treatment F(1, 36) =8.17 p =0.007
DMSO and Interaction F(1,36)=0.15  p=0.699
TC-2153 )
treated HP Area Ratio over Sex F(1,38) =0.79 p=10.380
i ACSF in CA1
acute slice CSFinC Genotype F(1,38)=879  p=0.005
Interaction F(1, 38) =0.05 p=0.830
Area Ratio over Sex F(1,30)=1.54 p=0.226
ACSF in CA3 Genotype F(1,30)=3.66  p=0.066
Interaction F(1, 30) =1.05 p=0.314
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Supplementary Table 2.4. Passive and In properties of cultured hippocampal pyramidal
neurons treated with DMSO or TC-2153 in Figure 5D-E.

G/GmaX G/Gmax
n Vi (MV) Cm (pF) Vi k
(mV) (mV/efold)

Untreated | 9 | -61.8+1.54 |65.2+5.33| -106.1 +11.14 4.4 +1.88
DMSO |12 | -62.0+1.68 |65.4+6.28| -105.9+4.75 43+1.63
TC-2153 | 15 [-67.0 + 2.23*"|62.4 + 7.25| -97.2 + 11.96*" | 8.8 + 3.33*/

n, number; Vm, resting membrane potential; Cm, whole cell membrane capacitance; V1., half-
activation potential; k, the slope factor. V12 and k are calculated from normalized conductance

G/Gmax. Data shown represents the mean + STDEV. Post-hoc Tukey test results are shown for
TC-2153 vs. untreated (*p<0.05) and TC-2153 vs. DMSO ("p<0.05).
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Supplementary Methods

Experimental animals

All experiments involving the use of animal procedures were approved by and in compliance with
the Institutional Animal Care and Use Committee of the University of Illinois at Urbana
Champaign and the ARRIVE Guidelines *. All efforts were made to follow the principle of 3Rs
(Replace, Reduce, Refine) and minimize both the suffering and unnecessary use of animals. All
mice were housed in a standard humidity- and temperature-controlled environment on a on a
normal 14:10 light:dark cycle under the permanent supervision of professional technicians of the
Division of Animal Research at the University of Illinois. Food and water were provided ad
libitum. At weaning, littermates of the same sex were group housed up to 5 mice per cage. Animals
were euthanized by CO2 asphyxiation.

The Ptpn5 gene knock-out mice on C57BL/6NCrl background (STEP KO) have been
previously described 2 and obtained from Dr. Paul Lombroso (Yale University). Upon arrival at
our laboratory, these mice were backcrossed at least 5 generations to C57BL/6J background
(Jax.org, Stock Number: 000664) before performing seizure studies. Breeding pairs to generate
experimental mice consisted of Ptpn5"~ and Ptpn5*~ mice, which yielded Ptpn5**, Ptpn5*", and
Ptpn57. Another breeding pairs consisted of Ptpn5*~ and C57BL/6J mice, which yielded STEP**
and STEP*".

At weaning, genotyping of these mice was determined by Polymerase Chain Reaction
(PCR) on their tail genomic DNA. The primers used in genotyping were the wild-type forward
primer (5-CCC-TAC-TCT-CAT-TCC-TCC-CTT-CCC-3), the reverse primer common to both
target and endogenous genes (5'-GGC-AGC-AGA-TGC-TGG-TGG-C-3") and the Neo forward
primer specific for the target gene only (5'-GGG-GAA-CTT-CCT-GAC-TAG-GG-3").

Kainic acid (KA)-induced seizures

To induce seizures, both male and female mice were subjected to a single intraperitoneal (i.p.)
injection of KA (Abcam, 30 mg/kg) as described 3. For STEP WT (Ptpn5**) and STEP KO (Ptpn5-
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") mice, we used 2 age groups: one group consists of mice with age from the beginning of the 6%
week to the end of 7! week (P42-P55) which is defined as 6 to 7 weeks of age. The second group
consists of mice with age from the beginning of the 8th week to the end of 12th week (P56-P90),
which is defined as 8 to 12 weeks of age. Mice weighed 15 to 26 g when KA injections were
performed in the laboratory under the bright light. Mice were returned to their home cage and
monitored for their behavioral seizures every 10 min for the first 2 hours (h) using a modified
Racine scale 4, which consists of seven stages: (Stage-0) normal behavior, (Stage-1) immobility,
rigidity, (Stage-2) head bobbing, (Stage-3) rearing, forelimb clonus, (Stage-4) continuous
rearing/falling, (Stage-5) tonic-clonic seizure, (Stage-6) death. Mice were euthanized at 2 h post
KA injection after seizure scoring was completed. Cumulative seizure scores were calculated as
the sum of all Racine stage scores at each 10-minute (min) interval over a 120-min time period.
To calculate the percentage of mice that reached Stage-5 (% SE) or Stage-6 (% Death) per
treatment group, the number of KA-injected mice that reached Stage-5 or Stage-6, respectively,

was divided by the total number of mice in that group.

To measure the effect of STEP inhibitor TC-2153 on seizure propensity, both male and
female C57BL/6J mice at 8 to 12 weeks of age were injected with either vehicle control (saline
containing 2.8% DMSO or TC-2153 (Sigma Aldrich, 10 mg/kg in saline containing 2.8% DMSO)
as described °. At 3 h post injection, mice were given either saline or KA (30 mg/kg, a single i.p.
injection) and monitored for behavioral seizures as described above. Saline injection resulted in
the Stage-0 seizure score in every time point in all tested males (vehicle: n = 13, TC-2153: n = 12)
and females (vehicle: n = 12, TC-2153: n = 12). Based on the G*Power 3.1 analysis (power of
80%, a-error of 0.05, and effect size of 0.8), we used >12 mice per treatment for all tested groups
except for OVX females (total 13 mice including 6 for vehicle, 7 for TC-2153) upon considering
the robust effects of OV X on blocking anti-seizure effects of TC-2153 as well as saline-injected

mice upon considering the lack of saline response.

Whole brain lysate preparation and western blotting

A separate cohort of C57BL/6J mice at 8-12 weeks old received i.p. injections with either vehicle
control or TC-2153 (10 mg/kg). At 3 h post injection, mice were anesthetized by isoflurane
inhalation and rapidly decapitated. Their brains were removed, dissected for hippocampi, and
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stored in —80°C. The hippocampi of C57BL/6J mice were biochemically fractionated to the
supernatant (S2) and the membrane (P2) fractions (0.5 mg/mL) as described . In brief, two
hippocampi per mouse were homogenized in ice-cold homogenization buffer (solution A)
containing (in mM): 320 sucrose, 1 NaHCO3, 1 MgCl2, 0.5 CaCl2, 0.4 HEPES (pH 7.4) and Halt
protease inhibitors (Thermo Fisher Scientific). After centrifuging 1,400g for 10 min at 4°C, the
homogenate supernatant (S1) was separated from insoluble tissue and nuclear pellet (P1). The S1
fraction was then centrifuged at 13,8009 for 10 min at 4°C. The supernatant (S2) was removed,
and the remaining pellet (P2 membrane fraction) was resuspended in ice-cold solution B
containing (in mM): 160 sucrose, 6 Tris-HCI, 0.5% Triton-X (pH 8.0) and Halt protease inhibitors.
The S2 fraction is enriched with cytosolic soluble proteins. The P2 fraction is enriched with
transmembrane proteins and membrane-bound proteins. BCA assay (Pierce) analysis was
performed to determine protein concentrations across samples, which were subsequently
normalized to 0.5 mg/mL in Solution A (pH 7.4). The S2 and P2 fractions were stored at —80°C

until use.

The S2 or P2 fractions (6 pg per sample) were mixed with 5X SDS sample buffer and
heated at 75°C for 15 min. Lysate samples were run on SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to polyvinyl difluoride (PVDF) membrane (Millipore).
Immunoblot analysis was performed as described & 7 with the following modifications. Each blot
was blocked in 5% bovine serum albumin (BSA) and 0.1% Tween-20 in Tris buffered saline (TBS)
for 1 h and then incubated in primary antibodies with washing buffer (1% BSA and 0.1% Tween-
20 in TBS) overnight at 4°C. Primary antibodies used include STEPs1 (#4396, Cell Signaling,
1:1000), anti-GluN2B (AB1557P, Millipore, 1:1,000), anti-GIUN2B-pTyr!4’2 (P1516-1472,
PhosphoSolutions, 1:500), anti-ERK1/2 (#4695, Cell Signaling, 1:1,000), anti-ERK1/2-pTyr202/204
(#9106, Cell Signaling, 1:2000), and GAPDH (#2118, Cell Signaling, 1:1000). After incubating
in HRP-conjugated secondary antibody in washing buffer for 1 h, the blots were exposed to
enhanced chemiluminescence substrate (ECL, Thermo Fisher Scientific) for 1 min. The
luminescent signals were detected using an iBright imaging processor. Densitometric
quantification was performed with ImageJ Software (National Institutes of Health) as previously
described &7, The band intensity of a protein of interest was divided by the GAPDH band intensity.

The ratio of vehicle-treated control group was taken as 100%, and the ratio of TC-2153-treated
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group was normalized to the ratio of vehicle-treated control to obtain the % of relative protein

expression.

GCaMP6s imaging

Acute hippocampal slices were prepared from male and female Thyl-GCaMP6s mice (Jax.org
stock 024275) at 4-11 weeks of age. These mice contain genetically encoded calcium indicator
GCaMP6s 8. In brief, Thyl-GCaMP6s mice were anesthetized with isoflurane and rapidly
decapitated. Both male and female mice were used. The brain was quickly removed and placed in
ice-cold sucrose based cutting solution consisting of the following (mM): 25 NaHCOs, 200
sucrose, 10 glucose, 2.5 KCI, 1.3 NaH2PO4, 0.5 CaClz and 7 MgCl,. Coronal hippocampus slices
were cut at 200 um using a vibrating microtome (Leica VT1000S). Slices were then transferred to
basal artificial cerebrospinal fluid (ACSF) consisting of the following (in mM): 125 NaCl, 26
NaHCOs3, 2.5 KCI, 1 NaH2POg4, 1.3 MgCly, 2.5 CaClz and 12 glucose, equilibrated at 35°C for
30 min, and then maintained at room temperature for 1 h before calcium imaging. Cutting solution
and ACSF were saturated with 95% O and 5% CO.. All experiments were performed at 32°C.
Slices were incubated with either vehicle control (0.14% DMSO) or TC-2153 (10 uM) for 1 hour

as they recovered at room temperature.

Time lapse fluorescence images of GCaMP6s (size: 640 x 404 pixel) at the CA1, CA3, and
DG regions were acquired in ACSF for 1 min at 3.6 frame per second with 25 ms exposure time,
and 3x3 binning using a Zeiss Axio Observer microscope with a Zeiss AxioCam 702 mono Camera
and ZEN Blue 2.6 software, and were stored with no further modification as ZVI and 16-bit TIFF
files. Slices were then incubated with KCI (15 uM) in ACSF for 2 min and imaged for another 1
min. Images from 10-60 sec were analyzed for mean fluorescence intensity (F) in DG, CAL, and
CA3 using Image] (NIH). AF/F= (F-Fmin)/Fmin was computed as described & where AF indicates
the difference between the initial intensity in ACSF and the intensity after KCI stimulation. AF/F

was normalized to ACSF.
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Hippocampal neuronal culture and western blotting

Primary dissociated hippocampal cultures were prepared from E18 Sprague-Dawley rat embryos
as described 7 and plated at high density (330 cells/fmm?) onto poly L-lysine-coated (0.1 mg/mL)
30 mm cell culture dishes. Application of TC 2153 at 1-10 uM for 1 h has been previously
demonstrated to increase Tyr-phosphorylation of multiple STEP substrates in primary cortical
cultured neurons with minimal toxicity, although TC-2153 has an 1C50 of 24.6 nM in vitro °. To
maximally inhibit STEP, neurons at 9-10 days in vitro (DIV) were treated for 1 h with vehicle
control (0.14% DMSO) or TC 2153 (10 uM).

Following pharmacological treatment, hippocampal cultured neurons were lysed in ice-
cold RIPA buffer (200 uL per dish) which contained protease inhibitor cocktail and phosphatase
inhibitor cocktail (Thermo Fisher Scientific). The resulting lysate samples (12 puL) were subjected
to immunoblot analysis as described 7 with primary antibodies including STEPe: (#4396, Cell
Signaling, 1:1000), anti-GIuN2B (AB1557P, Millipore, 1:1,000), anti-GIuN2B-pTyr'4’? (P1516-
1472, PhosphoSolutions, 1:500), anti-ERK1/2 (#4695, Cell Signaling, 1:1,000), anti-ERK1/2-
pTyr?%22%4 (#9106, Cell Signaling, 1:2000), HCN1 (#APC-056, Alomone, 1:1000), HCN2 (#75-
111, Neuromab, 1:1000), and GAPDH (#2118, Cell Signaling, 1:1000). Densitometric
quantification, following normalization to GAPDH was performed with ImageJ software (National

Institutes of Health) as described ® 7.

Electrophysiology

For recording in dissociated cultured rat hippocampal neurons, we pre-treated with TC 2153 (10
uM) or DMSO in the coverslip containing DIV 8-10 for 60 min before recording. Then, the
coverslip was transferred to the recording chamber in external solution containing (in mM): 125
NaCl, 26 NaHCOs3, 2.5 KCI, 1 NaH2PO4, 1.3 MgCly, 2.5 CaCl,, and 12 Dextrose, bubbled with
95% O2 and 5% CO- (310-315 mOsm, pH 7.2 to 7.3 with KOH). The pyramidal neurons were
visually identified using an upright microscope (Axio scope, Carl Zeiss Microimaging,
Thornwood, NY, USA). The whole-cell patch-clamp recordings were carried out at 30-32°C in
external solution containing the synaptic transmission blockers CNQX (20 uM), DL-AP5 (100
uM) and bicuculline (20 uM) for action potential (AP) and Sag voltage and rebound voltage under
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current clamp mode. Recording pipettes were pulled from glass capillaries with an outer diameter
of 1.5 mm on micropipette puller (P-97; Sutter Instruments, Novata, CA, USA), and had a
resistance of 3—-5 MQ when filled with internal solution containing (in mM): 130 potassium
methylsulfate, 10 KCI, 5 Tris-phosphocreatine, 10 HEPES, 4 NaCl, 4 Mg.ATP, and 0.4 Na,GTP.
(290-295 mOsm, pH 7.2 to 7.3 with KOH) * %, RMP was measured in current-clamp 2 min after

achieving the whole-cell configuration to let the internal solution diffused enough into the cytosol.

Neurons were held at -60 mV. The AP firing rates (Hz) were measured upon delivering
constant current pulses of 500 ms ranging from 0 to 200 pA in 10 pA increments with a step
interval of 10 sec. Neurons were omitted if the resting membrane potential was more depolarized
than —50 mV, or if no APs were discharged. Sag voltages were measured upon delivering constant
current pulses of 500 ms ranging from - 200 to 0 pA in 20 pA increments. Whole-cell recordings
were made using a Multiclamp 700B amplifier (Molecular Devices). Electrophysiological
recordings were filtered at low-pass Bessel at 10 kHz and digitized at 10 kHz. Data was acquired
and analyzed with a Digidata 1440A interface (Molecular Devices) and the pClamp suite of
software (version 10.6; Molecular Devices). Recording analyses were performed using Clampfit

software (version 10.7; Molecular Devices).

The instantaneous AP firing rate at each current pulse was calculated as a reciprocal of the
interspike intervals (ISI), measured as the time between the first and second AP peaks (i.e.
1/interspike interval) as previously described ® . The AP threshold was measured as the
membrane potential at which dV/dt of the AP exceeded 10 mV/ms. The AP height was calculated
as the difference between the AP peak amplitude and the AP threshold. The 10-90% rise time and
decay time were determined by calculating the difference between the time of 10% and 90% of
the AP peak amplitude, respectively. The AP half width was measured as the width at half-
maximal AP amplitude. Fast afterhyperpolarization (FAHP) was measured from trains of APs
elicited by 100-pA current injection as the difference between the AP threshold and minimum
voltage after the AP peak. The AP latency was assessed as the time between onset of current
injection to peak of the first ensuing AP. Rheobase current was quantified as the minimal
depolarizing current step sufficient to elicit an AP as described ° °. Input resistance of the neuron
was measured by dividing the average voltage deflection of the membrane potential by a
hyperpolarizing 10 pA current step (500 ms) from -50 pA to -10 pA.
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Voltage clamp recording of hyperpolarization activated current (In) was performed as
described . Ir was activated by changing the holding potential at -60 mV through a range from -
60 mV to -120 mV in 5 mV decrements under voltage clamp in external solution containing CNQX
(20 uM), DL-APS (50 uM), bicuculline (10 uM) and TTX (0.5 uM). Each test potential was
maintained for 1 s. The net Iy conductance was measured as the difference between the steady-
state current at the end of the test potential and the minimum current measured within 100 ms. The
normalized conductance (G/Gmax) was plotted as a function of voltage steps. No corrections were
made for liquid junction potentials. The In currents were then fit to a Boltzmann distribution of the
following form: y=y max/[1/exp.(V12—V)/K], where V is the test potential, V1> the half-activation

potential, and k the slope factor.
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CHAPTER 3: INVESTIGATING THE EFFECTS OF SPONTANEOUS RECURRENT
SEIZURE DEVELOPMENT IN A HOMOZYGOUS STEP KO STRAIN AND CCI-
INDUCED TBI ON STEP EXPRESSION IN THE HIPPOCAMPUS

3.1  Background

Upregulation of Striatal-enriched protein tyrosine phosphatase (STEP), gene name PTPN5, has
been shown in numerous models of neurological disorders. Upregulation of STEP is found in
postmortem tissue of Alzheimer’s (AD) patients as well as animal models of AD 3. Significant
increases in STEPs1 levels have been found in the postmortem anterior cingulate cortex and
dorsolateral prefrontal cortex of schizophrenia patients, as well as inducible mouse model of
schizophrenia upon treatments with psychotomimetic NMDAR antagonists MK-801/Dizocilpine
and a dissociative hallucinogenic drug, phencyclidine . STEPs: levels are also shown to be
elevated in the cortex of both putative risk gene neuregulin 1 knockout (Nrg1*") and the receptor
tyrosine kinase ErbB2/4 (which is signaled by Nrg1) knockout mouse model of schizophrenia, and
in human induced pluripotent stem cells (hiPSC)-derived forebrain neurons and Ngn2-induced

excitatory neurons from two independent schizophrenic patient cohorts °.

Notably, age-dependent increases in STEP levels are found in heterozygous knock-out mice of
superoxide dismutase (SOD2*"), which plays an anti-apoptotic role in countering oxidative stress
and inflammation in aging, cancer, and neurodegenerative disorders 8. A follow-up investigation
of the role of STEPe: in oxidative stress caused by traumatic brain injury (TBI) demonstrates that
increased STEPe1 levels and accompanies decreased protein and current levels of synaptic
NMDARs in C57BI/6 and SOD2* mice, whereas treatment of STEP inhibitor TC-2153 partially
reduced this effect 7, suggesting that the increase in STEPs level and/or activity may serve as an
early biomarker of synaptic damage due to trauma. This is crucial, since trauma to the brain, such
as TBI and status epilepticus (SE), is one of the most common risk factors that leads to the

development of temporal lobe epilepsy (TLE) 8.

Our recent publication ® showed that the administration of TC-2153 at 3 h prior to i.p. injection of

kainic acid (30 mg/kg) leads to significantly less seizure severity in C57BI/6J mice compared to
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vehicle control (see Chapter-2). We also show that TC-2153 significantly reduces intrinsic
excitability and In of cultured rat hippocampal neurons (see Chapter-2). However, whether the
anti-seizure effect of TC-2153 is due to its specific inhibition of STEP or its direct inhibition of
other proteins such as HCN channels that underlie Iy is unknown. Furthermore, whether

hippocampal STEPs: contributes to the development of TLE is unknown.

In this chapter, we first tested if the anti-seizure effect of TC-2153 requires STEP by utilizing KA-
induced acute SE model in homozygous PTPN5” (STEP KO) mice. We found that the effect of
TC-2153 in reducing severity of kainate (KA)-induced seizures was abolished in both male and
female STEP KO mice, indicating that anti-seizure effect of TC-2153 requires STEP. As a first
step to investigate whether hippocampal STEPe1 contributes to the development of TLE, we next
investigated if TBI changes STEPe1 expression and/or activity using the Cortical Controlled
Impact (CCI) model of TBI. Our preliminary findings show that TBI increases STEPs; protein
expression by 14 days post TBI in both the hippocampus and cortex.

To test if this increase in hippocampal STEPs: persists during epileptogenesis and if hippocampal
STEPe: contributes to the development of spontaneous seizures in TLE, | used the repeated, low-
dose kainate (RLD-KA) model of TLE in STEP KO mice and wild-type (WT) mice. In this RLD-
KA model of TLE, KA-induced SE induces damage to the hippocampus, and ultimately produces
spontaneous convulsive seizures over a 7 day period post-insult ¥ that originate from the
hippocampus and become generalized over time 8. I have collected the brain tissues at 1, 2, 4, 7,
14, and 21 day post KA-induced SE, but was unable to process the tissues for western blot analysis
of STEPe: level and activity. However, based on our TBI-induced increase in hippocampal STEPe:
expression, | expect to see a persistent increase in the level and activity of STEPs;: during
epileptogenesis as well as when spontaneous recurrent seizures occur in the RLD TLE model.

Here, | present the progress of these 3 outlined projects as shown below.

3.2 Methods

Acute KA-induced seizures in STEP KO mice after vehicle or TC-2153 treatment.

All animal procedures were approved by the Institutional Animal Care and Use Committee of the

University of Illinois at Urbana Champaign and conformed to the ARRIVE Guidelines. Both male
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and female Ptpn5 homozygous knock-out mice (Ptpn57") 2, wild-type mice (Ptpn5 *'*), (Jax.org,
Stock Number: 000664) were used for seizure studies at 9-11 weeks old. Behavioral seizures were
induced in mice by intraperitoneal (i.p.) injection of saline or a high, single dose of KA, (30 mg/kg,
Abcam) ! and monitored using modified Racine scale for 2 hours (h) 2. To test the effects of TC-
2153, C57BL/6J mice received KA at 3 h post i.p. injections with either vehicle control (saline
containing 2.8% DMSO) or TC-2153 (10 mg/kg in saline containing 2.8% DMSO, Sigma
Aldrich). This treatment was previously demonstrated to increase Tyr-phosphorylation of STEP
substrates in the cortex 1.

The Cortical Controlled Impact (CCI) model of TBI.

The animals were administered with Carprofen (0.5 mg/kg, i.p.) and 2-3% isoflurane. Body
temperature was maintained at 37 °C on a heating pad and monitored during the surgery. Depth of
anesthesia was observed by a gentle toe pinch without causing any injury. The hair on the heads
of the anesthetized mice was removed with Nair and skin was cleaned with betadine. Then, the
animals’ heads were fixed in a stereotaxic frame and TBI was induced using the CCI technique. A
midline skin incision was performed to expose the skull and craniotomy over the left
somatosensory cortex was performed in both sham and CCI animals. To produce the recapitulative
effects of induced TBI, the impact was delivered to the mice at a strike velocity of 3.5 m/sec with
a dwell time of 400 msec at a depth of 1.0 mm. The area of craniotomy was sutured, lidocaine
(2.5%) or prilocaine (2.5%) and Neosporin were applied as topicals on the injury site. The animals
were monitored until recovery from anesthesia and over the next 14 consecutive postoperative

days.
Transcardial perfusion, hippocampal slice, and immunohistochemistry

Our postdoc Dr. Eung Chang Kim fixed and collected neural tissue at time point 14 days post-
CCI. To make the slices, the mice were deeply anesthetized using isoflurane and transcardially
perfused with ice-cold 1x PBS (approximately 15-20ml or until all blood is clear) then with ice-
cold 2% PFA (pH 6; about 20ml or until mouse is rigid). The brain was then harvested and placed
in 5 ml of cold 2% PFA (pH 6) in a 50 ml conical tube and stored for 1 hour (h) at 4°C. The brain
was cryoprotected with 30% w/v sucrose overnight (or until brain sinks in solution) at 4°C. The

brain was frozen using isopentane on dry ice, embed in OCT and stored at -80°C. Slice sections of

76



30um of the desired area (hippocampus) were taken and collected on glass slides (Superfrost plus
Microscope slide, Fisher, Cat # 22-037-246).

On Day 1 of immunostaining, the slides were washed twice with 1X PBS (300 ul/slice) for 5 min
and then fix the with fixation buffer (300 ul/slice) for 30 min at room temperature. Slices were
then permeabilized with 0.3% Triton-X-100/1X PBS for 1 h at room temperature. The slices were
then blocked (10% NGS / 0.3% Triton-X in 1X PBS), labeled with 300 ul of anti-STEP Ms (Cell
Signaling #4396S, 1:100), anti-GFAP Ms (Neuromab #75-240, 1:200) and anti-NeuN Rb (Cell
Signaling #24307, 1:250) primary antibodies and incubated overnight while rotating at 4°C. On
Day 2, slices were washed and secondary antibodies were added at 1:200 dilution in incubating
solution (3% NGS / 0.3% Triton-X in PBS) and incubated in 500 ul of secondary antibody
overnight at 4°C. On Day 3, the slices were washed and then transferred to slides. Once the slides
were partially dry, DAPI was added (1:200) in PBS and a coverslip for 1 h at room temperature.
Slides were stored at 4°C. The slices were imaged using our Zeiss Axio Observer microscope with
a Zeiss AxioCam 702 mono Camera and ZEN Blue 2.6 software. Images were acquired using a
63x objective. Fluorescence images of the slices will be acquired using the same exposure time

and analyzed with ImageJ software (National Institutes of Health).
Immunohistochemical analysis

Fluorescence images of the slices were acquired using the same exposure time and the average
mean intensities of each image were analyzed with ImageJ (National Institutes of Health). Student
t-test was used to determine significance. The p value (< 0.05) will be considered statistically

significant.

The RLD-KA model of TLE in STEP KO mice and wild-type (WT) mice

All animal procedures were approved by the Institutional Animal Care and Use Committee of the
University of Illinois at Urbana Champaign and conformed to the ARRIVE Guidelines. Both male
and female Ptpn5 homozygous knock-out mice (Ptpn5™, or STEP KO)  (Jax.org, Stock Number:
000664) and wild-type mice bred on a C57BL/6J background were used for seizure studies at 6-8
weeks old. To test if STEPs: levels and activity change in the hippocampus during the development
of spontaneous seizures, we employed the RLD-KA mouse model of chronic TLE as described 3,

where wild-type and STEP KO mice were given one dose of either saline or KA (5 mg/kg, i.p.)
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every 30 min until the animal reaches a stage 5 score on the modified Racine scale (Fig. 3.3). Once
the animal entered stage 5, behavioral seizure scores were monitored continuously for 120 min.
Immediately following the scoring period, Diazepam (10 mg/kg, i.p.) was administered to allow
seizures to subside. Neural tissue was collected at 1, 2, 4, 7, 14, and 21 days post-KA (Table 3.2).
Spontaneous recurrent seizures in mice are always non-convulsive according to the literature 2,
so the time points according to interictal spike recordings from the ipsilateral and contralateral
hippocampus are crucial. Prior to the onset of the first spontaneous seizure and within one week
after SE, abnormalities in EEG recordings of kainate-injected rodents occur. The 1-7 d post-KA
time point allows us to examine changes in STEPe: during the latent period after injection 1*; 14 d
post-insult allows us to investigate the changes occurring after spontaneous seizure onset is
established 14, and 21 d post-insult lies within the time frame when recurrent spontaneous recurrent

seizures are produced 1% 13,

Seizure Score Analysis

Statistical analyses were performed using the Student’s two-tailed t test to determine statistical
significance at each 10 min time interval of the 120 min seizure scoring period, as well as to assess
significance of cumulative seizure scores, RLD-KA injection amount, and average time of SE
onset. Data are reported as mean + SEM. The priori value (p) < 0.05 was considered statistically
significant.

3.3 Results

TC-2153 does not alter seizure severity in homozygous STEP KO mice of both sexes.

We first tested if the anti-seizure effect of TC-2153 requires STEP by utilizing a KA-induced acute
SE model in a homozygous PTPN5™ (STEP KO) mouse strain. Mice were used at 9-11 weeks of
age for consistency, since our previously published study investigated the effects of TC-2153 in
C57BL/6J mice at 8-12 weeks of age °.

We found that the effect of TC-2153 (10 mg/kg, i.p.) in reducing severity of kainate (KA)-induced
seizures was abolished in both male and female STEP KO mice (Fig. 3.1B), which indicates that

the anti-seizure effect of TC-2153 requires STEP. In addition, differences in cumulative seizure
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scores were not significant in either sex (Fig. 3.1C). There was a slight 9.09% SE increase in
vehicle-injected STEP KO males compared to the group that received TC-2153, while the % SE
was the same in both female groups. The % death in males increased 18.18% in the TC-2153-
injected group compared to control, while in females there was a 22.22% increase in the vehicle-

injected group.

Controlled Cortical Impact (CCI) leads to TBI induction and changes in STEP expression in
the hippocampus.

To assess the effects of neuronal injury on STEP levels expressed within the hippocampus, we
used the CCI model of TBI induction to produce the focal injury (Fig. 3.2A). CClI is used as a
model of posttraumatic epilepsy to induce similar pathology to injury-induced epilepsy. It has been
shown to onset the development of spontaneous posttraumatic seizures within 24 h, as well as
structural and functional network changes in the murine dentate gyrus associated with TLE, by 71-
d post-injury *°. Specifically, spontaneous convulsive seizures are exhibited in approximately 40%
of mice within weeks post-CCI induced severe injury, while they are observed in about 9-20% of
mice after moderate CCI injury > 6. In addition, many mice develop seizures and hippocampal

pathology by 8 weeks post-CCl induced injury 7.

CCl is a common model of brain trauma that uses a controlled piston to induce reproducible and
well-controlled injury 8. Animals were subjected to either sham or CCI procedure during
stereotaxic craniotomy (Fig. 3.2A) and were transcardially perfused 14 d later. The brains were
immediately collected, fixed, and cryosectioned. Slices were immunostained using anti-STEP Ms
(Cell Signaling #4396S), anti-GFAP Ms (Neuromab, #75-240) and anti-NeuN Rb (Cell Signaling
#24307). In hippocampal sections that received CCI, we observed higher ipsilateral GFAP and
STEP expression (Fig. 3.2B). It is established that upregulated GFAP expression by astrocytes
significantly increases from 1 d up to 4 weeks after brain injury due to cortical contusion *°. NeuN
and DAPI were observed to maintain similar levels of expression compared to sham control,
despite the cortical impact and diminished expression of NeuN and DAPI in the cortex (Fig. 3.2B).
These results confirm that our CCI model worked in animals that received the traumatic cortical
impact procedure and that CCIl leads to TBI-induced changes in STEP expression in the

hippocampus.
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Our preliminary data demonstrates that CClI leads to a visible increase in STEP-expressing neurons
in the CA2 region on both ipsilateral and contralateral sides (Fig. 3.3A). Further analysis of the
average STEP mean intensity over the number of cells in each hippocampal region showed that
animals subjected to CCI express significantly higher levels of STEP compared to sham animals
(Fig. 3.3B). These results are consistent with previous findings demonstrating that increased levels
of total STEP expression are observed in SOD2* mouse models of oxidative stress and
inflammation 8, as well as a follow-up study that specifically observed increased STEPg; and higher
STEP activity after being subjected to TBI by using the CCl method . Further investigation of
subsequent time points post-TBI induction as well as immunostaining of STEP and its activity
should be pursued to assess the progression of STEP expression as a follow-up to these

experiments.

Homozygous loss of STEP does not significantly delay the onset of SE in RLD-KA model.

Kainate is one of the most commonly used drugs to induce SE in rodents — however, this model
poses several challenges such as high mortality rate, inconsistent seizure response, and resistance
to kainate-induced neurotoxicity by intraperitoneal (i.p.) injection, particularly in the C57BL/6J
strain of mice 1. Recently, it has been shown that using repeated low doses of kainate via i.p.
injection can mitigate some of these risks > 2°. The use of repeated low doses of kainate at 5 mg/kg
via i.p. injection at 30 min intervals until C57BL/6J mice reach stage 5 seizures (based on a Racine
scale ) has been reported to successfully produce immediate epileptogenesis at less than 1-5 days
post-SE as demonstrated by continuous video-electrography (EEG) recording for 4-18 weeks 2.
To do this, the study identified two forms of seizures: behavioral convulsive seizures (CS) and
electrographic nonconvulsive seizures (NCS), where spontaneous behavioral CS episodes
decreased after four weeks of SE, but the spontaneous NCS were recurrent during up to the 18-
week observation period. There was also found to be a mortality reduction from 21% to 6% and
decreased seizure variability observed between animals when compared to groups receiving a
single high dose (20 mg/kg, i.p.) of kainate 2°. For these reasons, we found this repeated low-dose
method of seizure induction to be an ideal model for studying the effects of spontaneous recurrent
seizures on STEP expression, as well as to investigate the effects of the RLD model in a genetic
STEP knockout strain of mice bred on a C57BL/6J background.
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To this end, our first goal was to demonstrate the efficacy of the RLD-KA model in both WT and
STEP KO mice at 6 to 8 weeks of age, as well as to analyze the effects on both strains after SE
onset (Fig. 3.4A).

Since our previous results using a single high dose of kainate (30 mg/kg, i.p.) demonstrated an
apparent age- and sex-dependent difference in homozygous STEP KO mice, we hypothesized
that RLD would recapitulate these outcomes °. The repeated low-dose KA was given to the mice
to achieve SE. We determined the number of KA injections required in order to reach SE (Fig.
3.4B) as well as the average amount of time leading up to the onset of SE in each experimental
group (Fig. 3.4C). Seizures were monitored for 120 min immediately once SE was reached.
Seizure score analyses were performed investigating the outcomes of STEP KO mice of
combined sex compared to WT mice of combined sex, female STEP KO compared to female
WT, and male STEP KO compared to male WT. An increased trend in severity was observed in
STEP KO females compared to WT females (Fig. 3.4D) — however, it is important to note that
the female sample number is small (n=5) and is subject to change with the addition of later
samples. The number of kainate injections administered per mouse, and average time of the SE
onset after the final low dose of kainate, and cumulative seizure scores were not significantly
different (Fig. 3.4B-C, 3.4E).

Sensitivity to RLD-KA model based on a sex-dependent manner is observed in both WT and
STEP KO mice.

Mice that were used to assess the effectiveness of RLD-KA model in Fig. 3.4 were also
compared by sex in Fig. 3.5. The number of KA injections administered per mouse is slightly
higher in females from both WT and STEP KO mice — females also showed a slightly elevated
trend in the average time of SE onset after receiving the final KA injection (Fig. 3.5A-B).
Intriguingly, WT females displayed a significant reduction in seizure severity, whereas WT
males experienced an average of stage 4-5 seizures throughout the majority of the scoring period.
A decreased trend in seizure severity was also observed in STEP KO females compared to males
(Fig. 3.5C). Significantly increased cumulative seizure scores were also reflected in WT females

compared to males, while a higher trend was seen in STEP KO males compared to females (Fig.
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3.5D). These trends suggest that females exert a modest resistance to RLD-induced seizures

compared to their male counterparts.

Hippocampal and cortical tissue were harvested and frozen in -80°C at time points 1d, 2d, 4d, 7d,
and 21d post-SE onset to mark the progression of STEP expression, as well as its activity, through
the period of epileptogenesis (days 1-10) and up to the point of spontaneous seizure development,
which typically develop approximately 11 days post-kainate injection. The 2-7 d post-insult time
point will allow us to examine changes in STEPs: during the latent period after injection *; 14 d
post-insult allows us to investigate the changes occurring after spontaneous seizure onset is
established 14, and 21 d post-insult lies within the time frame (30-60 d) when spontaneous recurrent
seizures occur in both ipsilateral and contralateral sides of the injection site '%. Below is a table of
all sets of neural tissue | have personally collected for analysis — in the future, our lab will
fractionate and western blot these tissues to analyze hippocampal levels of STEP expression, as
well as its activity and substrate phosphorylation. These findings will determine whether STEP is

upregulated during the progression of spontaneous seizures in a RLD-KA model of TLE.

RLD kainate injection method successfully induces SE with extremely low mortality and

spontaneous recurrent seizures using video recording to assess behavioral convulsive seizures.

High mortality rate is a large problem when considering the use of the kainate injection model .
Out of the WT mice (n=38) that underwent induced SE for these experiments, there was a death
rate of 0.05%, while for STEP KO mice (n=10) the death rate rested at 0%. This was quite an
improvement, considering the WT and STEP KO mice that received 30 mg/kg (i.p.) kainate
injections in our previous study experienced death rates that ranged between 20-70% °.
Spontaneous recurrent seizure activity was monitored and scored based on the following table

(Table 3.1) from 1-hour video recordings per mouse taken 21 days post-SE.

For monitoring spontaneous seizure at 21 d post-SE, STEP WT (n=1) and STEP KO (n=7) mice
were subjected to RLD-KA, and STEP WT (n=1) and STEP KO (n=3) mice were subjected to
RLD-saline. We found that 5 out of 7 STEP KO mice that underwent RLD-KA injections exhibited

at least one score of 8 (wild jumping) within a 60 min scoring period, where two of those animals
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also experienced intervals of behavioral arrest. No seizure stage phenotypes were observed in
STEP KO mice that received saline (n=3) or in WT mice that received saline or kainate (n=1 each).
Separate observations that could not be indicated with a score were that all RLD-KA injected mice
displayed persistent hyperactivity and excessive grooming compared to mice that received saline.
Though not all animals subjected to RLD-KA injections experienced spontaneous seizures, it is
important to note that repeated low doses of kainate are reported result in infrequent seizure
activity specifically in C57BL/6J mice — however, pathological signs of temporal lobe epilepsy
such as hippocampal cell death, widespread astrogliosis, and astrocyte expression of mGIuR5 are
still produced . In order to reach sufficient sample size for power analysis as well as confirm
interictal spike activity, we must repeat these experiments with behavioral seizure scoring and

electroencephalography (EEG) recording.

3.4 Discussion and Future Directions

STEP is highly expressed not only in the hippocampus, but also in the pituitary in a developmental
manner 2. A recent study has investigated the role of STEP in promoting follicle-stimulating
hormone (FSH) secretion, where genetic knockout or pharmacological inhibition of STEP using
acute inhibitor TC-2153 was shown to reduce FSH release in the whole pituitary. They found that
PTPNS5 expression is also found to be heavily reduced in the pituitary after ovary removal (OVX)
22 It is known that FSH is released from the pituitary and binds to its receptor on the female ovary,
where one of its main roles is the regulation of estrogen secretion 2. It is possible that genetic
deletion or inhibition of STEP consequently effects levels of estrogen by dysregulation of FSH.
Our previous findings showed that sex- and age-dependent differences were observed in STEP KO
mice that received a single high dose of kainate (30 mg/kg, i.p.) compared to their WT littermates
°. The mice were consolidated into two age groups — 6-to-7 and 8-to-12 weeks of age — considering
the significant sex hormone-dependent neurological changes the animals undergo in the
hippocampus during the 6" to 8" week of development 24 25, These critical alterations in
hippocampal circuitry and synapse formation may influence the animal’s sensitivity to KA and
could explain the sex-related differences in our data. It is also important to acknowledge that the
STEP KO “n” is low (n=5 for females and n=7 for males) when broken out by sex. These results

are subject to change after increasing the number of data points. In the future, it would be
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interesting to investigate whether seizure severity in either sex is differentially affected in 8-to-12-
week-old WT and STEP KO mice.

In regard to choosing an RLD-KA injection model to study the onset and development of temporal
epilepsy pathology and spontaneous recurrent seizures, there are notable advantages and
disadvantages in this paradigm. Benefits of this model include its low mortality rate and reliable
ability to induce behavioral and electrographic SE over a 7-d period, as well as the ability to
produce interictal spiking in the cortex °. This model also produces features indicative of TLE
pathology (hippocampal cell death, widespread astrogliosis, and astrocyte expression of mGIuR5),
as well as the ability to produce interictal spiking in the cortex 1°. What sets our particular protocol
apart (using 5 mg/kg, i.p.) from other RLD-KA injection paradigms is that it has the ability to
produce spontaneous recurrent seizures over an 8 week period *°. However, the disadvantage lies
in that the presentation of these spontaneous seizures is quite rare, therefore it does not ultimately
produce a robust epilepsy phenotype. On the other hand, in terms of the translation of this model
to test for potential ASDs, there are several factors to consider. Specifically, when kainate is
injected systemically, the neuronal damage that is observed is more widespread — particularly in
limbic regions 28 and few studies have been conducted testing the effects of ASDs on spontaneous
recurrent seizure development after systemic administration of kainate in rats 2-°, and are proven
to be quite complicated and laborious due to 1) the infrequent and variable spontaneous seizure
activity demonstrated in rodents, and 2) the rapid elimination of the drug in rodents when compared
to humans 3. Overall, this type of model suggests low predictive validity in the ability to reliably

screen for a potential ASD or therapeutic.

In contrast, an intrahippocampal kainate (IHP-KA) injection model proves to be more efficient
way to produce spontaneous seizures that remain focal and rarely generalize to tonic-clonic
seizures 3L, IHP-KA injection in mice will produce acute, nonconvulsive or mild clonic SE prior
to the onset of spontaneous seizures within 2 weeks to 2 months from the insult 3.
Histopathological features such as hippocampal sclerosis and gliosis are recapitulated as well,
which are hallmarks observed in human TLE 3%, Considering its effectiveness in reliably
producing spontaneous seizure recurrence after the initial insult using IHP-KA injection, this will
be the optimal model to test the effect of TC-2153 on recurrent seizure development and activity.

In support of its predictive validity, this model of mesial TLE is now pharmacologically
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characterized 32 % % and has been implemented in the Differentiation phase of the Epilepsy
Therapy Screening Program (NINDS/NIH). The ultimate advantage of this model for use in drug
screening is the occurrence of highly frequent electrographic seizures in the hippocampus, where
drugs can be tested on spontaneous seizures with only short periods of EEG recording *>%. In
addition, these frequent seizures are resistant to several ASDs, thus rendering this model ideal for

novel drug discovery with higher efficacy against drug-resistant focal seizures 3% %,

It will be necessary to investigate the changes in STEPs: level during spontaneous seizure
development in TLE by RLD-KA injection. Throughout the period of spontaneous seizure
development, our lab expects to see increasing levels of STEPe1 expression. Preliminary data
collected by our previous lab technician, Han Gil Jeong, also demonstrates that levels of STEPe:
are upregulated at 24 hours (h) post-intraperitoneal (i.p.) injection of kainate (Abcam, 30 mg/kg).
This data suggests that seizure occurrence may upregulate STEPs; expression. Our future plan is
to perform RLD-KA injection of C57BI/6J mice and collect neural tissue at 1, 2, 4, 7, 14, and 21
days post-KA as well as to perform immunohistochemistry to stain hippocampal slices using anti-
NeuN, anti-STEP, and DAPI antibodies, image the slices using an epifluorescent microscope, and
analyze STEP intensity levels, both ipsilaterally and contralaterally. Finally, our lab would like to
confirm the levels of active STEP expression at each stage of spontaneous seizure development

using phosphorylated STEP antibody by performing hippocampal fractionation and Western blot.

In addition, our lab plans to use video electroencephalography (EEG) to assess spontaneous seizure
development in STEP KO and WT mice following RLD-KA injection model of TLE. Upon
repeated, low dose (5 mg/kg, i.p.) kainate injection, it has been demonstrated that peak occurrence
of spontaneous seizures is evident during 4 to 6 weeks post-insult 2. Therefore, in combined
consideration with our previous findings that behavioral spontaneous seizures are observed at 21
d post-insult, we would expect to see both behavioral CS and NCS using EEG produced in both
STEP KO and WT mice. Our lab plans to perform behavioral convulsive seizure recording of
STEP KO and WT mice at 28-t0-42 d post-insult by scoring seizures for 120 min. based on a
modified Racine scale, as well as monitor EEG activity of nonconvulsive seizures to determine
the occurrence in STEP KO and WT mice at 28-t0-42 d post-insult.
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35 Conclusion

Overall, we found that TC-2153 does not alter seizure severity in homozygous STEP KO mice of
either sex. This reveals to us that TC-2153 is acting through STEP specifically, and not any other
off-target proteins. We also found that by using the CCI method of TBI induction as a model of
posttraumatic epilepsy, this sustained injury produces observed changes in STEP expression in all
regions of the hippocampus. Alternatively, using the RLD-KA injection model that induces SE
and temporal lobe epilepsy pathology did not significantly delay the onset of SE in homozygous
STEP KO mice. However, we did observe extremely low mortality rates and spontaneous recurrent
seizures at 21 d post-SE onset using video recording to assess behavioral convulsive seizures in
our mice subjected to RLD-KA injections, in addition to a sex-dependent sensitivity to the RLD-
KA model in both WT and STEP KO mice.
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Figure 3.1: TC-2153 treatment does not significantly affect KA-induced seizure severity in adult

STEP KO mice compared to vehicle control. (A)

Experimental schematic of kainic acid (KA)-

induced seizure severity in 9- to 11-week-old male and female STEP KO mice at 3 h post
intraperitoneal (i.p.) injection with STEP inhibitor TC-2153 (10 mg/kg in saline containing 2.8%

DMSO) or vehicle control (saline containing 2.8%

DMSO). Behavioral seizures were monitored

using modified Racine scale (Fig. 3.4). (B) TC-2153-treated STEP KO males (h=11) shows no
significant difference in seizure stage or severity compared to vehicle treatment (n=11). Similarly,
STEP KO females (n=9) show no significant difference compared to vehicle control (n=9). (C)
Cumulative seizure scores. Two-tailed Student t-test results are shown (N.S. = not significant).
(D-E) Percentage (%) of mice that achieved Stage 5 (D) and Stage 6 (E). Two-tailed Student t-test
was performed to assess significance. Data shown as mean + SEM.
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A)

4 > 35mm

B) Sham CCl

1000 um

Figure 3.2: CCI model of TBI induction leads to changes in STEP expression in the entire
hippocampus. (A) Experimental schematic of CCI performed on stereotaxic mouse (image
courtesy of ). (B) Representative 10x tile scan images taken of the entire hippocampus in male
mice (22 weeks of age) after either sham or CCI procedure.
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Figure 3.3: Changes in STEP expression in the hippocampus 14 days post-TBI induction. (A)
Representative image of the CA2 region immunohistochemically stained using DAPI, NeuN, and
STEP antibodies. Images were taken using a 63x objective (scale bar = 20 um). (B) Analysis of
the average mean intensities expressed by STEP in each region of the hippocampus (CA1 sham
n=7, CAl CCI n=8;.CA2 sham n=11, CA2 CCI n=7; CA3 sham n=4, CA3 CCI n=8; DG sham
n=6, DG CCI n=7). Data shown as mean + SEM. Student t-test results are shown (*p<0.05,
**p<0.02).
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Figure 3.4: Homozygous loss of STEP does not significantly delay the onset of SE in CLD-KA
model. (A) Initial SE induction timeline. WT or STEP KO mice were injected with 5 mg/kg (i.p.)
of kainate at every 30 min time interval until the onset of a stage 5 seizure (tonic-clonic seizure,
SE). Immediately upon SE, the behavioral CS were scored (according to the modified Racine
scale) at every 10-minute time interval for a total of 120 min. At the end of the scoring period, the
animal received a 10 mg/kg (i.p.) dose of Diazepam to allow seizures to subside. (B) Number of
KA injections each mouse received prior to SE onset. (C) Average time of SE onset following KA
injection. No significant differences observed in each group. (D) Combined sex data shows no
significant difference (combined WT n=38, combined STEP KO n=12). STEP KO females (n=5)
appear to show an increased trend in seizure severity compared to WT female mice (n=10), while
STEP KO males (n=7) appear to display no difference compared to WT males (n=28). Combined,
we also see that the STEP KO compared to WT seizure severity is not significant. (E) Cumulative
seizure scores. No significant differences observed in each group. Two-tailed Student t-test was
performed to assess significance. Data shown as mean + SEM.
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Figure 3.5: Sensitivity to CLD-KA model based on a sex-dependent manner is observed in both
WT and STEP KO mice. (A) Number of KA injections each mouse received prior to SE onset. (B)
Average time of SE onset following KA injection. No significant differences observed in each
group. (C) Female WT mice (n=10) experience significantly lower induced seizure severity
compared to WT males (n=28), while female STEP KO mice (n=5) demonstrate a decreased trend
in seizure severity from 70-120 min. of scoring period compared to STEP KO males (n=7). Two-
tailed Student t-test results are shown (*p<0.05, **p<0.02). (D) Cumulative seizure scores. Male
WT mice show significantly higher cumulative scores on average compared to female WT,
whereas STEP KO males only show a slightly increased trend in severity. Two-tailed Student t-
test results are shown (**p<0.02). Data shown as mean + SEM.
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Tables

Table 1

Behavior Score Stage  Duration of
behavior
None 0 0 N/A
Behavioral arrest (5+s) 1 1-2 5-60s
Single head and neck jerk 7 3 5-10s
Multiple head and neck jerks 3 3 5-15s
Severe head and neck jerks 4 3 5-20s
(no rearing)
Clonic seizure (sitting) 5 45 10-30s
Clonic seizure (lying on side) 6 6 10-30 s

Clonic seizure (forelimb and 7 6 10-60 s

hindlimb)

Violent clonic seizure 8 6 10-60 s

(wild jumping)

Tonic extension 9 5-10s

Death 10 Immediately after

TE

The tonic—clonic seizure scale described here was adapted from
Luttjohann et al. (2009). The score indicates seizure progression
purely based on observed behavior while the stage indicates the
stage designated by Luttjohann et al. where behavior was
correlated with EEG measurements of PTZ-induced seizures in
rats. Stages were subdivided for blinded assessment, but combined
for genotype comparison and statistical analysis into three main
groups to reflect the behavior most commonly observed in apoE4 TR
mice: Behavioral arrest (score=1), head and neck jerks (score=2—4),
clonus (score=5-10).

Table 3.1: Courtesy of Hunter et al., 2012 — “Emergence of a seizure phenotype in aged
apolipoprotein epsilon 4 targeted replacement mice.”
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Wild- 1d time point 2d time point 4d time point 7d time 21d time
type point point

Saline

KA

STEP 1d time point 2d time point 4d time point 7d time 21d time
- point point

Saline

KA

Table 3.2: CLD kainate-injected hippocampal and cortical tissue samples collected at time points
1d, 2d, 4d, 7d, and 21d post-SE onset to be used for future immunostaining.
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APPENDIX A: INVESTIGATING THE MOLECULAR PATHOGENETIC EFFECTS OF
SELECTED EPILEPTIC ENCEPALOPATHY MUTATIONS IN HELICES A AND B OF
Kv7.22

A.l  Background

This work was performed in collaboration with Drs. Eung Chang Kim and Jiaren Zhang in my lab,
Dr. Hee Jung Chung’s lab, in the Department of Molecular and Integrative Physiology at the

University of Illinois in Urbana-Champaign.

Epilepsy is a common seizure disorder that is caused by excessive neuronal excitability
characterized by seizures, which are abnormal and uncontrolled discharges of action potentials *.
Genetic factors, including ion channel mutations that occur as early as infancy, are estimated to
account for approximately 40% of all epilepsies 2. Of these ion channels, neuronal K,7/KCNQ
potassium (K*) channels act as critical players in epilepsy — their agonist (ezogabine, retigabine)
suppresses seizures in animal models and was utilized clinically as an antiseizure drug until 2017
35 Inherited and de novo mutations in the Kcng2 gene encoding the K,7.2 subunit are associated
with early-onset epileptic disorders, including benign familial neonatal epilepsy (BFNE) and

epileptic encephalopathy (RIKEE database: www.rikee.org). This study in particular explores the

molecular pathogenetic effects of selected epileptic encephalopathy mutations (R333W, M518V,
K526N, and R532W) in helices A and B of K\7.2. These mutations were specifically investigated
because they 1) cause early-onset epileptic encephalopathy with drug refractory seizures, profound

psychomotor delay, and other behavioral comorbidities including autism; 2) to compare the effects

2 Title: Reduced axonal surface expression and phosphoinositide sensitivity in Kv7 channels disrupts their function
to inhibit neuronal excitability in Kcng2 epileptic encephalopathy.

Authors: Eung Chang Kim, Jiaren Zhang, Weilun Pang, Shuwei Wang, Kwan Young Lee, John
P. Cavaretta, Jennifer Walters, Erik Procko, Nien-Pei Tsai, and Hee Jung Chung

Contributions: Western blotting, quantification, analysis, and assisted with the creation of main figure I.1E and
I.2A-B.

Published in Neurobiology of Disease volume 118, 76-93 (2018)
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of mutations buried within calmodulin contact sites (M518V in helix B) to those located at the
periphery (R333W in helix A, K526N in helix B, and R532W in helix B-C linker).

A.2  Voltage-dependent activation of K,7.2 channels is decreased by R532W mutation in helix
B-C linker and abolished by M518V mutation in helix B

Dr. Kim’s whole-cell path clamp recordings showed that epileptic encephalopathy mutations in
helices A and B of K,7.2 affect voltage-dependent activation of K7.2 channels in CHO hm1 cells.
Specifically, mutation R532W decreased voltage-dependent activation, while mutation M518V
abolished voltage-dependent activation. My contribution was performing the immunoblotting with
anti-Ky7.2 N-terminal antibodies on CHO hm1l lysate expressing Ky7.2 WT, R333W, A343D,
M518V, K526N, and R532W. These immunoblots showed that the total protein expression of
Kv7.2-A343D and K,7.2-M518V was comparable to K,7.2 WT. In addition, decreased Kv7.2-
R333W expression and increased K,7.2-K526N expression was observed. Although K.7.2-
R532W total expression was comparable to K,7.2 WT, Dr. Kim showed that K,7.2-R532W
generated 40% less outward K™ currents, with a right shift in voltage dependence at -10 mV to +10
mV and found that R532W significantly slowed channel activation. Altogether, these findings
revealed that M518V and R532W mutations significantly impaired current expression of Ky7.2

channels.

A3  K,7.2-M518V proteins undergo ubiquitination and proteasome-dependent degradation,

whereas Kv7.3 coexpression prevents this degradation

Here, my immunoblots and analysis demonstrated that there was accelerated degradation of K,7.2
proteins containing M518V or A343D mutation in HEK293T cells by 24 h post transfection,
although both WT and mutant K,7.2 proteins were equally expressed at 10 h post transfection. Dr.
Zhang’s work investigating the immunoprecipitation of Ky7.2 or mutant Kv7.2 cotransfected with
HA-ubiquitin showed that K,7.2-M518V proteins were heavily ubiquitinated. The full
immunostaining of this figure conducted by Dr. Kim revealed that the M518V mutation decreased
Kv7.2 expression by about 50%, while treatment with proteasome inhibitor MG132 blocked this

degradation.
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A4 Materials

Western Blot

Equal amounts of protein were loaded, and electrophoresis was performed in NUPAGE 4-12%
gradient bis-tris polyacrylamide protein gels (Thermo Fisher). Proteins were transferred to PVDF
membrane and blocked with 5% milk in phosphate-buffered saline with Tween-20 for 1 hour.
Membranes were then incubated overnight with primary antibody at 4 °C. Antibodies used include
anti-KCNQ2 (Alomone, APC-050; Neuromab, N26A/23) and anti-GAPDH (Cell Signaling,
2118). Blots were washed and incubated with secondary antibody for 1 hour at room temperature.
After washing, the secondary antibody was visualized by Pierce ECL chemiluminescence reagents
(Thermo Fisher).

Statistical analysis

All analyses are reported as mean £ SEM. The Student t-test was performed to identify the
statistically significant difference with a priori value (p) < 0.05 between 2 groups.
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Figures
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Figure A.1: Voltage-dependent activation of Kv7.2 channels is decreased by R532W mutation
and abolished by M518V mutation. Whole cell voltage clamp recording of macroscopic K+
currents from CHO hm1 cells transfected with GFP and Kv7.2 WT or Kv7.2 containing epileptic
encephalopathy mutations. The cells were held at —80 mV. Currents were evoked by depolarization
for 1.5 s from —100 mV to +20 mV in 10 mV increments, followed by a step to 0 mV for 300 ms.
(A) Representative traces of currents from which leak currents were subtracted at all voltage steps.
Leak current was defined as non-voltage-dependent current from GFP-transfected cells. (B-D)
Average peak current densities (B), normalized currents (C), and normalized conductance (G /
Gmax) (D) were quantified using leak subtracted currents at all voltage steps. The number of
transfected cells that were analyzed: GFP (n=9), GFP and Kv7.2 WT (n=11), R333W (n=12),
A343D (n=12), M518V (n=8), K526N (n=14), or R532W (n=18). (E) Immunoblotting with anti-
Kv7.2 N-terminal antibodies on the lysate from CHO hml cells expressing Kv7.2 WT (n=4),
R333W (n=12), A343D (n=4), M518V (n=4), K526N (n=4), or R532W (n=4). GAPDH served as
a loading control. Data shown represent the Ave + SEM (*p<0.05, **p<0.01, ***p<0.005).
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Figure A.2: M518V mutation causes ubiquitination and proteasome-dependent degradation of
Kv7.2. (A-B) Immunoblot analyses of Kv7.2 WT, or mutant Kv7.2 (A343D and M518V) in
HEK293T cells at 10 h and 24 h post transfection. Representative immunoblots (A). Quantification
at 24 h post transfection for n=4 independent experiments. (B). (C-D) Immunoprecipitation of
Kv7.2 WT or mutant Kv7.2 (A343D and M518V) from HEK293T cells cotransfected with HA-
ubiquitin. Representative immunoblots (C). Quantification of colP and lysate (D) are shown for
n=4 independent experiments. (E-F) Immunocytochemistry of HEK293T cells showing total
Kv7.2 WT or Kv7.2-M518V proteins after 24 h treatment with vehicle control DMSO (1% v/v) or
MG132 (1 uM). Dapi staining shows nuclei. (E) Representative images with scale bars: 10 pm.
(F) Background subtracted mean intensity of total Kv7.2 fluorescence per transfected cell for
DMSO+WT (n=20), DMSO+M518V (n=21), MG132+WT (n=22), MG132+M518V (n=22). Data
shown represent the Ave £ SEM (*p<0.05, **p<0.01, ***p<0.005).
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APPENDIX B: POLYCYSTIN 2 IS INCREASED IN DISEASE TO PROTECT AGAINST
STRESS-INDUCED CELL DEATH 3

B.1  Background

In a separate collaboration with Yale University 1, I investigated the expression of the Polycystin
2 (PC2) protein in both soluble and membrane-bound tissue fractions (respectively) of saline
versus kainate-injected C57BI/6J mice to study expression of these proteins in non-seizure
compared to seizure-induced models 2. Polycystin-2 (PC2 or TRPP1, formerly TRPP2) is a
Transient Receptor Potential (TRP) channel most well-known for its associated pathology. When
mutated, PC2 causes autosomal dominant polycystic kidney disease (ADPKD), a debilitating
condition leading to bilateral renal cyst formation and eventual kidney failure 3. Located primarily
on the endoplasmic reticulum (ER) and primary cilia of all cell and tissue types *’, PC2 is a
calcium (Ca2*)-permeant cation channel whose expression level directly affects Ca?* release from
the ER #. PC2 is thought to play a key role in regulating Ca?*-regulated homeostasis and signaling
pathways 8. Given the importance of PC2 in ADPKD development, most studies of PC2 focus on
its function in the kidney. However, the ubiquitous expression of PC2 in all cell types suggests
that it is important in maintaining Ca?* homeostasis in tissues beyond the kidney. Indeed, beyond
ADPKD, the polycystins have been linked to multiple pathologies involving dysregulated Ca?*
and stress, including the development of liver °® and pancreatic *° cysts and cerebral aneurysms -
12 to name a few. We found that levels of PC2 increase in disease states with ER and oxidative
stress and that PC2 up-regulation particularly occurred under pathological conditions in stressed

brains.

3 Title: Polycystin 2 is increased in disease to protect against stress-induced cell death

Authors: Allison L. Brill, Tom T. Fischer, Jennifer M. Walters, Arnaud Marlier, Lorenzo R. Sewanan, Parker C. Wilson,
Eric K. Johnson, Gilbert Moeckel, Lloyd G. Cantley, Stuart G. Campbell, Jeanne M. Nerbonne, Hee Jung Chung,
Marie E. Robert & Barbara E. Ehrlich

Contributions: Kainate injection experiments, tissue collection, western blotting, and assisted with the creation of
both main and supplemental figures.

Published in Scientific Reports volume 10, Article number: 386 (2020)
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B.2  PC2 expression is increased in stressed brains

Expression of PC2 in the brain led us to test whether its abundance is also altered with stress in
the central nervous system. As a model of pathologically altered Ca?* signaling and cell stress in
the brain > 4, we used kainic acid to induce acute seizures in mice °. Systemic injections of
kainate cause epileptiform seizures in the hippocampus and induce hippocampus-restricted
neuropathology comparable to that seen in patients with temporal lobe epilepsy °. Mice were
injected intraperitoneally with saline (Sal) or kainic acid (KA; Fig. SII.1A), and their seizures
scored according to a modified Racine scale every 10 minutes for 120 minutes (Fig. I1.1A, Table
SIl.1). Hippocampal lysates collected from randomly-paired, weight- and age-matched mice were
found to have increased expression of PC2 in epileptic compared to saline-treated brains (Fig.
11.1B). Pkd2 and Nfe2l2 mRNA expression was likewise tested from hippocampi of saline- and
KA-treated mice and found to be significantly increased with KA induction of epileptic seizures
(Fig. 11.1C, SII.1B).

From the samples we treated and provided, it was then determined whether this increase was
translatable to human disease by investigating if PC2 expression correlates with stress in human
brains. Using the RNA-Seq dataset provided by the Allen Institute Ivy Glioblastoma Atlas Project
16 and examined PKD2 expression in 3 different glioblastoma structures (hyperplastic blood
vessels, microvascular proliferation, and leading edge). Leading edge (LE) samples showed
relatively low amounts of PKD2 expression, whereas hyperplastic blood vessels (HBV) and
microvascular proliferation (MVP) samples expressed relatively high amounts of PKD2 (Fig.
I1.1D). These findings correlated with differential expression of the ISR genes NFE2L2 and
ATP2A2 in the different glioblastoma structures (Fig. SII.1C,D), indicating altered ISR levels
amongst these structures. We then used correlation analysis (correlation >70%) and found that,
like in human hearts, PKD2 levels positively correlated with NFE2L2 in human brains (Fig. I1.1E;
correlation = 76.8%), but not with ATP2A2 (Fig. SII.1E).

To our surprise, we also discovered that our PC2 protein was expressing as a spliced variant form
of PC2 called PKD2A7, which is mainly expressed in the brain as opposed to the kidney. PKD2A7
is a TRPP2 (Transient Receptor Protein Polycystin 2) channel variant. The repercussions of

PKD2A7 expression in neurons could result in neurite outgrowth inhibition, act as a mediator of
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excitatory postsynaptic conductance, or, most significantly, could be a contributing factor to the

clustering of intracranial aneurysms reportedly seen in patients with ADPKD 2.

B.3 Materials and Methods

Antibodies

Anti-PC2 (sc-47734; for immunoblotting) was purchased from Santa Cruz Biotechnology and anti-
GAPDH (#2118) antibodies was purchased from Cell Signaling Technology. Kainic acid
(ab120100) were purchased from Abcam.

Animal Studies

The Yale University and University of Illinois at Urbana-Champaign Institutional Animal Care
and Use Committees (IACUC) approved the animal housing conditions and the experimental
procedures conducted in this study. All experiments were performed in accordance with relevant
guidelines and regulations. C57BL/6J mice were kept under standard laboratory conditions with

free access to food and water. All animal experiments were performed in a blinded manner.

Kainic acid-induced acute seizure mouse model

At 8-10 weeks of age, male C57BL/6J mice (Jackson Laboratory, Stock Number: 000664)
received an 1.p. injection of kainic acid (30 mg/kg body weight) or an equal volume of 0.9% saline
as described 7. Mice were returned to their cages and monitored for behavioral seizures every
10 minutes for 2 hours following injection. Behavioral seizures were scored according to a
modified Racine scale as described previously & 1 At 24 hours post injection, mice were

euthanized by CO> inhalation and brains stored at —80 °C until use.
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Brain lysate preparation

The dissected brain regions per mouse were homogenized in ice-cold homogenization buffer
(Solution A) containing (in mM): 320 sucrose, 1 NaHCO3, 1 MgCl», 0.5 CaClz, 0.4 HEPES (pH
7.4) and Halt protease inhibitors (Thermo Fisher Scientific) as previously described 7. After
centrifuging at 1400 x g for 10 minutes at 4 °C, the homogenate supernatant (S1) was separated
from insoluble tissue and nuclear pellet (P1). The S1 fraction was then centrifuged at 13,800 x g
for 10 min at 4 °C. The supernatant with cytosolic soluble proteins (S2) was removed, and the
remaining pellet with transmembrane proteins and membrane-bound proteins (P2 membrane
fraction) was resuspended in ice-cold solution B containing (in mM): 160 sucrose, 6 Tris-HCI,
0.5% Triton-X (pH 8.0) and Halt protease inhibitors. Pierce BCA assay (Thermo Fisher Scientific)
was performed to normalize protein concentrations to 1 mg/ml in Solution B (pH 7.4). The S1, S2,

and P2 fractions were stored at —80 °C until use.

Western blot

Lysates of mouse hippocampi were prepared as described above and the P2 fractions were run for
western blotting. Equal amounts of protein were loaded, and electrophoresis was performed in
NUuPAGE 4-12% gradient bis-tris polyacrylamide protein gels (Thermo Fisher). Proteins were
transferred to PVDF membrane and blocked with 5% milk in phosphate-buffered saline with
Tween-20 for 1 hour. Membranes were then incubated overnight with primary antibody at 4 °C.
Blots were washed and incubated with secondary antibody for 1 hour at room temperature. After
washing, the secondary antibody was visualized by Pierce ECL chemiluminescence reagents
(Thermo Fisher).

Statistical analysis

For animal-based experiments, data were calculated from at least three biological replicates.
Where appropriate, one-way analysis of variance (ANOVA) with multiple comparisons or non-

parametric Mann Whitney U test was applied. Data are presented as (1) mean = SD, or (2) median
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with range, as stated in the figure legend. In all experiments, p <0.05 was considered statistically

significant. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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Figure B.1: PC2 s increased in stressed brains. Mice were given injections of saline (Sal) or kainic
acid (KA) to induce epileptic seizures and oxidative stress in the brain. (A) Seizure scores
following injections were measured according to a modified Racine scale. Data shown are
mean = SD of 6 mice per group. (B) TOP: Hippocampal tissue was collected and immunoblotted
for PC2 24 hours following injections. Each lane represents one biological replicate; sample size
n =6 per group. BOTTOM: Quantification of PC2 protein abundance in Saline and KA-treated
hippocampi, normalized to actin. *p <0.05 as determined by Mann Whitney U test. Data presented
as median with range. Sample size n = 6 biological replicates per group. (C) Normalized mRNA
expression of Pkd2 in hippocampi from mice injected with saline or KA. GAPDH used as internal
control. Sample number Saline n=6, KA n=5. **p<0.01 as determined by Mann Whitney U
test. Data presented as median with range. (D) RNA-Seq FPKM values from different structures
(LE, leading edge; HBV, hyperplastic blood vessel; MVP, microvascular proliferation) of human
glioblastoma samples were log. transformed and their fold change determined. PKD2 transcripts
were increased in HBV and MVP samples compared to LE. ****p <(0.0001 as determined by one-
way ANOVA. Data presented as mean + SD. (E) Linear regression analysis demonstrated that the
ISR gene NFE2L 2 significantly correlates with PKD2 in human glioblastoma tissues.
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Supplementary Figures
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Supplementary Figure B.1: (A) Schematic of the experimental procedure using kainic acid to
induce epileptic seizures in mice. (B) Fold change of Nfe2I2 mRNA in hippocampi of saline- or
KA-treated mice. **p<0.01 as determined by Mann Whitney U test. Data presented as median
with range. Sample size Saline n=6, KA n=5. (C,D) Log fold change of the ISR genes NFE2L 2
and ATP2A2 in LE versus HBV and MVP tumor samples from human glioblastoma.
****n<0.0001 as determined one-way ANOVA. (E) ATP2A2 does not correlate with PKD2
expression at the cutoff of 70% correlation or higher.
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Supplementary Figure B.2: (A) Schematic of the experimental procedure using kainic acid to
induce epileptic seizures in mice. (B) Fold change of Nfe2l12 mRNA in hippocampi of saline- or
KA-treated mice. **p<0.01 as determined by Mann Whitney U test. Data presented as median
with range. Sample size Saline n=6, KA n=5. (C,D) Log fold change of the ISR genes NFE2L2
and ATP2A2 in LE versus HBV and MVP tumor samples from human glioblastoma.
****p<0.0001 as determined one-way ANOVA. (E) ATP2A2 does not correlate with PKD2

expression at the cutoff of 70% correlation or higher.
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Supplementary Table

Supplementary Table 6

Treatment
Saline Kainic Acid (30 ma/kg body welght)
Sample 1 2 3 4 5 [ 7 8 ] 10 11 12
Weight (g) 235 22 21 20 20 20 20.4 21 23 19 22 22
Behavior Score 0 ] | ] 0 0 24615  3.5385  2.9231 3.3077  5.4B15 54615

(average)

Supplementary Table B.1:
and kainate-injected mice.

Recorded sample numbers, weights, and behavioral scores of saline
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APPENDIX C: INVESTIGATING THE EFFECTS OF TC-2153 ON THE EVOKED
ACTIVITY OF NEURONS DERIVED FROM MOUSE NEURAL PROGENITOR CELLS

C.1  Background

Temporal Lobe Epilepsy (TLE) is the most common form of focal-onset epilepsy in adults .
Current antiseizure drugs (ASDs) are ineffective for ~75% of the patients with advanced mesial
TLE, leading to severe consequences including hippocampal sclerosis, high mortality rate,
cognitive decline, depression, and temporal lobe resection 1. This underscores the critical need for

the discovery of a novel ASD.

Emerging evidence from our published work (Chapter-2) and other studies suggests that Striatal
Enriched protein tyrosine Phosphatase (STEP) may be a molecular target for seizure treatment in
TLE. STEP is expressed throughout the brain, with the exception of the cerebellum 2. However,
only membrane-bound STEPe is expressed in the hippocampus and neocortex 2 where it
dephosphorylates N-Methyl-D-aspartic acid receptor (NMDAR) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR), the key glutamate receptors that mediate
fast excitatory synaptic transmission. STEPs: also dephosphorylates and inactivates protein
kinases including extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38, Fyn, and Pyk2 2.

Previous studies have reported that deletion of STEP gene PTPN5 results in resistance to
pilocarpine-induced seizures * and diminishes audiogenic seizures in a fragile X syndrome (FXS)
mouse model °. In Chapter-2, | have also shown that acute pharmacological inhibition of STEP
using selective small molecule STEP inhibitor TC-2153 (8-(trifluoro-methyl)-1,2,3,4,5-
benzopentathiepin-6-amine-hydrochloride) both reduces network activity of acute mouse
hippocampal slices and dampens severity of seizures in C57BI/6J male and female mice against a
single systemic injection of kainic acid (KA) ®, which induces status epilepticus (SE) ’. We also
show that TC-2153 treatment also decreased action potential firing rate, sag voltage, and
hyperpolarization-induced current (In) of cultured rat hippocampal neurons, indicating that TC-

2153 downregulates the intrinsic neuronal excitability ©.

Although our findings demonstrate that the acute inhibition of STEP by TC-2153 decreases

excitability of cultured hippocampal neurons and hippocampal slices in a murine model, the
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imminent question we must ask now, is whether TC-2153 application will decrease the excitability
of human neurons? Based on our findings, we hypothesize that TC-2153 will reduce the activity
of cortical-like excitatory neurons derived from human-induced pluripotent stem cells (hiPSCs).
Before pursuing hiPSCs with the collaboration with Dr. Jack Parent (University of Michigan), we
first collaborated with Dr. Hyunjoon Kong’s lab to investigate the effects of TC-2153 on excitatory
pyramidal neurons derived from mouse neural progenitor/stem cells (NPSCs) as part of my
internship through the Miniature Brain Machinery Research Traineeship program (supported by
the National Science Foundation under grant #1735252).

Mouse NPSCs provide an excellent model to study the neural development process, as well as
neurological disorders. Approximately 99% of mouse genes are matched by a corresponding
sequence in the human genome &; though mice are similar to humans at a fundamental level, there
are clear biological differences and limitations of only studying a murine model. The mouse NPSC
differentiation to excitatory cortical neurons/astrocytes and their maintenance served as a critical
stepping stone to polish my skills in handling stem cell differentiation and the formulation of our
future direction to study the effects of TC-2153 on neurons derived from human iPSCs. | was
trained under Dr. Kong’s graduate student Kai-Yu Huang for mouse NPSC expansion and

differentiation into excitatory pyramidal neurons, as well as astrocytes.

C.2 Materials and Methods

Mouse NPSC culture and differentiation

Mouse cortical stem cells were seeded and plated on 3 cm glass-bottom dishes (Cellvis, D35-20-
1.5-N) according to the monolayer system procedure. Dishes were treated with 1 pg/mL Bovine
Fibronectin solution (R&D Systems, Catalog # 1030-FN). To promote stem cell attachment and
spreading and incubated 3 hours (h) to overnight at 37 °C and 5% CO2. Once seeded at the
appropriate density (2.5e-6 cells) in Completed Base Media (DMEM/F12, glucose, glutamine,
NaHCOgz, N-2 Plus Media Supplement [R&D Systems, Catalog # AR003]) supplemented with
growth factors 1000X Recombinant Human EGF (R&D Systems, Catalog #236-EG) and 1000X
Recombinant Human FGF basic (R&D Systems, Catalog #233-FB or 4114-TC), the cells were
incubated at 37 °C and 5% CO2. After cells become adherent (3 h to overnight) and replace the
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media with fresh Completed Base Media supplemented with growth factors. Each day, the cells
were supplemented with 1000x stock of each growth factor, as well as replace the media every
second day. Once the cells reach 70-80% confluency, cells were passaged as described: media was
removed from the dishes, add 3 ml of Buffered Ca2+/Mg2+-free Hank’s Balanced Salt Solution
(HBSS) (1X) and incubated at room temperature for 15-45 min until the cells round up. The cells
were transferred and centrifuged down for 5 min at 200 x g. After collecting the supernatant, cells
were resuspended in Completed Base Media with growth factors, were counted using a
hemocytometer, and seeded at the appropriate density once more to maintain the line. The cells
were once more be incubated at 37 °C and 5% CO2 and maintained until they reached the desired
confluency. To differentiate the cells, Complete Base Media was added without the growth factors,

and replaced fresh media daily
Immunocytochemistry

For permeabilized immunostaining, the neurons were fixed in 4% paraformaldehyde/4% sucrose
in Phosphate buffered saline (PBS), permeabilized in 0.2% Triton X-100 in PBS, and for incubated
overnight at 4°C with primary antibodies. To test if the mouse NPSCs have successfully
differentiated into neurons, | will use rabbit anti-MAP2 antibody (Cell Signaling, #4542) at a 1:500
dilution. To test for the expression of astrocytes in my culture, I will use mouse anti-GFAP
antibody (N206A/8) (Neuromab, 75-240) at a 1:500 dilution. I will then incubate with secondary
antibodies as described °. Images of the cells will be taken with our Zeiss Axio Observer

microscope with a Zeiss AxioCam 702 mono Camera and ZEN Blue 2.6 software.
Drug treatment and calcium imaging

To examine the effects of TC-2153 on mouse cortical stem cell-derived differentiated neuronal
excitability, | performed calcium imaging in neurons differentiated from mouse cortical stem cells
using a calcium dye indicator. To do this, mouse NPSCs were expanded and differentiated (as
described above) in 3 cm glass-bottom dishes (Cellvis, D35-20-1.5-N) for imaging. Once the
differentiated neurons were 9 days in vitro (DIV), | incubated the cells with either vehicle control
of DMSO or TC-2153 (1 or 5 uM) for 1 h and were stored at 37°C and 5% CO2. Immediately after
drug incubation, | applied Oregon Green™ 488 BAPTA-1-AM (Invitrogen, cat #06807) and
stored the dishes in the 37 °C tissue culture incubator for 30 minutes. Neurons were then incubated

in basal artificial cerebrospinal fluid (ACSF) for 1 min, imaged, and then introduced to potassium
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chloride (KCI) (15 mM, to raise extracellular potassium and thus increase neuronal activity) for 2
min immediately before imaging. The treated neurons were imaged using our Zeiss Axio Observer
microscope with a Zeiss AxioCam 702 mono Camera and ZEN Blue 2.6 software. Specifically,
images were taken under a 20x objective at 500 ms exposure time using 75% intensity, 3x3

binning, and will be set for a duration time of 30 s with no intervals.

C3 Results

Differentiation of neuron-rich and astrocyte-rich cultures derived from mouse NPSCs

To verify successful differentiation of mouse NPSC differentiation to neuron-rich and astrocyte-
rich cultures, | performed immunocytochemistry using neuronal somatodendritic marker MAP2
(microtubule associated protein 2) and astrocyte marker with GFAP (glial fibrillary acidic protein),
respectively, and counterstained with DAPI (4',6-diamidino-2-phenylindole) (Fig. C.1). To test the
effect of TC-2153 on cultures derived from mouse NPSCs, calcium imaging was performed on
both neuron-rich and astrocyte-rich cultures using Oregon Green™ 488 BAPTA-1-AM calcium
dye (Invitrogen, cat #06807). Cultures were treated with either DMSO or TC-2153 (1 and 5 uM)
for 1 h prior to imaging. a 15 mM KCI bath was introduced to the cultures to induce activity (Fig.
C.1B). After incubating the cultures with 15 mM KCI for 2 min to induce KCIl-mediated
depolarization, we found that TC-2153 is observed to reduce evoked activity in both neuron-rich
and astrocyte-rich culture. Cells were seeded at the appropriate density in 3 cm glass bottom dishes
(2.5€e-6 cells) and checked two days later to confirm 70-80% confluency. To induce differentiation,
the cell media was changed to remove the growth factors and routinely replace the media each day
until DIV 9. For a “neuron-rich culture”, cells were differentiated and maintained as described in
the Methods — to create an “astrocyte-rich neuronal culture”, 2% horse serum was added to induce
astrocytic differentiation. Differentiated cells were used for experimental purposes at DIV 9 (Fig.
C.1A) — for immunocytochemistry, the process began on DIV 9 and were finally imaged at DIV
11 (Fig. C.1C).

Immunostaining revealed that the mouse NPSCs cultured without horse serum show MAP2-
positive neurons, yet little GFAP-positive astrocytes (Fig. C.2). In contrast, the mouse NPSCs
cultured with 2% horse serum displayed significantly more MAP2-positive neurons and GFAP-

positive astrocytes compared to those cultured without horse serum (Fig. C.2). Herein, we will
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denote the mouse NPSCs cultured without horse serum as “neuron-rich culture”, and the mouse
NPSCs cultured with 2% horse serum as “astrocyte-rich neuronal culture”. In neuron-rich culture,
we observe a lower number of neurons with more dendritic processes. In contrast, whereas we see
a higher number of neurons lacking dendrites in astrocyte-rich neuronal culture showed a higher
number of neurons which show thinner and shorter dendritic processes compared to the neurons
in neuron-rich culture. These results indicate successful differentiation of mouse NPSCs into

neuronal culture, and the culturing with 2% horse serum in the media increases astrocytes.

TC-2153 (1 uM)-treated astrocyte-rich culture derived from mouse NPSCs show reduced

excitability compared to control.

To test whether TC-2153 exhibits an effect on KCI-induced activity of either neuron-rich or
astrocyte-rich cultures derived from mouse NPSCs, we investigated the basal and evoked activity
of differentiated cells after either dimethylsulxofide (DMSQO) or TC-2153 (1 uM) application by
performing calcium imaging. Once the differentiated neurons reached DIV 9, the cells were
incubated with either vehicle control of DMSO or TC-2153 (1 uM) for 1 h as they are stored at
37°C and 5% CO2. This 1 h treatment using a low dose (1 uM) of TC-2153 was shown not to
induce neuronal death in DIV 18-21 primary cortical cells cultured from E18 rat embryos .
Immediately after drug incubation, Oregon Green™ 488 BAPTA-1-AM (Invitrogen, cat #06807)
was applied to the cultures and the dishes were stored in the 37 °C tissue culture incubator for 30
min. For calcium imaging, the cells were then incubated in basal artificial cerebrospinal fluid
(ACSF) for 1 min, imaged for 30 s to capture basal level activity, and then introduced to 15 mM
KCI (to raise extracellular potassium and thus increase neuronal activity) for 2 min immediately

before imaging for 30 s to capture evoked activity.

In the first calcium imaging trial, the spontaneous activity and KCL-evoked activity of mouse
NPSC-derived cells from the neuron-rich culture (containing no horse serum) were assessed after
DMSO and TC-2153 (1 uM) treatment. In DMSO-treated neurons, the Oregon Green™ 488
calcium signal activity observed before KCI treatment were similar to the activity observed after
KCI treatment. These findings were unexpected, since KCI treatment should increase the activity
of the neuron-rich culture. Comparably, the calcium signals in TC-2153-treated neuron-rich
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culture were similar between before and after KCI treatment. These findings suggest that the
neuron-rich culture in this first imaging trail might have had poor neuronal health, considering

there was no increase in signal after the introduction of KCI (Fig. C.3B-C).

To promote neuronal health and number (See Fig.C.1 and C.4), we next differentiated mouse
NPSCs to astrocyte-rich cultures (containing 2% horse serum) and repeated the calcium imaging
experiment to assess the activity of the cells after DMSO and TC-2153 (1 uM) treatment. First, |
observed that the rate of Oregon Green™ signal activity in astrocyte-rich neuronal culture was
higher compared to that in neuron-rich culture, both before and after treatment with KCI,
suggesting that astrocyte-rich neuronal culture was healthier and exhibited higher basal activity.
In DMSO-treated culture, the KCL treatment increased the number of cells exhibiting calcium
signals (Fig. C.4B). In TC-2153-treated culture, application of 15 mM KCI did not increase Oregon
Green signals (Fig. C.4C), indicating that TC-2153 treatment inhibits KCL-evoked activity in
astrocyte-rich neuronal culture derived from mouse NPSCs compared to the DMSO vehicle

control.

TC-2153 (5 uM)-treated astrocyte-rich cultures display less excitability, lower cell number.

To investigate whether a higher concentration of TC-2153 is required to achieve a more significant
reduction in neuronal activity, we repeated the calcium imaging experiments after treating neuron-
rich culture and astrocyte-rich neuronal culture with a higher TC-2153 concentration of 5 uM (Fig.
C.5 and C.6). In DMSO-treated neuron-rich culture, the Oregon Green™ 488 signal activity
evoked after KCl application was similar to the basal activity (before KCI), with the exception that
flashes of signal after KCI treatment were more intense and sustained for a longer period of time
(see white arrowheads in Fig. C.5B). In neuron-rich culture treated with TC-2153 (5 uM), the
calcium activity was slightly reduced upon KCL treatment compared to that before the treatment.
We also observed that neuron-rich culture treated with TC-2153 (5 uM) had a much lower number
of cells compared to the culture treated with DMSO (Fig. C.5C). However, it is unclear whether
TC-2153 (5 uM) induced cell death or the cell density of this particular dish was unevenly plated.
In addition, only glial cells were observed to display activity in TC-2153-treated dishes (Fig.
C.5C).
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In contrast to the neuron-rich culture, the basal calcium activity of astrocyte-rich culture before
KCI treatment was robust after DMSO or TC-2153 treatment (Fig. C.6B), consistent with the
higher number of cells in astrocyte-rich neuronal culture compared to neuron-rich culture (Fig.
C.5B-C). This reaffirms that the presence of more glia likely stabilizes the health and function of
the neurons. After KCI treatment, the rate of calcium signal activity in DMSO-treated culture
remained high, yet the fluorescence signal itself was slightly weaker (Fig. C.6B), suggesting
potential photobleaching. In TC-2153-treated astrocyte-rich neuronal culture, we observed weaker
calcium signals and their rate of activity after KCI treatment compared to those before KCL
treatment (Fig C.6C), suggesting that TC-2153 treatment at 5 uM reduces excitability compared
to DMSO control.

DMSO and TC-2153-treated (1 pM) neuron-rich and astrocyte-rich cultures appear
unhealthy, with further reduction in GFAP expression in TC-2153-treated astrocyte-rich

culture.

To test if TC-2153 treatment affects the health of mouse NPSC-derived neural cells, we performed
immunostaining on two separate sets of neuron-rich culture which have been treated with either
DMSO vehicle control or TC-2153 (1 uM or 5 uM) for 1 h, but did not undergo calcium imaging.
In the first experiment, the MAP2-positive neurons in the neuron-rich culture appeared to be
visibly damaged as they show dispersed and fractured dendrites and soma regardless of DMSO or
1 uM TC-2153 treatment. (Fig. C.7), suggesting that these neurons are unhealthy. Similar results

were obtained for the astrocyte-rich neuronal culture (Fig. C.8).

In second independent experiment, the MAP2-positive neuronal dendrites and soma in the neuron-
rich culture were less fractured and beaded (Fig. C.9) compared to those from the first experiment
(Fig. C.7). Similarly, a marked difference is also observed in high levels of GFAP-expressing
astrocytes and MAP2-positive neurons were observed in the astrocyte-rich neuronal culture
regardless of DMSO or 5 uM TC-2153 treatment. in the second experiment (Fig. C.10). Thus,
there appears to be a culture-to-culture variability between the cells in experiment #1 and

experiment #2.
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C.4  Discussion and Future Directions

My preliminary calcium imaging experiments demonstrate that application of 1 uM TC-2153
induced a decreasing trend in spontaneous activity but did not block KCl-evoked activity in mouse
NPSC-derived neuron-rich culture (Fig. C.3B-C). In mouse NPSC-derived neuron- and astrocyte-
rich culture, application of 1 uM TC-2153 induced a decreasing trend in both spontaneous and
evoked activity (Fig. C.3 and C.4). Better neuronal health and survival in neuron- and astrocyte-
rich culture compared to neuron-rich culture (Fig. C.3) could underlie our ability to see the effect
of 1 uM TC-2153 in reducing both spontaneous and evoked activity. Application of 5 uM TC-
2153 also induced a decreasing trend in spontaneous activity as well as KCl-evoked activity both
neuron-rich (Fig. C.5C) and astrocyte-rich cultures (Fig. C.6C). The overall health of the cells after
higher concentration of TC-2153 used in experiment #2 did not appear to significantly detract from

the overall health of either neuronal or astrocytic cultures.

My first set of preliminary immunocytochemical staining data showed that cells stained with
MAP2 from neuron-rich cultures treated with either DMSO or 1 uM TC-2153 were both fractured
and damaged, reflecting poor neuronal health (Fig. C.7). In astrocyte-rich culture, MAP2
expression in neurons from both DMSO and TC-2153 treatment groups were observed to have less
fragmentation (Fig. C.8). One possibility is that direct application of TC-2153 to this culture
(especially if these cells were in a vulnerable state to begin with) was too overwhelming and
induced cellular stress and death. These NPSC-derived cells are quite young (DIV 9) and are not
yet part of an established, strengthened neural network. Notably, our previous study demonstrated
the effects of TC-2153 in KCl-evoked hippocampal excitability of acute slice ¢, where one of the
advantages of this model is to study the drug’s effects on an established neuronal circuit. A future
alternative method would be to use cultured neurospheres as opposed to stem-cell derived neural
cells. The brain is a complex organ and its development, structure, and function rely heavily on
interactions between numerous cell types (i.e. neurons, glia, oligodendrocytes, etc.) 1.
Neurospheres offer a more mature, complex 3D organoid model that recapitulate these

multicellular interactions and would be a more appropriate model for neurotoxicity testing.

In my second set of immunocytochemical staining data, neuron-rich culture treated with DMSO
or 5 uM TC-2153 both exhibited high MAP2 expression with much less fracture, intact cell bodies,
and highly developed neurites, as well as high GFAP expression (Fig. C.9). Astrocyte-rich culture
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also demonstrated more robust MAP2 expression and GFAP expression (Fig. C.10). Neurons
expressed in astrocyte-rich culture appear to have less fragmentation and healthier neurites, even
when treated with TC-2153 (5 uM). However, even though we do observe improved overall health
of neurons treated with TC-2153 (5 uM), there are still many cells with beaded/shortened neurites.
This suggests that direct application of TC-2153 may have detrimental effects on young stem cell-
derived mouse NPSCs, in contrast to the rat hippocampal neuronal culture which was resilient to
10 uM TC-2153 treatment °. To address this, it will be necessary to systematically analyze the
dose effect on the health of stem cell-derived neurons, whether from mouse NPSCs or human
iPSCs.

Approximately 99% of mouse genes are matched by a corresponding sequence in the human
genome &; though mice are similar to humans at a fundamental level, there are clear biological
differences and limitations of only studying a murine model. My experiments investigating the
effects of TC-2153 on mouse NPSC-derived neuron-rich and astrocyte-rich cultures greatly
enriched my knowledge in working with stem cell-derived models, including how to maintain,
differentiate, and culture mouse NPSCs. This knowledge, as well as the troubleshooting that
occurred along the way, will be beneficial when starting our work growing and maintaining
hIPSCs to further study the effects of TC-2153 in a human-derived model. | propose a number of
follow-up studies with two specific aims for the future graduate students who will pursue this

project.

To further understand the specific impact TC-2153 has on human cells, our lab plans to investigate
its effects on human iNeurons — excitatory, cortical-like neurons generated by forced expression
of NGN2 or NGN1 and 2 in hIPSCs. Based on my preliminary findings that TC-2153 may affect
the health of neurons derived and cultured from stem cells (Fig. C.7-C.10) differently from rat
embryonic hippocampal cultured neurons ©, our lab will first successfully grow iNeurons to
maturity (21 days) and test the dose-dependent effect of TC-2153 on their health in this Aim. The
human iNeurons at DIV 2 are ready from our collaborator Dr. Jack Parent, MD (Michigan
Neuroscience Institute, University of Michigan) and stored in our cryotank. These neurons will be
thawed out and cultured for at least 21 days so that they have mature synaptic connections
according to the detailed protocols provided by Dr. Wei Niu in Dr. Parent’s lab (this protocol is
attached at the end of this chapter). To see if the iNeuron culture is successfully differentiated into
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cortical-like neurons and to examine the percentage of astrocytes, iNeuron culture will be
subjected to immunocytochemical analysis at DIV 21 (3 weeks) using primary antibodies for
neuronal marker MAP2, glia marker GFAP, and DAPI as in Figures C.7-C.10. To verify that
iNeurons are successfully differentiated into cortical-like glutamatergic excitatory neurons with
mature synaptic connections, immunostaining will be performed for presynaptic marker VGLUT1
(vesicular glutamate transporters 1) and postsynaptic marker PSD-95 (postsynaptic density protein
95). To test if these human iNeurons express STEPe1, we will also immunostain the neurons for
STEPs:. Finally, our lab will test the effect of TC-2153 on iNeuronal health by treating human
iNeuron culture at DIV 21-28 (3-4 weeks) with 1-5 uM TC-2153 and vehicle controls for 1 h, and
subjected to MTT assay used to measure cellular metabolic activity as an indicator of cell viability,
proliferation, and cytotoxicity (Sigma-Aldrich, Cat. # 11465007001). Immunostaining with
MAP2, GFAP, and DAPI will also be performed to correlate MTT results.

Our second aim will be to investigate the effects of TC-2153 on reducing activity of cortical-like
neurons derived from hiPSCs. Our hypothesis is that TC-2153 will impose a similar reduction on
the excitability of these iPSC-derived human excitatory neurons compared to our previous
findings. Our previous findings demonstrate that TC-2153 application reduces intrinsic
excitability, as well as decreases In current, in cultured rat pyramidal hippocampal neurons ®, while
TC-2153 demonstrates potential to reduce the KCI-evoked activity of neuron-rich and astrocyte-
rich culture derived from mouse NPSCs (Fig. C.3-C.6). Once we have the range of TC-2153
concentration that does not affect the health, our lab will test if TC-2153 has an effect on KCI-
evoked activity by calcium imaging as shown in Figures C.3-C.6. Our lab plans to accomplish this
by investigating the basal (spontaneous) and KCl-evoked activity of human iNeurons after either
DMSO or TC-2153 (1-5 uM) application using Oregon Green™ 488 BAPTA-1-AM (Invitrogen,
cat #06807) to visualize, image, and analyze calcium signals. AF/F= (F-Fmin)/Fmin will be
computed as described 2, where AF indicates the difference between the initial intensity in ACSF
and the intensity after KCI stimulation. AF/F will be normalized to ACSF. Our lab will also assess
the effect of TC-2153 on the spontaneous and KCl-evoked activity of human iNeurons by
performing multi-electrode array (MEA) recordings on cultures incubated in ACSF with either
DMSO as vehicle control or TC-2153 (5 uM).

122



C.5 Conclusion

Overall, our first experiment showed that TC-2153 (1 uM)-treated astrocyte-rich culture derived
from mouse NPSCs showed reduced excitability compared to control — however, both the DMSO
and TC-2153-treated (1 uM) neuron-rich and astrocyte-rich cultures appear unhealthy, with further
reduction in GFAP expression in TC-2153-treated astrocyte-rich culture. Our second experiment
demonstrated that TC-2153 (5 uM)-treated astrocyte-rich cultures displayed less excitability, as
well as a lower cell number. The differentiation of neuron-rich and astrocyte-rich cultures derived
from mouse NPSCs was also successful, with each culture containing a noticeably higher amount

of the desired cell type.
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Figure C.1: Experimental schematic. (A) Stem cell generation and differentiation. (B) Calcium
imaging of both neuron-rich and astrocyte-rich cultures differentiated from mouse-derived cortical
stem cells after treatment of either DMSO or TC-2153. (C) Immunocytochemical staining of both
culture sets to confirm desired cell type.
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Figure C.2: Immunocytochemically stained neuron-rich and astrocyte-rich mouse NPSCs
(containing 2% horse serum in 1x PBS). Imaged using a 20x objective with a 1.6x Tubelens.
Images were taken after calcium imaging of KCl-evoked activity.
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Figure C.3: Effects of TC-2153 (1 uM) in neuron-rich culture. (A) Experimental schematic of
calcium imaging on neuron-rich cultures (containing no horse serum) derived from mouse NPSCs
at DIV 9. The cells were incubated with DMSO or TC-2153 (1 uM) for 1 h, followed by a 30 min
incubation with Oregon Green™ 488, and finally subjected to calcium imaging first in ACSF and
then after 2 min of 15 mM KCI application. (B) Images taken of DMSO-treated cells before KCI
treatment in ACSF (first panel) and after 2 min KCI treatment (second panel). (C) Images taken
of TC-2153-treated cells before KCI treatment in ACSF (third panel) and after 2 min KClI treatment
(fourth panel). White arrowheads indicate single cell activity fluctuations in each time frame.
Imaged using a 20x objective with a 1.0x Tubelens. Time stamps marked beneath each image
indicate when the image was taken during the 30 sec recording.
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Figure C.4: Effects of TC-2153 (1 uM) in astrocyte-rich culture. (A) Experimental schematic of
calcium imaging on astrocyte-rich cultures (containing 2% horse serum) derived from mouse
NPSCs at DIV 9. The cells were incubated with DMSO or TC-2153 (1 uM) for 1 h, followed by a
30 min incubation with Oregon Green™ 488, and finally subjected to calcium imaging first in
ACSF and then after 2 min of 15 mM KCI application. (B) Images taken of DMSO-treated cells
before KCI treatment in ACSF (first panel) and after 2 min KCI treatment (second panel). (C)
Images taken of TC-2153-treated cells before KCI treatment in ACSF (third panel) and after 2 min
KCI treatment (fourth panel). White arrowheads indicate single cell activity fluctuations in each
time frame. Imaged using a 20x objective with a 1.0x Tubelens. Time stamps marked beneath each
image indicate when the image was taken during the 30 sec recording.
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Figure C.5: Effects of TC-2153 (5 uM) in neuron-rich culture. (A) Experimental schematic of
calcium imaging on neuron-rich cultures (containing 2% horse serum) derived from mouse NPSCs
at DIV 9. The cells were incubated with DMSO or TC-2153 (5 uM) for 1 h, followed by a 30 min
incubation with Oregon Green™ 488, and finally subjected to calcium imaging first in ACSF and
then after 2 min of 15 mM KCI application. (B) Images taken of DMSO-treated cells before KCI
treatment in ACSF (first panel) and after 2 min KCI treatment (second panel). (C) Images taken
of TC-2153-treated cells before KCI treatment in ACSF (third panel) and after 2 min KCI treatment
(fourth panel). White arrowheads indicate single cell activity fluctuations in each time frame.
Imaged using a 20x objective with a 1.0x Tubelens. Time stamps marked beneath each image
indicate when the image was taken during the 30 sec recording.
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Figure C.6: Effects of TC-2153 (5 uM) in astrocyte-rich culture. (A) Experimental schematic of
calcium imaging on astrocyte-rich cultures (containing 2% horse serum) derived from mouse
NPSCs at DIV 9. The cells were incubated with DMSO or TC-2153 (5 uM) for 1 h, followed by a
30 min incubation with Oregon Green™ 488, and finally subjected to calcium imaging first in
ACSF and then after 2 min of 15 mM KCI application. (B) Images taken of DMSO-treated cells
before KCI treatment in ACSF (first panel) and after 2 min KCI treatment (second panel). (C)
Images taken of TC-2153-treated cells before KCI treatment in ACSF (third panel) and after 2 min
KCI treatment (fourth panel). White arrowheads indicate single cell activity fluctuations in each
time frame. Imaged using a 20x objective with a 1.0x Tubelens. Time stamps marked beneath each
image indicate when the image was taken during the 30 sec recording.
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Figure C.7: Experiment #1 immunocytochemically stained neuron-rich culture derived from
mouse NPSCs (containing no horse serum in 1x PBS). Imaged using a 20x objective with a 1.0x
Tubelens. These cells were not previously calcium imaged and were used for the sole purpose of
performing immunocytochemistry.
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Figure C.8: Experiment #1 immunocytochemically stained astrocyte-rich culture derived from
mouse NPSCs (containing 2% horse serum in 1x PBS). Imaged using a 20x objective with a 1.0x
Tubelens. These cells were not previously calcium imaged and were used for the sole purpose of

performing immunocytochemistry.
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Figure C.9: Experiment #2 immunocytochemically stained neuron-rich culture derived from
mouse NPSCs (containing no horse serum in 1x PBS). Imaged using a 20x objective with a 1.6x
Tubelens. Cells were fixed (from dishes indicated in Fig. 5B-C) and immunostained immediately
after calcium imaging experiment was complete. Images were taken 2 d later.
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Figure C.10: Experiment #2 immunocytochemically stained astrocyte-rich culture derived from
mouse NPSCs (containing 2% horse serum in 1x PBS). Imaged using a 20x objective with a 1.6x
Tubelens. Cells were fixed (from dishes indicated in Fig. 5B-C) and immunostained immediately
after calcium imaging experiment was complete. Images were taken 2 d later.
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APPENDIX D: INEURON DIFFERENTIATION PROTOCOL

(PiggyBac vectors)
(Modified by Louis Dang)

Protocol courtesy from Dr. Jack Parent lab at the University of Michigan

Day -1

Plate cells at 5x10° cells using accutase per well of a 6 well plate (use Matrigel coated plates)
with Y27632 (cat# 1293823; vendor Biogems or Cayman; 13031) (final concentration 10 uM)
in E8 (cat# No. 05940 and vendor STEMCELL Technology or mTeSR1 (cat# #85850 and
vendor STEMCELL Technology) media. Use 3-6 wells/line. If plating 96-well MEA plate on
day 2, will likely need at least 6 wells/line.

Day 0

Remove old E8 or mTeSR1 media and replace with E8 or mTeSR1 media containing 1 ug/ml
doxycycline (make a 500x 0.5 mg/mL stock from the 20 mg/mL concentrated stock)

Day 1
Change media, E8 or mTeSR1 with 1 ug/mL dox

Day 2
Remove old E8 or mTeSR1 media and replace with E8 or mTeSR1 media containing 1 ug/mi
dox.

For MEA recording: coat plates with 0.2% PEI in borate buffer overnight.
Wash PEI-coated plates 4x with H20. Let dry in hood (lid off). Coat with laminin, 1:100 (~10
ug/mL) in DMEM/F12 at 37 C x 2 hours.

For short-term culture (less than 2 weeks): coat with Matrigel (cat# 354234 and vendor
Corning) or geltrex (cat#A1413302 and vendor Fisher) 1:100 in DMEM/F12 (cat# 11330-032
and vendor Invitrogen) at 37 C x 2 hours.

Optional: If you plan to do ICCs on these neurons, you can use chamber-slide (Lab-Tek 11
Chamber slide 8-well; ThermoFisher #154534). Occasionally | used 4-well plates (Thermo
Scientific Nunclon surface No. 144444) and put coverslips inside each well of 4-well plate.

Passage cells using accutase:

Remove old mTeSR1 media

Wash with PBS

Add 0.5 mL of warmed Accutase (cat# A1110501 and vendor Fisher) per well

Put at 37 deg for 4-7 mins

Add 2 mL of mTeSR per well, and gently triturate.

Collect cell suspension in 15 mL tubes

Spin 300g x 5 mins

Aspirate off media/accutase

Resuspend in 1 mL of 3N+A (B27 with Vitamin A)+ Y27632 (final concentration 10uM)
+ Dox (final concentration 1ug/ml) (Ratio/recipe found below)

Cell count
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Freeze down cells and/or continue differentiation (these cells are considered
postmitotic)

For regular plating:
*Standard thawing protocol in tissue culture is used for frozen iNeurons — but COUNT the cells
before plating them down.
Replate single cell suspension at 2x10° cells/mL onto PEI/laminin or matrigel coated dishes in
3N+A+Y+Dox.
If collecting samples for RT-qPCR, could plate up to 4x10° cells/mL
For 6-well plate, use 2ml per well.
If collecting samples for western blot, could plate up to 3x10° cells in 10cm coated dishes, use
10ml per dish.
For 96-well MEA plating:
Remove the number of cells needed to plate MEA with some excess medium
Spin 300g x 5 mins
Resuspend at 3x107 cells/mL, in 3N+A+Y+Dox with 1:100 laminin
Plate 5 uL dots in center of each well
Put 5 mL of H20 around edge of plate to keep humidity
Put in 37 deg incubator for 30 mins
Gently add 3N+Y+Dox to wells (150 uL/well for 96-well plate)
For other type plates:
50K/250 uL on Mattek (MatTek Corp, P35G-1.5-14-C): for electrophysiology recording
50K/250 uL per well of Labtek (ThermoFisher #154534): for ICC
150K/5uL with 1:100 laminin on 96-MEA plate

Day 3-7 (**Thaw cells from this step (Day 3), then proceed from here**)

Change medium daily with 3N+A (B27 with Vitamin A) + dox — leave a thin layer of media so
neurons don’t dry out.

For MEA recording: Around day 5-7 add rat glia (1 vial per differentiation, typically 30K
cells/mL of media)

Day 8

Remove all media from dish and add BrainPhys (BP; cat# 05790, Stemcell technologies) with
SM1 (Stemcell technologies Catalog # 05711)/N2 (#17502-048, Life technologies) /0.5x Pen-
Strep (50 units/mL of Pen and 50 units/mL of Strep) medium containing 20 ng/ml BDNF
(PeproTech; 450-02), 20 ng/ml GDNF (PeproTech; 450-10). Optional: 0.4mM dbcAmp, which
prevents cell proliferation (Sigma; D0627-1)

Day 9+

Feed M/W/F with 50% volume of BP+SM1/N2/P/S/BDNF/GDNF(and optional dbcAMP), with
MEA recordings on these days — take half the media out, then add in half feeding media.
Optional: Add 1:1000 geltrex to help neurons to stick to the plate during each medium change

For MEA recording: around day 9-14 (usually on a Friday), infect with CamKlla-GFP lentivirus
(1:200-500 final dilution)

Day 21: Fix Labteks for ICCs

Day 21-28: Do electrophysiology. Some lab members do it on ~day35.
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3N+A recipe:

Media:
3N+A medium: 1:1 mixture of N2 and B27 (with vitamin A) media

N2 medium
500 mL |Component

487.5 mL|DMEM/F12 with HEPES (cat# 11330-032 and
vendor Gibco/Invitrogen)

5mL NEAA (11140-050, Thermo fisher)
5mL N2 (#17502-048, Life technologies)
2.5mL [Pen/Strep (15140122, Invitrogen)
5mL Glutamax (Gibco; 35050-061)

250 uL  [Insulin (cat# 19278, sigma)

3.6 uL [BME (or use 1 mL of 1000x GIBCO/ThermoFisher
21985023)

B27 medium
500 mL |Component
477.5 mL|Neurobasal medium

(#21203-049,
Gibco/Invitrogen)

5mL NEAA (11140-050, Thermo
fisher)

10mL |B27 with Vitamin A
(Thermo fisher; 17504044)

2.5mL [Pen/Strep

5mL Glutamax (Gibco; 35050-
061)

Mix 250 mL each and sterile filter

Freezing medium for D2 iNeurons:
10 mL {Component
6.5 mL|3N+A (65%) (in house made)

2.5 mL|KOSR (25%) (cat# 10828-
010 Invitrogen)

1mL [DMSO (10%)
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