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Abstract:

We have shown that Wnt signaling is activated in the hippocampus 5 days
following status epilepticus (SE), and that Wnt signaling activates a Warburg-like
metabolic program. We hypothesized that Wnt-signaling induced Warburg metabolism
contributes to the ratio of GABA to glutamate, which is a critical factor in the progression
to chronic seizures and whose syntheses derive from TCA cycle intermediates. To probe
the role of Wnt signaling, we used HBP1 knockout mice (HBP17"). HBP1 is a Wnt
signaling inhibitor; is expressed in hippocampal CA1-CA3; and may have human genetic
association with seizures. Specifically, HBP1”~ mice should have elevated Wnt signaling,
and provide a means of analyzing the proposed model. Our biochemical analysis shows
that HBP1”" mice have high Wnt signaling; decreased AMPK phosphorylation; and high
mTOR signaling in hippocampal extracts. HBP1”~ mice have spontaneous seizures and
have elevated sensitivity to pilocarpine induction of SE. Furthermore, glutamine synthase
and glutaminase expression were changed, as well as the expression of glutamate
transporter; EAAT3 neuronal transporter and EAAT2 (GLT-1) astrocytic transporter.
Coupled with these changes were a marked increase in gliosis, suggesting that astrocyte
expansion and metabolism may play a role in the pathogenesis of seizures in HBP1

knockout model.
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Chapter 1: Introduction

Epilepsy is a disease with recurrent, spontaneous seizures due to the
synchronization of neuronal firing in the brain. It is one of the most common neurological
syndromes that affects up to 1 in 26 individuals in the United States. Generally, the
etiology of epilepsy is either acquired or genetic. Around 20-30 % cases are due to
stroke, tumor or head injury; the remaining cases are considered genetic epilepsies.
(Hildebrand et al., 2013).There are three classes of genetic epilepsy, genetic generalized
epilepsy (GGE); focal epilepsy; and epileptic encephalopathy (EE). Usually pediatric
patients with EE have other co-morbid conditions such as intellectual disability or
schizophrenia. (Myers & Mefford, 2015).

Several genes and genes families have been correlated to epilepsy pathogenesis,
leading to increase our understanding of the molecular mechanisms during
epileptogenesis which is the period which neuronal networks are changed to generate
spontaneous seizures i.e. chronic epilepsy (Maguire, 2016);(Steinlein, 2008).

The mammalian target of rapamycin (mTor) signaling pathway is an important
molecular pathway in the brain, it regulates the homeostasis between excitatory and
inhibitory neurotransmission in synapses (Bateup, 2013). The Tuber sclerosis complex
(TSC), is a negative regulator of mTor signaling and it has been associated with epilepsy.
TSC complex mutations lead to imbalance between the excitatory and inhibitory NT in
synapses resulting in brain hyper excitability.(Galanopoulou, Gorter, & Cepeda, 2012).

During neuronal development, Wnt signaling is involved in the self-renewal,
maintenance and differentiation of neural progenitor cells, and cortical and hippocampal

development. Wnt ligands are principle regulators of late embryonic and postnatal CNS



development. They have a role in the formation and maturation of pre- and post-synaptic
sites and neurotransmission. (Inestrosa & Varela-Nallar, 2015).Wnt signaling has a
complex role in the synapses, it can activate or inhibit the pre and post synaptic
formation. It regulates the excitation and inhibition of particular synapses in the
hippocampus therefore, regulate the long term potentiation (Park & Shen, 2012).

HBP1 is a Wnt signaling inhibitor that expressed in hippocampal CA1-CA3; and
may have human genetic association with seizures. Specifically, HBP1” mice have
elevated Wnt signaling. A case study showed that 15 genes, including HBP1, were
deleted on the long arm of chromosome 7 and the patient developed an intellectual,
physical disabilities, and seizures (Uliana, 2010). A literature review and analysis of
databases done by our lab and found patients with deletions in this region frequently
developed seizures or an abnormal EEG. This analysis narrowed a region spanning nine

genes on 7q22.3, including HBP1, highly correlated with developing seizures (figl.1).
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Figure 1.1The gene block containing HBP1 is positively correlated with increased
frequency of developing seizures or an abnormal EEG. A) Schematic of HBP1 on
chromosome 7. Top: red box indicates location of the inset below on chromosome 7. Inset
identifies the location of HBP1 on chromosome 7. Bottom: Representative sample of case
studies looking at deletions in the HBP1 region of chromosome 7. Includes deletion
location relative to inset, the phenotype observed, and reference. Arrowheads indicate that
a given deletion extends beyond the inset. The blue lines indicate the smallest common
region that consistently displays a seizure phenotype. This gene block contains HBP1 and
8 other genes. B) The gene block containing HBP1 is positively correlated with increased
frequency of developing seizures or an abnormal EEG. Summary of all case studies with
deletions in the area of HBP1. Indicates the number of patients who possessed a deletion
of the HBP1 containing gene block and the number who presented with seizures or an
abnormal EEG. The presence of an HBP1 deletion was positively correlated with the
presentation of seizures or an abnormal EEG (Fisher’s exact test, p=0.0022).

Moreover, our biochemical analysis shows that HBP17 mice have high Wnt signaling;
decreased AMPK phosphorylation; and high mTOR signaling in hippocampal extracts.
HBP1"" mice have spontaneous seizures and they are more sensitive to pilocarpine

induction of SE (figl.2).
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Figure 1.2 Baseline levels of Wnt and mTor signaling markers are increased in
HBP1"~ mice: Protein expression levels were determined by Western blot analysis on
hippocampus extracts from mice sacrificed 5 days after a control injection of PBS
solution in WT, HET, and KO mice. Both the FVBN strain and C57 strain were analyzed.
Quantification was performed using ImajeJ (NIH) using Actin levels for normalization
Results reveal a strain independent increase in phosphoP70S6K, an mTor signaling
marker, and strain specific increases in phosphoGSK-3f, cMyc, B-catenin, and pAKT,
markers for mTor and Wnt signaling. * indicates significant value p < 0.05.



The imbalance between excitatory and inhibitory neurotransmitters. Glutamate and
GABA have important roles in seizures development. In the brain, the synthesis, release
and reuptake of these neurotransmitters regulated by the glutamate-glutamine cycle. Wnt
signaling activates a Warburg-like metabolic program Our hypothesis is that Wnt
signaling induced Warburg metabolism contributes to the ratio of GABA to glutamate,
which is a critical factor in the progression to chronic seizures and whose syntheses
derive from TCA cycle intermediates.

The yee lab performed RNA seq to determine the changes in HBP17 mice
hippocampal extracts. Interestingly, the data suggested that there is a change in glutamate
signaling and couple of rearrangements in the glutamate receptors and transporters might

contribute to the hyper-excitation and spontaneous seizure in the HBP1”~ mice (Figl.3).
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Figure 1.3 IPA analysis for glutamate receptors and transporters in HPB1" Hippocampus.



Recent studies focus in the abnormal glucose metabolism. however, a gap in the
metabolic perturbations during epilepsy remains unclear. Previous data from the Yee lab
showed that Wnt signaling pathway is activated during the post-status epilepticus period
in temporal lobe epilepsy leading to several changes in the hippocampus.

During epileptogenesis, we have shown that the induction of seizure by pilocarpine
lead to metabolic changes in the hippocampus; Phospho- glycogen synthase kinase (p-
GSK), Hexokinase II (HKII), and mTOR activation occur in the fifth-day post-
pilocarpine treatment.

To examine the role of metabolic changes and Wnt signaling pathway, we proposed the
following molecular model; the activation of canonical Wnt signaling will inhibit the
GSK3 activity and increase the -catenin protein levels causing its binding to the
Lef/TCF transcription factor leading to gene transcription and expression. These changes
in the metabolic genes, including increases HKII, pyruvate kinase isoform M2 (PKM2),
and LDHA consistent with the activation of aerobic glucose metabolism. This Warburg
like effect results in decreased AMP and inhibition of AMP-dependent protein kinase
(AMPK). Both the inhibition of GSK3b and AMPK will prevent theTSC2 from inhibiting
the mTOR pathway, and this might increase the seizure susceptibility (figl.4). Based on
this hypothesis and these preliminary data we chose the HBP1”" mice as model to probe
the metabolic reprogramming and the role of Wnt signaling a possible drug target for

genetic epilepsy treatment.
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Chapter 2: Methods and Materials

2.1 RNA Sequencing:

RNA was sequenced at Tufts University Core Facility. RNA from three HBP1 knock out
and three from wild type hippocampal extracts were submitted for RNA sequencing and
25 million reads were analyzed for each sample.

2.2 Real Time PCR:

RNA Extraction: RNA was extracted using QIAGEN RNeasy kit® from both wild type
and knock out mice hippocampus’s following the manufacturer instructions.

RNA samples were stored at -80°C. The concentration of RNA was determined using
Nano drop.

cDNA Preparation: the prepared RNA was converted to cDNA using a reverse
transcriptase Kit from Bio-Rad®. We used 500 ng RNA for all the preparations.
qRT-PCR:

The reactions mix contained 10 uL of 2x SYBR from Bio-Rad®, 0.6 or 1uL of the
primer (5uM forward &reverse diluted in 90 uL of RNase free water),1 to 1.5 uL of
cDNA, and RNase free water up to 20 uL. The following primers were used to calculate
the mRNA levels of glutamine —glutamate cycle enzymes; GS, GLS, GAD67, GOT]1,
GOT2 and GD. We also used SLC1A1, SLC1A2 and SLC1AG6 primers to study the
mRNA expression of some glutamate transporters. The fold changes in each primer were
normalized using the mRNA 18S primer. All the experiments run in triplicate and the P-

value was calculated in prism software using paired T-test.



2.3 Western blotting:
Protein extraction: mice hippocampi were thawed and the protein extracted using RIPA
buffer, phosphatase and protease inhibitor, sample were vortexed periodically and the
kept in ice after that they centrifuged at 4°c for 10 min at 10,000 rpm then the supernatant
was saved in -80°c. The concentration of protein was determined by Thermo Fisher
Quant-it protein assay Kkit.
Western blotting:2x sample buffer was added to 30 ug of protein extracts and the mixture
was heated in water bath at 100°C for 5 minutes. For protein separation SDS PAGE was
done on Bio-Rad gradient polyacrylamide (4-15%) gel. Then, proteins were transferred
onto a PDVF membrane at 100 volts for one hour. After that the bolt was washed with
PBST (1xPBS0:0.1% Tween) and blocked with 5% BSA for one hour. Then, the primary
antibody was incubated with the blot at overnight at 4°C.The secondary antibody was
incubated after washing the blot for 10 minutes with 5% BSA three times. After one-hour
incubation, the blots were washed three times with PBST. The Stripping of membranes
done after incubating the blots at 50°C for 25 minutes with stripping buffer. The
development and quantification of the blots were done with the Thermo Fisher
Supersignal West Femto Chemiluminescent substrate and the Bio-Rad Chemidoc MP

Imaging System. We used Actin antibody to normalize the results.



2.4 Immuno-staining protocol:

Both 7 weeks-old C57/FVN wild type mice and HBP1 KO mice were anesthetized
with isoflurane 4% and perfused with cold 4% PFA (pH 7.4) intra-aortic ally. The brains
were surgically removed and fixed in cold 4% PFA for four hours or overnight at 4C. The
post-fixation brains were cryoprotected in 30% Sucrose overnight at 4C. Coronal sections
of the hippocampi (12 m) were cut using Leica biosystem cryostat. The coronal sections
were stored at -20C to be used later on for immunostaining. Before starting the
immunostaining, the sections were pretreated with 3% hydrogen peroxide in methanol for
5 min and washed with PBS for another 5 min. Thereafter, the coronal sections were
incubated with primary antibodies 1:100, PKM2 (Cell Signaling), GFAP (Abcam),
pP70S6K (Millipore), NeuN (Milipore), B-catenin (Milipore), diluted in 10% donkey
serum (Abcam), 5% Non-fat dry milk, 4% BSA (Thermo Fisher), and 0.1% Trion X-100
(Sigma aldrich) overnight at 4C overnight in moisturized chamber. The next day, the
sections were washed with PBS for 5 minutes three times and incubated in secondary
antibody 1:150; Alexa 488 Donkey Anti-Rabbit (Jackson Immuno), Alexa 594 Donkey
Anti-Mouse (Jackson Immnuo), Alexa 594 Donkey Anti-Goat (Jackson Immuno), diluted
in donkey blocking buffer at room temperature for one hour. Afterwards, the sections
washed three times with PBS for 5 minutes each and mounted with flourished mounted

Dapi (Abcam) and covered it to be for imaging.
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Chapter 3: Results
3.1 The role of Wnt and mTor signaling in HBP1”~ Mice Hippocampus during
epilepsy:

To understand how the HBP1™" increases seizure susceptibility, the baseline
expression levels for various proteins involved in the Wnt signaling and the mTor
pathway were analyzed. Also, we did immunostaining experiments to determine the
localization of Wnt and mTOR signaling in neurons and astrocytes.

3.1.1 TSC2 protein expression is in HBP1”~ Mice Hippocampus:

Tuberous Sclerosis Complex (TSC) involved in many neurological defects, epilepsy
and autism. The mutation of either the TSC1 or TSC2 genes known to be the cause of
genetic epilepsy in human however, there is overlap in the clinical phenotype between
their mutations. Evidence shows that TSC2 mutations cause more severe neurological
symptoms than TSC1 with earlier onset and higher frequency of seizures (Zeng et al.,
2011). We did western blot analysis to test the TSC2 protein expression levels in HBP1™
hippocampus extracts. Our results shown that there is no change in the protein level

between the HBP1™~ comparing to the wild type (fig 3.1).
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Figure 3.1 p-TSC2 Average Protein Levels in HBP1” Hippocampus: protein
expression was tested by western blotting and quantified. Sample size was 3 for WT and
3 HBP1KO. Unpaired T-test was used to determine the P value. P value =0.4. Error bars

refer to SEM. A) western blot B) Quantification This experiment done by Sumaiah
AlRubiaan.

3.1.2 AMPK protein expression in HBP1”" Mice Hippocampus:

AMPK is a negative regulator to mTOR signaling, phosphorylation of AMPK will
preserve the cell energy by increasing ATP production and decreasing its consumption.
One proposed mechanisms to reduce ATP consumption is by inhibiting mTOR via
activating the negative regulator TSC(Hardie, Ross, & Hawley, 2012). We did western
blot analysis to study the AMPK activation in the HBP1" hippocampal extracts; our
results shown that there is a reduction of the p-AMPK protein average compering to the

wild type (fig3.2).

12



A) P-AMPK L L T I
T-AMPK 5 55 s 400 S

B) p-AMPK Average Protein Levels
2500000+
; 2000000+ _l_
-
< 1500000+
2
& 1000000+
-
<
& 500000+
0~ T

Figure 3.2 p-AMPK Average Protein Levels in HBP1™" Hippocampus: protein
expression was tested by western blotting and quantified. Sample size was 3 for WT and 3
HBP1KO. Unpaired T-test was used to determine the P value. P value =0.2. Error bars refer
to SEM. A) western blot B) Quantification This experiment done by Sumaiah AlRubiaan.
3.1.3 pGSK® co-stained with NeuN in HBP1”~ Hippocampus:

To determine the localization of Wnt Signaling pathway we showed that the HBP1™

dentate gyrus DG have more cell with positive double immunostaining of the neuronal

marker NeuN (red) and the Wnt signaling marker pGSK* (green) (fig3.3).
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Figure 3.3 pGSK® co-stained in HBP1"" neuronal cells: Immunofluorescence labeling
for pGSK®’ (green), NeuN (red), and DAPI (blue) noted the co-localization of stained
pGSK*’ cells and NeuN in HBP1”~ compared to WT.

3.1.4 P706SK™* and pGSKS9localization inHBP1”~ Mice Hippocampus:

To determine the localization of mTOR activity in the HBP1™~ dentate gyrus we double
stain Wnt signaling marker pGSK®’ (green) with mTOR marker P706SK™** (red). The
HBPI1” DG have both increase in the Wnt and mTOR signaling but in different places

(fig3.4).

Figure3.4 P706SK"**and pGSKS9 localization in HBP1” Hippocampus:
Immunofluorescence double labeling for pGSKS9 (green), P70S6K™* (red), and DAPI
(blue).

14



3.1.5 B-catenin localization in HBP1” Mice Hippocampus:
We used other Wnt signaling marker to confirm the neuronal Wnt activity by double

stain B-catenin (green) with NeuN (red) (fig3.5).

Figure 3.5 B catenin localization in HBP1”~ Mice Hippocampus: Immunofluorescence
double labeling for B-catenin (green), NeuN(red), and DAPI (blue).

3.2 The role of glutamate metabolism and glutamate transporters during epilepsy
in HBP1™" mice hippocampus:

Energy homeostasis and impaired astrocyte function during glutamate — glutamine
cycle plays a major role in epilepsy pathogenesis (Boison & Steinhauser, 2017), here we
are showing that the HBPI" hippocampus undergoes several changes in the major
enzymes and glutamate transporters and these changes might contribute to the pathology
of this animal model.

3.2.1 Glutamine glutamate cycle in HBP1”~ Mice Hippocampus during epilepsy
3.2.1.1 mGAD67 mRNA Fold Change in HBP1”~ Mice Hippocampus
Glutamate decarboxylase, GAD67, is the enzyme which synthesize the major

inhibitory neurotransmitter GABA via a carboxylation reaction. Our RNA-seq data
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showed no significant fold change between the wild type and the knock out groups (data
not shown), for further analysis we did a qRT-PCR study to evaluate the gene
expression of GAD67 in the hippocampus. There was no significant change in the

mGAD67 mRNA levels (fig 3.6).
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Figure 3.6 mGAD67 mRNA fold change in HBP1 " Hippocampus: gene expression
was tested by qt- PCR. Sample size was 4 for WT and 5 HBP1KO. To normalize data
18S ribosomal RNA primer was used. Unpaired T-test was used to determine the P value.

P value =0.28. Error bars refer to SEM.
3.2.1.2 mGS mRNA Fold Change in HBP1"~ Mice Hippocampus

Our RNA-seq data of glutamine Synthase, GS, showed no significant fold change
between the wild type and the knock out groups (data not shown), for further analysis we
did a qRT-PCR experiment to study the gene expression of GS in the hippocampus. The

mRNA levels of mGS were reduced in HBP1”~ comparing to the WT (fig 3.7).
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Figure 3.7 mGS mRNA fold change in HBP1 " Hippocampus: gene expression was

tested by qt-PCR. Sample size was 4 for WT and 5 HBP1KO. To normalize data 18S

ribosomal RNA primer was used. Unpaired T-test was used to determine the P value. P

value =0.07. Error bars refer to SEM.

3.2.1.3 mGLS mRNA Fold Change in HBP1"~ Mice Hippocampus

Glutaminase is the enzyme which synthesize glutamate from glutamine and has

important role in the energy balance between astrocyte and neurons. We perform a qRT-
PCR experiment to study the gene expression of GIS in the hippocampus, our results

shown that mRNA levels of mGIS were slightly increased in HBP1”~ comparing to the

WT (fig3.8).
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Figure 3.8 mGLS mRNA fold change in HBP1 - Hippocampus: gene expression was
tested by qt- PCR. Sample size was 4 for WT and 5 HBP1KO. To normalize data 18S
ribosomal RNA primer was used. Unpaired T-test was used to determine the P value. P
value =0.17. Error bars refer to SEM.
3.2.1.4 GOT1&2 mRNA Fold Change in HBP1”~ Mice Hippocampus:
Glutamic-oxaloacetic transaminase is homodimeric enzyme with two isoforms;
cytoplasmic and mitochondrial, GOT1 and GOT2. This enzyme has a role in TCA cycle
therefore, we perform a qRT-PCR experiment to study the gene expression of GOT1 and

GOT?2 in the hippocampus, our results shown that mRNA levels of mGOT1 was

increased in HBP comparing to the WT while mGOT2 level was decreased (fig 3.9 a&b).
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Figure 3.9 a) mGOT1 mRNA fold change in HBP1™" Hippocampus: gene expression
was tested by qRT- PCR. Sample size was 6 for WT and 7 HBP1KO. To normalize data
18S ribosomal RNA primer was used. Unpaired T-test was used to determine the P value.
P value =0.07. Error bars refer to SEM. b) mGOT2 mRNA fold change in HBP1 -
Hippocampus: gene expression was tested by qRT- PCR. Sample size was 4 for WT and
5 HBP1KO. To normalize data 18S ribosomal RNA primer was used. Unpaired T-test was
used to determine the P value. P value =0.3 Error bars refer to SEM.
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3.2.2 Glutamate Transporters HBP1”" Mice Hippocampus during epilepsy
3.2.2.1 Fold Changes in the neuronal transporter mSLC1A1(EAAT3) in HBP1-/-
Mice Hippocampus:

SLCIAT1 also known as EAAT3 gene encodes the high-affinity glutamate transporters
which is essential in transporting glutamate across plasma membranes. In brain, they
terminate the postsynaptic action of glutamate and maintain the extracellular glutamate
levels below the toxic. we perform a qRT-PCR experiment to study its expression. Our

results shown that the mRNA level was reduced in the HBP17 (fig 3.10).
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Figure 3.10 m SLC1A1 (EAAT3) mRNA fold change in HBP1™" Hippocampus: gene
expression was tested by qRT- PCR. Sample size was 6 for WT and 8 HBP1KO. To
normalize data 18S ribosomal RNA primer was used. Unpaired T-test was used to
determine the P value. P value =0.1. Error bars refer to SEM.
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3.2.2.2 Fold Changes in the astrocytic transporter mSLC1A2(GLT-1) in HBP1-/-
Mice Hippocampus

GLT-1 is the principal astrocytic transporter which clears glutamate from the
extracellular space at synapses. Because the glutamate clearance is crucial for proper
synaptic activation and protect the neuronal damage from excessive activation of
glutamate receptors and minor dysregulation of this gene might cause a neurological
disorder; we studied this gene by conducting a qRT-PCR experiment. Our results shown

a reduction in the HBP1-/- (fig 3.11).

mS1A2 mRNA Fold Change in HBP1 KO Hippocampus

3-
)
2 27
®
£
(&]
S
o 1+ T
w
]
\*9
&
Q

Figure 3.11 m SLC1A2 (GLT-1) mRNA fold change in HBP1™" Hippocampus: gene
expression was tested by qRT- PCR. Sample size was 6 for WT and 8 HBP1KO. To
normalize data 18S ribosomal RNA primer was used. Unpaired T-test was used to
determine the P value. P value =0.09. Error bars refer to SEM.

3.2.2.3 Fold Changes in the neuronal transporter mSLC1A6 (EAAT4) in HBP1-/-
Mice Hippocampus

mSLC1AG6 also known as mEAATH4 is the gene that encode the neuronal glutamate
transporter which Clears the glutamate from the extracellular space. Our RNA-seq data of

EAAT4 showed significant reduction in the fold change between the wild type and the
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knock out groups (data not shown), for further analysis we did a qRT-PCR experiment to
study the gene expression of EAAT4 in the hippocampus. There was no significant

change in mRNA levels of the HBP1”~ comparing to the WT (fig3.12).
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Figure 3.12 m SLC1A6 (EAAT4) mRNA fold change in HBP1™" Hippocampus: gene
expression was tested by qRT- PCR. Sample size was 6 for WT and 8§ HBP1KO. To
normalize data 18S ribosomal RNA primer was used. Unpaired T-test was used to
determine the P value. P value =0.4. Error bars refer to SEM.

3.2.2.4 Fold Changes in the neuronal vesical transporter mSLC17A6 (VGLUT?2) in
Mice HBP1-/- Hippocampus

mSLC17A6 also known as mVGLUT?2 is the gene that encode the vesical transporter
which pack the neurotransmitter into the synaptic vesical in order to release them into
synapses. Our RNA-seq data of mVGLUT?2 showed significant reduction in the fold
change between the wild type and the knock out groups (data not shown), for further
analysis we did a qRT-PCR experiment to study the gene expression of mVGLUT?2 in the
hippocampus. There was a reduction in mRNA levels of the HBP1™" comparing to the

WT (fig3.13).
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Figure 3.13 m SLC17A6 (VGLUT2) mRNA fold change in HBP1 KO Hippocampus:
gene expression was tested by qRT- PCR. Sample size was 4 for WT and 4 HBP1KO. To
normalize data 18S ribosomal RNA primer was used. Unpaired T-test was used to
determine the P value. P value =0.09. Error bars refer to SEM.

3.3 Astrogliosis in HBP1”~ Mice Hippocampus:

What signaling increased in HBP1”" neuronal cells. Immunofluorescence double glial

fibrillary acid protein GFAP (red), and DAPI (blue) noted the astrogliosis in HBP1"

compared WT (fig 3.14).
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Figure 3.14 Astrogliosis in HBP1”~ Mice Hippocampus Immunofluorescence double
labeling for glial fibrillary acid protein GFAP (red), and DAPI (blue). The HBP1” DG
have gliosis compared to WT.
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Chapter 4: Discussion

The HBP1”" mice have spontaneous seizures, high Wnt and mTOR signaling in their
hippocampus. The yee lab proposed a coordinated signaling network between mTOR and
Wnt signaling (fig4.1). The hippocampal immunostaining shown that the Wnt signaling
(p-GSK) activated exclusively in the neurons, while the high mTOR signaling by
phosphorylation of S6 Kinase (pS6K) doesn’t co-stained with p-GSK at least not in the
neuronal cell bodies. However, the induced mTOR signaling in the hippocampus matches
the epileptic features of the TSC mutations. Studies showed that the mice with a deletion
of TSC1 or TSC2 have high mTOR neuronal signaling and they develop seizure
eventually (Uhlmann et al., 2002) ; (Holmes, 2007).
Pharmacological interventions to inhibit mTOR signaling in HBP1”" mice might be a
possible treatment since the preclinical data of treating epilepsy in TSC mutations mice
with mTOR inhibitor rapamycin; increases survival and reduces the frequency of

seizures.(Meikle et al., 2007); (Zeng et al., 2011).
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Wnt /mTor Signaling Network in Epilepsy
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Figure 4.1 Working model of the Wnt signaling and mTor pathway and their
relation to epileptogenesis. The Wnt ligand initiates a signaling cascade through binding
to a Frizzled/LRP receptor in the extracellular membrane, which ultimately inactivates
the B-catenin destruction complex, including Gsk-3p. This increases -catenin levels in
the cell, which allows B-catenin to be transported into the nucleus where it binds to the
transcription factors LEF1/TCF, signaling transcription of Wnt targets(Marchetti, 2013).
In addition to prevention of B-catenin degradation, inactivated Gsk-3f3 can no longer
activate the Tuber sclerosis complex subunit II, part of the mTor pathway (Buller, 2008).
TSC1/2 is one of the hubs for control, as its function as a repressor of mTor signaling is
regulated by phosphorylation from several different proteins(Song, 2012). HBP1 acts as a
downstream repressor of Wnt signaling by binding to the LEF1/TCF complex(Sampson,
2001). * signifies an interaction that is conjecture. We do not know if HBPlhas an
upstream target or what that target would be, but the existence of such a target is
consistent with the upregulation of mTor markers (phospho-p70S6K) shown in this study
in HBPlknockout mice (Song, 2012).We also do not know what upstream changes are
directly causing epileptogenesis. The two interactions shown are place markers, and the
direct cause of epileptogenesis could be any response to increases in either of these
pathways.

The Wnt/B catenin pathway activated mainly in the neurons and our data shows that
p-GSK is co-localized with the neuronal marker NeuN but not the astrocytic marker

GFAP. Al-Harthi’s lab shows that knocking down B catenin in the prefrontal cortex
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reduced EAAT2 and GS expression that suggesting that B catenin signaling positively
regulates glutamate uptake and the metabolism in astrocyte.(Lutgen, Narasipura, Sharma,
Min, & Al-Harthi, 2016). In our study, Wnt signaling staining was mainly activated in
neurons but not in the astrocytes and the absent of 3 catenin signaling in the astrocytes of
HBP1” might contribute to the reduction of EAAT2 and GS expression however, further
analysis must be done to link these finding with the neuro-pathogenesis of HBP1™",

Both RNA seq data and RT g-PCR results of HBP1”" mice suggest that there is
metabolic rearrangements to adapt the high glutamate concentrations. The exact
mechanisms and timing of these change are still unclear. We preform our studies using 8
week old mice and the results suggested that there is a dysfunction in the astrocytic
component of glutamate metabolism. We have shown that the astrocytic enzyme GS and
the glutamate transporter molecules excitatory amino acid transporter EAAT1 and
EAAT2 (GLT-1) were reduced. The reduction in those transporter is a unique feature of
the sclerotic hippocampus (Heja, 2014). The beta-lactam antibiotic ceftriaxone increase
EAAT expression (Lee et al., 2008) and reverse the loss of EAAT? leading to a reduction
in the reactive gliosis in a traumatic brain Injury rats (Goodrich et al., 2013). Since our
results showed both a reduction in EAAT?2 expression and astrogliosis, we might use
ceftriaxone as a possible treatment in the HPB1”~ mice model to reverse astrogliosis
which is the hallmark sign of sclerotic hippocampus.

Our IPA analysis of glutamate receptors and transporters combined to the change in the
glutamate cycle enzymes expression suggested highly suggested that the glutamate
metabolic profile is different in the HBP1”~ mice, however the metabolomics data

showed that there is no change of metabolites in the steady stare and glucose challenges.
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Taking these observations together led us to ask if the HPB1” mice have a unique
metabolic change after seizure which cannot be detected by 13C-Glucose labeling. There
are other metabolomics approaches to trace the glucose consumption and lactate
production during TCA such as 13C glutamine labeling. In cancer biology the TCA cycle
might use glucose independent pathway to metabolize glutamine ; using 13C glutamine
to trace the TCA components in HPB1”~ hippocampal extracts will help us to understand
the gap between the negative 13C glucose labeling NMR results and the changes in the
glutamate —glutamine cycle enzymes (Le et al., 2012).

The astrocytic marker GFAP was highly increased in our immunostaining and gene
expression results. The GFAP induction suggests that the HBP1”~ hippocampus
undergoes astrogliosis which matches the pathophysiological features of epilepsy.
Astrocytes have a crucial role in both neurophysiological and neuropathological
conditions; any change in the morphology, biochemistry, and physiology during epilepsy
is called reactive astrocyte i.e. astrogliosis. Currently, many drug targeting epilepsy
studies focus in the astrocytic dysfunction during the pathogenesis. Reactive astrocytes
might change ion channels, neurotransmitter homeostasis, and cellular water content
leading to neuronal hyperexcitability (Robel et al., 2015).

Other important role of astrocytes is coordinating glutamate homeostasis with
glucose metabolism during epilepsy. Some studies recommend the use of metabolic
therapeutic approaches like ketogenic diet to reduce seizures by inhibiting the glycolysis
and lactate metabolism.(Boison & Steinhauser, 2017). The Yee lab and Baleja lab studied
the metabolomics of HBP1”~ hippocampi in order to identify the changes in TCA cycle

components. The data shows that there is no significant change in glutamate metabolism
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in the 8 weeks’ mice hippocampal extracts (data not shown). These results suggested that
HBP1™ hippocampus compensate the high concentration of glutamate also, the TCA
cycle in our model during this specific age mimic the wild type. Currently, the Yee lab is
aiming to characterize the epileptogenic period in the HBP1”~ by analyzing EEG
recording of the pups. After identifying the onset epileptogenic period, we might
reexamine the glutamate metabolism using hippocampal extracts from that specific ages.
Most of the current antiepileptic medications targets the neuronal aspect of the
disease while it is clearly that the astrocytes contribute to the pathophysiology of epilepsy
in many different ways. Better understanding of the integral role of Wnt-mTor and the
astrocytic role in glutamate metabolism in addition of the underlying mechanisms of;

astrogliosis which is a possible cause of spontaneous seizures (Robel et al., 2015).
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