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Abstract

Epileptic seizures occur due to an imbalance between excitatory and inhibitory neurosignals. The excitotoxic insults promote
the accumulation of reactive oxygen species (ROS), unfolded proteins (UFP) aggregation, and sometimes even cell death.
The epileptic brain samples in our study showed significant changes in the quantity of UFP accumulation. This part explored
the efficiency of ER stress and autophagy responses at neutralizing the UFP using resected epileptic brain tissue samples.
Meanwhile, we regularly observed these patients’ post-surgical clinical data to find the recurrence of seizures. According to
International League against Epilepsy (ILAE) suggestions, we classified the patients (n=26) as class 1 (completely seizure-
free), class 2 (less frequent seizures or auras), and class 3 (auras with <3 seizures per year). The classification helped us
understand the reason for variations in the UFP accumulation in patient samples. We have observed the protein levels of ER
chaperone, glucose-regulated protein 78 kDa (GRP78/BiP), inositol-requiring enzyme la (IREla), X box-binding protein
1 s (XBP1ls), eukaryotic translation initiation factor 2a (pelF2a), C/EBP homologous protein (CHOP), NADPH oxidase
(NOX?2), and autophagy proteins like BECLIN1, ATG 7, 12, 5, 16, p62, and LC3. Our results suggested that ER stress
response limitation may contribute to seizure recurrence in epilepsy patients, particularly in classes 2 and 3. In addition,
we have observed significant upregulation of ER stress-dependent apoptosis initiation factor CHOP in these patients. These
results indicate that understanding the ER stress response pattern infers the possibility of post-surgical outcomes in focal
cortical dysplasia (FCD) patients.

Keywords Focal cortical dysplasia (FCD) - Endoplasmic reticulum stress - Unfolded protein response (UPR) - Oxidative
stress - Autophagy - Clinical outcome

Introduction

In both the pediatric and adult populations, focal cortical
dysplasia (FCD) is a major cause of drug-resistant epilepsy
(Kabat and Kroél 2012). FCD occurs due to the malforma-
tion of the cortex during brain development. Amongst its
subtypes, type I has disruption of intracortical lamination

P4 Prakash Babu Phanithi
prakash@uohyd.ac.in

Department of Biotechnology and Bioinformatics, School
of Life Sciences, University of Hyderabad, Hyderabad,
Telangana 500046, India

Govt. Degree College for Men, Srikakulam District,
Andhra Pradesh 532001, India

Department of Neurology, Krishna Institute of Medical
Sciences (KIMS), Secunderabad, Telangana, India

and columnar organization. Cortical dyslamination and dys-
morphic neurons characterize type Ila, while balloon cells
describe type IIb (Palmini et al. 2004; Krsek et al. 2008;
Kim and Choi 2019). Both FCD types I and II are associ-
ated with intractable epilepsy. Most patients with FCD show
recurrent seizures even after using antiepileptic drugs (Kwan
et al. 2010). One-third of the patients affected by epilepsy
respond poorly to contemporary antiepileptic medicines (Liu
et al. 2019). As a chronic neurological disorder, epilepsy
often contributes to neurodegeneration due to disturbance
in the endoplasmic reticulum (ER) homeostasis. ER stress
is triggered by various intracellular and extracellular stim-
uli, such as reducing disulfide bonds, ER calcium reserves,
impairment of protein transport to the Golgi, increased pro-
tein load, and absence of ER-associated protein degradation
(Kadowaki and Nishitoh 2013). Nearly 30% of newly formed
proteins in the ER degrade due to folding defects (Schubert
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et al. 2000). Any perturbations in the ER function led to
the accumulation of unfolded proteins and initiate unfolded
protein response (UPR) to maintain ER homeostasis (Wu
and Kaufman 2006; Bravo et al. 2013).

ER-dependent UPR is initiated by the release of ER chap-
erone (BiP/GRP78) from three proximal ER stress sensors:
PERK (protein kinase R-like ER kinase), IRE1 (Inositol-
requiring enzyme 1), and ATF6 (activating transcription
factor 6) (Kim et al. 2008). GRP78 binds to UFP and assists
in folding. The kinase domain of PERK successively phos-
phorylates elF2a (Harding et al. 1999) and attenuates protein
translation to ease the ER protein load. ATF4, a transcrip-
tion factor not affected by pelF2a, turns on genes required
for protein folding and autophagy (B’chir et al. 2013).
Autophosphorylation of IREla splices XBP1 (X-box bind-
ing proteinl) mRNA, leading to the generation of a potent
transcriptional activator that induces ER stress-responsive
genes. All three major arms of ER stress signaling pathway,
i.e., PERK, IRE1, and ATF6 converge on the elements in
the CCAAT enhancer-binding protein (C/EBP) homologous
(CHOP) promoter region to induce the expression of pro-
apoptotic molecule CHOP/GADD153 (Zinszner et al. 1998;
Oyadomari et al. 2002; Oyadomari and Mori 2004) during
chronic ER stress conditions (Hu et al. 2019). XBP1s axis
also regulates Beclinl and microtubule-associated proteinl
light chain-3B (LC3B) to activate the autophagy mechanism.
NADPH oxidase 2 (Nox2) enhances ROS production and
oxidative stress (Pal et al. 2014; Henriquez-Olguin et al.
2019). Accumulation of ROS can also inhibit the autophagy
flux (Pal et al. 2014, 2016).

ER stress contributes to neuronal damage during epi-
lepsy-induced seizures (Zhu et al. 2017). Chronic ER stress
can alter neuronal morphology and potentially enhances
apoptotic signaling in epilepsy patients (Rao et al. 2004;
Sokka et al. 2007; Kim et al. 2008). Further research into
the relationship between ER stress and seizure severity is
required to establish a link between the ER stress response
and post-surgical seizure outcomes in patients.

Methods
Sample collection and ethical guidelines

We collected the epileptic brain samples from the hospi-
tal immediately after the surgery. An experienced epilepsy
pathologist classified the patients as FCD type I, IIA, and
IIB at Krishna Institute of Medical Science (KIMS). The
written informed consent was obtained from patients or their
relatives. The KIMS Foundation and Research Centre and
KIMS Ethical Committee, Secunderabad, India, approved
the study protocol, which followed the Institutional Ethi-
cal Committee guidelines. All the subjects were completely
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anonymized. For future studies, the epilepsy samples were
collected immediately and stored at — 80 °C. The human
brain tissue repository at the National Institute of Mental
Health and Neuro-Science (NIMHANS), Bangalore, India,
provided the autopsied control brain samples for this study.
The control brain samples were not suitable for immunofluo-
rescence assay. Hence, we used these control brains only for
western blot assays.

Hematoxylin and eosin staining

This is the most useful technique in histopathology; two
kinds of dyes (Hematoxylin & Eosin) are used to stain dif-
ferent parts of the tissues differentially. Hematoxylin is a
basic dye that binds to nucleic acids and ribosomes and
imparts blue-purple color, whereas eosin is an acidic dye
that binds to basic elements like cytoplasm and collagen
and imparts pink/orange/red color. In our study, some part
of resected epilepsy brain tissue was rinsed with phosphate-
buffered saline (PBS) and stored at room temperature by
soaking in a 4% formalin solution after surgery. 24 h later,
tissues were rinsed with water and dehydrated with different
grades of ethanol (70%, 80%, 90%, and 100%) and embed-
ded in paraffin wax after 100% ethanol, xylene (1:1) treat-
ment. 5-pm-thick sections were sliced from paraffin wax-
embedded tissue blocks. The tissue slices were placed on a
glass slide, dewaxed with xylene, rehydration with ethanol
(100%, 90%, 80%, 70%), and rinsed with water, then dried.
The tissues were stained with hematoxylin for 3—5 min and
then washed under tap water. The sections were dipped in
1% acid alcohol (1% HCI, 70% ethanol) for a few seconds,
followed by a rinse with water. Dip the slides in ammonia
water until the sections become blue and wash with water.
Stain the sections with 1% Eosin Y for 10 min, wash them in
tap water, and dehydrated them with 90% and 100% ethanol.
After dehydration, the slides were kept in xylene for clear-
ing, then washed with water. Finally, the tissue sections were
covered with coverslips using mounting media and allowed
for curing overnight. The images were captured using an
Olympus microscope.

Thioflavin T fluorescence assay

Thioflavin T (T3516, Sigma-Aldrich), a benzothiazole salt,
is widely used for protein aggregate quantification (Beriault
and Werstuck 2013). Thioflavin T binds to unfolded pro-
tein (UFP) aggregates, like p-sheets, and gives enhanced
fluorescence. 100 pg of protein was added to Milli Q water
and made up the volume to 50 pl in a 96-well plate. 2 pl of
freshly prepared 0.5 mM Thioflavin T stock solution was
added to make the final working concentration of 20 uM.
After 30 min of incubation, the fluorescence intensity of
each sample was measured using a Tecan spectrofluorometer
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infinite® 200 PRO. The excitation and emission wavelengths
of the microplate reader were set at 440 nm and 490 nm,
respectively.

Tissue lysate and western blot analyses

The radioimmunoprecipitation assay buffer was used to pre-
pare the whole-cell lysate in the Dounce homogenizer at
4 °C. Protease inhibitor (Sigma-Aldrich, cat: no. P8340) and
phosphatase inhibitor (Sigma-Aldrich, cat: no. P5726) were
added to 100 mg of tissue sample before adding RIPA buffer.
After that, tissue lysate was centrifuged at 14,000 rpm for
about 15 min at 4 °C. The supernatant was separated, and the
proteins were quantified using the Bradford reagent. (B6916
Sigma-Aldrich). 45 pug of protein sample suspended in a
6 x sample buffer (20% glycerol, 4% Sodium dodecyl sulfate
(SDS), 0.125 M Tris, pH 6.8, 0.02 M dithiothreitol, 0.02%
bromophenol blue). After that, the proteins were resolved by
the SDS-PAGE. The gel was transferred to the nitrocellulose
membrane (Protran Amersham GE) overnight at 4 °C using
the Towbin buffer (Tris base, Glycine, Methanol, pH 8.3) at
25 V. Tris-buffered saline (TBS) and TBS containing 0.05%
Tween 20 (TBST) were used to wash the membrane. The
nitrocellulose membrane was blocked with non-fat skimmed
milk powder (Sigma- Aldrich: M7409) in TBST to reduce
non-specific binding. At 4 °C, these blots were incubated
with primary antibodies overnight. The antibodies used
for this study were BiP (Cell signaling technology [CST]-
3177), p-IREla (Novus Biological [NBP]100-2323SS),
CHOP (CST-2895), XBP1 (NBP2-20917), p-elF2a (CST-
3398), Beclin (CST-3495) P62 (CST-39749 s), NOX2
(NBP2-41291), LC3B (CST-3868), ATG16L (CST-8089),
ATG12+5 (MA5-27801), and ATG7 (CST-2631) diluted to
1:1000 in TBST buffer overnight at 4 °C. After subsequent
washing with TBS and TBST, the blots were probed with
secondary antibodies (1:15,000 dilutions), anti-rabbit (CST-
7074P2), and anti-mouse IgG (CST-G21040) conjugated
to HRP for one hour at room temperature. The blots were
developed using a chemiluminescence reagent (ClarityTM
Western ECL substrate 1705060) and a Bio-Rad (Bio-Rad,
USA) molecular imager.

Double immunofluorescence assay

5-um-thick paraffin-embedded tissue sections were depar-
affinized, hydrated with xylene, 100%, and 95% ethanol,
respectively, and washed with distilled water. Antigen was
retrieved using boiled citrate buffer for 15 min (10 mM cit-
rate buffer pH 6.0) and allowed to cool. The sections were
covered with blocking buffer (5% normal goat serum, CST-
5425, 1% BSA in 1 X PBS supplied with 0.3% Triton X-100)
and kept in a humid chamber for 1 h at room temperature.
The blocking buffer was removed from the tissue sections

after incubation. The primary antibody cocktail was added
and then incubated at 4 °C for 16 h to examine the neuronal
expression of XBP1s (CST 12782) rabbit monoclonal anti-
body and NeuN (MAB377B) mouse antibody at 1:100 dilu-
tions in antibody dilution buffer (CST-12378). The sections
were washed with 1 X PBS and incubated with fluorochrome-
conjugated secondary antibodies, anti-rabbit IgG conjugated
with Alexa fluor® 488 (CST-4412S), and anti-mouse IgG
conjugated with Alexa fluor® 555 (CST-4409S) diluted in
antibody dilution buffer for 1-2 h at room temperature in the
dark. Sections were washed in 1 X PBS and mounted with the
Prolong® Gold anti-fade reagent with DAPI (CST-89615).
The ZEN Blue software was used for image acquisition with
Carl Zeiss LSM 710, and the Image J software was used to
quantify fluorescent intensities.

Data analysis

Statistical analysis among groups was performed using
one-way analysis of variance (ANOVA) using the Newman-
Keuls method for post hoc analysis. Data were reported as
mean + SEM. The P-value <0.05 was considered statisti-
cally significant and was determined using the Sigma Plot
2000 software for Windows.

Results
Neuropathological analysis of tissue samples

Figure 1 depicts cellular morphologies of FCD type I,
FCD type Ila, and FCD type IIb by hematoxylin and eosin
staining of samples obtained from the FCD patients. The
postoperative follow-up study was performed on patients to
understand the possible seizure outcome according to the
International League Against Epilepsy (ILAE) (Wieser et al.
2001). Table 1 represents the FCD patients’ (n=26) clini-
cal characteristics, postoperative follow-up data, and seizure
outcomes. The follow-up data of these FCD patients sug-
gests that ten patients belong to the ILAE class1 (38.46%),
nine patients belong to the ILAE class 2 (34.69%), and
seven patients (26.92%) belong to the ILAE class 3. Table 2
represents the control sample (n=3) data obtained from
NIMHANS, which include age, gender, cause of death, the
time interval between death and postmortem, neuropathol-
ogy, disease condition, and infections; post-operative tissue
samples were collected and stored at the NIMHANS brain
bank using a standardized protocol.

Accumulation of unfolded proteins

The ER is critical for appropriately folding the proteins or
enzymes and regulating many signaling pathways (Schwarz
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Fig. 1 Histopathology of FCD
types. histopathology of FCD
type I and type II: Image was
taken using the Olympus micro-
scope. Hematoxylin and eosin
staining showed abnormal corti-
cal architecture in FCDI: (a)
dyslamination and disorganiza-
tion in the cortex, b columnar
disorganization in the cortex, ¢
FCD Ila showing dysmorphic
neurons, and d FCD IIb dys-
morphic neurons and balloon
cells having large cytoplasm
with single or multi nuclei. The
scale bar for Fig. 1 a, b, ¢, and
d is 100 um, and for the high
magnification inserts (Fig. lc, d
in white box) 30 um

and Blower 2016). Thioflavin T assay (ThT) was performed
to determine the fluorescent intensity of accumulated
unfolded protein aggregates in (n=726) patient samples
(Fig. 2). The ThT assay showed a significant difference in
fluorescence intensity of UFP aggregates in class 3 patients
(P<0.001, 367.15+4.85) compared to class 2 (P<0.31,
280.02+3.36) and class 1 (P <0.004, 219.63 +3.64).

ER stress response in FCD patients

The correlation between ThT and post-surgical clinical
data suggests that patients who showed complete seizure
outcomes had reduced accumulation of UFP and vice
versa. We have performed the western blot analysis by
selecting n =3 samples from each ILAE class to under-
stand the molecular changes associated with protein fold-
ing and protein degradation signaling mechanisms. The
patient samples found no significant change or close vari-
ation while performing UFP detection assays were pooled
and taken as one sample. Figure 3a represents the west-
ern blot assay for ER stress response signals against the
accumulation of unfolded proteins by activating protein
degradation machinery. All FCD patient samples belong-
ing to ILAE classes 1, 2, and 3 showed a significant
increase (P <0.001, 2.35+0.12,2.59+0.24, 2.63 +0.23)
in the staining intensity of BiP/GRP78 (Fig. 3b). The ER
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transmembrane receptor pIREla protein (Fig. 3c) stain-
ing intensity showed a significant increase in class 3
(P<0.001, 2.59+0.18) than class 2 (P <0.02, 1.87 +£0.16)
but not with class 1 (2.15+0.39). The downstream target
of pIREla is XBP1. We have measured the XBP1 spliced
(active) forms using western blot analysis (Fig. 3d) and
immunofluorescence assay (Fig. 4). The XBP1s (s-spliced)
form staining intensity was significantly increased in
ILAE classes 1 and 3 (P<0.003, 1.29+0.10; P <0.003,
1.35+0.13) respectively, compared to class 2 (P <0.03,
0.90+0.09), and immunofluorescence assay reconfirms
the upregulation of XBP1s through increased fluorescence
intensity in ILAE classes 1 and 3 (P <0.002, 3.15 +0.25;
P <0.003, 3.25+0.23), respectively, compared to class 2
(P<0.04,1.69+0.24). The p-IRE1-XBP1 axis can further
activate ER-associated protein degradation machinery and
chaperones, i.e., BiP, to increase the protein folding capac-
ity to ameliorate unfolded protein response (UPR) by ER.
In our study, we observed significant increase in pelF2a
(Fig. 3e) staining intensity in ILAE class 3 (P <0.002,
2.86+0.33) compared to class 1 (P <0.006, 1.26 +0.25),
and class 2 (P <0.008, 1.57 +0.29), respectively. The
above data suggest reduced protein aggregates and the
absence of translational attenuation in ILAE class 1 patient
samples and the occurrence of severe ER stress due to the
accumulation of unfolded proteins in ILAE class 2 and 3
patient samples.



Endoplasmic reticulum stress and unfolded protein accumulation correlate to seizure recurrence... 637

and< 1 seizures per year), and Class 3=26.92% (<3 seizures per
year and auras). The controls are obtained from NIMHANS, Banga-

Table 1 Clinical data of the study population representing seizure-
free outcome according to ILAE classification. Class 1=38.46%

(complete seizure-free, no auras), Class 2=34.61% (only auras lore
S. no Gender FCD type Age of onset Surgery age Epilepsy duration Location of FCD ILAE
outcome clas-
sification

1 Male FCDI 12 years 40 years 28 years Frontal Class 2
2 Male FCDI 11 years 13 years 2 years Parietal Class 1
3 Male FCDI 3 years 15 years 12 years Parietal Class 2
4 Female FCDIIb 6 months 4.6 years 4 years Frontal Class 1
5 Female FCDI 16 years 27 years 11 years Frontal Class 1
6 Male FCDIla 10 years 13 years 3 years Frontal Class 3
7 Female FCDIIb 14 months 12 years 10 years 10 months Frontal Class 1
8 Male FCDI 8 years 12 years 4 years Occipital Class 2
9 Female FCDI 6 years 14 years 8 years Frontal Class 2
10 Female FCDI 5 years 18 years 13 years Frontal Class 3
11 Male FCDI 9.5 years 10 years 7 months Frontal Class 3
12 Female FCDIla 2 years 14 years 12 years Frontal Class 2
13 Male FCDIIb 5 years 8 years 3 years Frontal Class 1
14 Male FCDI 34 years 35 years 1 year Frontal Class 2
15 Male FCDIla 2 years 25 years 23 years Frontal Class 1
16 Male FCDIIb 11 years 21 years 10 years Frontal Class 1
17 Male FCDI 6 years 13 years 7 years Parietal Class 3
18 Female FCDIIb 3 years 3 years 2 years Frontal Class 1
19 Male FCDIla 11 years 14 years 3 years Frontal Class 3
20 Male FCDIIb 15 years 25 years 10 years Frontal Class 2
21 Male FCDI 1 year 11 years 10 years Occipital Class 3
22 Male FCDI 4 years 10 years 6 years Frontal Class 3
23 Female FCDIIb 2 years 4 years 2 years Frontal Class 1
24 Female FCDIIb 2 years 15 years 13 years Frontal Class 1
25 Male FCDI 12 years 25 years 13 years Frontal Class 2
26 Male FCDI 13 years 27 years 14 years Frontal Class 2

Table 2 Control case information: The controls are obtained from NIMHANS, Bangalore. Storage and sample processing were performed by
NIMHANS, human brain tissue repository, according to their standardized protocol to use the brain tissue for the research purpose

S. no Gender Age Cause of death Post-mortem  Significant neuropathology Disease HIV/HBsAg Brain region
interval
Male 19 years Drowning 30h Cerebral injury No Negative Frontal
Male 25 years Homicide 25h Absent No Negative Parietal
3 Female 35 years Heart attack 35h Absent Diabetes Negative Occipital

ER-induced autophagy response may not be
sufficient to clear protein aggregates

The Beclin 1 (Fig. 5b) staining intensity was signifi-
cantly higher in ILAE class 1 (P <0.01, 1.09+0.10)
class 2 (P<0.009, 1.29+£0.12), and class 3 (P<0.05,
1.24 +0.10). Upregulation of Beclin 1 suggests how
critical the autophagy signal is for classes 1, 2, and
3 to clear the aggregated proteins. Furthermore, the

staining intensity of ATG7 (Fig. 5¢) increased in class
3 (P<0.001, 14.02 +3.23) than the ILAE 2 (P <0.03,
7.81+2.02) and ILAE 1 (P<0.02,7.94+1.51), ATG12-5
(Fig. 5d) significantly increased in class 2 (P <0.003,
2.21+£0.1) and class 3 (P <0.002, 2.56 +0.39) than class
1 (P<0.05, 1.07+0.051), and ATG16L1 (Fig. 5e) sig-
nificantly higher in class 3 (P <0.001, 76.88 +5.57) than
class 2 (P<0.03, 45.92 +11.59) and class 1 (P<0.02,
37.12 +£6.34). Sequsetosomel/p62 (Fig. 5f), a critical
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Fig.2 Estimation of protein
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aggregates by ThT assay:

ThT assay was performed to
understand the unfolded protein
aggregates in FCD patient sam-
ples (n=26). The fluorescence
intensity of ThT bound to pro-
tein aggregates was measured
and shown as mean + SEM.
These results are representative
of 3 independent experiments.
Thioflavin T assay for focal cor-
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tical dysplasia (FCD) samples
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parameters; class 3 (P <0.001)
and class 2 (P <0.03) showed a
significant increase compared to
ILAE class 1
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Fig.3 Western blot analysis of ER stress response in FCD patient
samples: Immunoblot assay for ER stress: Bip/GRP78, p-IREla,
XBP1, p-elF2 a, CHOP, NOX2, and f-actin in control and epilep-
tic patient resected brain samples. An equal amount of protein was
loaded in SDS-PAGE and transferred onto NC membranes, then
blocked with nonfat milk and probed with primary antibody. The lane

autophagy cargo protein’s staining intensity, was found
to be increased in ILAE classes 2 (P <0.01, 3.61 +0.52)
and class 3 (P <0.001, 4.84 +0.27) significantly than class
1 (P<0.04, 1.76 +£0.55); since p62 is degraded along
with autophagy proteins, its abundance infers impaired
autophagy. The LC3B type II (Fig. 5g) staining inten-
sity was significantly higher in ILAE class 3 (P <0.001,
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represents the control and FCD (n=3). The band/signal intensity was
quantified (Relative protein expression) and shown as mean+ SEM.
Densitometry analysis (b—g) showed a significant increase in BiP/
GRP78, p-IREla, XBPI1, p-elF2 a, CHOP, and Nox2 in the FCD
samples belonging to ILAE classes 2 and 3 than class 1 and controls.
*P<0.05, #P<0.01, ***P <0.001

10.17 £ 1.27) than in class 1 (P <0.005, 4.74 +1.53). At
the same time, class 2 (P <0.01, 7.61 +0.65) showed a sig-
nificant increase compared to class 1 (4.74 +£1.53). Since
LC3B II and p62 themselves undergo autophagy degrada-
tion (Gonzalez-Rodriguez et al. 2014), their abundance/
accumulation is a good sign of impaired autophagy and
increased ER stress in ILAE class 2 and class 3 patients.
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DAPI

NeuN

XBP1s

Merged

Fig.4 Double immunofluorescence study for XBP1 expression in
FCD (colored image). Double immunofluorescence assay. Staining of
XBP1s (green) and NeuN (red) a, b, and ¢ represents the neuronal
expression of XBP1s in ILAE outcome classes 1, 2, and 3 of FCD
patient’s brain sections (n=13), respectively. The blue color represents
di-amidino phenylindole (DAPI) staining used as a nuclear counter-

Chronic ER stress response inducing apoptosis

ER stress response initiates autophagy signaling to clear the
UFP aggregates during stress conditions. In some chronic
stress conditions, the cells may fail to eliminate excess pro-
teins due to factors that inhibit or overthrow the autophagy
machinery and lead to the activation of the apoptosis sig-
nal. In FCD patients, Nox2 (Fig. 3g), protein staining inten-
sity was increased in class 1 (P <0.01, 1.09+0.12) class
2 (P<0.007, 1.13+0.12), and 3 (P <0.009, 1.12+0.13);
this suggests the ROS accumulation in patient samples.
Nox2 increases the synthesis of ROS and also disturbs the
autophagy mechanism. In addition, we have observed a sig-
nificant increase in CHOP protein staining intensity through
western blot assay in class 2 (P <0.009, 2.05+0.35) and
class 3 (P<0.001, 2.25 +0.16) compared to the ILAE class

a b C

*%k

*%

Fluorescence Intensity
of XBP1s

ILAEI ILAE3

XBPls

ILAE2

NeuN

stain. The arrowheads in the merged image of NeuN+ XBPls rep-
resent the localization of XBP1s in neuronal cells. The fluorescence
intensity of XBP1s was quantified and shown as mean +SEM. Class
1 (a)>Class 2 (b)<Class 3 (c¢). Scale bar=20 um. Data is represent-
ative of 3 independent experiments

1 (P<0.02, 1.15+0.18) patients (Fig. 3f). CHOP acts as an
apoptosis initiation factor during impaired autophagy and
severe ER stress. All the FCD samples belonging to ILAE
classes 1, 2, and 3 were found to have a significant increase
in UPR and autophagy signaling proteins and UFP aggre-
gates compared to control brain samples.

Discussion

One-third of patients who have epilepsy show poor responses
to current anti-epileptic drugs (Liu et al. 2019) and require
the surgical resection of epileptic foci. Many patients ben-
efit from epilepsy surgery, but still, some are vulnerable to
seizure recurrence (Goodman 2011). During epilepsy, exci-
totoxicity disturbs cellular functions such as protein folding
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Fig.5 Western blot analysis of autophagy response in FCD patient
samples: Immunoblot assay for autophagy: Beclin, ATG7, ATG12-
5, ATG16L1, p62, LC3B, and f-actin in control and epileptic patient
resected brain samples. An equal amount of protein was loaded in
SDS-PAGE, transferred onto NC membranes, blocked with nonfat
milk, and then probed with a primary antibody. The lanes represent

and sorting (Liu et al., 2019) also free radicle production
(Frantseva et al. 2000), but the severity and duration vary
among individuals. These events disturb the ER homeostasis
and lead to the activation of stress response signals to main-
tain cellular homeostasis by attenuating new protein synthe-
sis and clearing the UFP aggregates. Since patients exhibit
different cellular and molecular changes during seizures, the
epileptic brain tissue resected during surgery is archetypal to
understanding epileptogenesis (Dixit et al. 2017). This study
aimed to find the UPR and autophagy changes that occurred
in the FCD patients using resected epileptic brain samples
to understand the possibility of a relation between ER stress
and clinical outcomes in FCD patients.

Thioflavin T assay indicates the accumulation of UFP
in FCD patients. Irrespective of age, gender, seizure foci,
and severity, some patients had limited UFP, whereas few
did not. Since we have observed the post-surgical follow-up
data regularly to understand the clinical outcomes, we have
categorized the patient cohort (n=26) according to ILAE
suggested outcome classes (Wieser et al. 2001): the ILAE
class 1 (seizures-free), class 2 (< 1 seizure episode/year and
auras), and class 3 (two to three seizure episodes/year and
auras). Our findings showed the correlation between sei-
zure outcomes and UFP aggregates. Patients with limited
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ControlILAE1 ILAE2ILAE3 Control ILAE 1 ILAE 2 ILAE 3

the control and FCD samples. The band/signal intensity was quanti-
fied (relative protein expression) and shown as mean+SEM. Den-
sitometry analysis (b—g) shows a significant increase in Beclinl,
ATG7, ATG12+5, ATG16L1, P62, and LC3B in the FCD samples
belonging to ILAE classes 2 and 3 than class 1 and controls (n=3).
*P<0.05, ¥*P<0.01, **P<0.001

UFP levels suggest possible re-establishment of ER homeo-
stasis, whereas increased UFP represents the possibility of
repeated acute or chronic ER stress with auras and seizure
recurrence. We believe that understanding the role of ER
stress significance can help us to predict the possibility of
seizure recurrence.

Based on these observations, we further studied the
expression pattern of UPR and autophagy signaling proteins.
We began with GRP78/BiP protein expression; BiP is an ER
lumen resident chaperone that helps in the proper folding of
nascent/unfolded proteins (Urano et al. 2000). Since UFP
aggregates increased in patients, we have observed signifi-
cant upregulation of BiP in all the patient samples which
could help in the protein folding. In epilepsy, activation of
IREla (pSer723) is a sign of ER stress UPR response (Liu
etal. 2011, 2013; Feldman et al. 2016). IREla is inactive as
long as BiP is bound to it; the presence of UFP in epilepsy
patients released the BiP, which allowed the autophosphoryl-
ation and activation of IREla. Activated IREla (pSer724)
splices XBP1 mRNA into XBP1s (Sidrauski and Walter
1997; Yoshida et al. 2001; Wang et al. 2012). During the
accumulation of UFP, cells can adapt to acute (last for a few
minutes to hours) or chronic ER stress responses (a few days
to years) to retain the ER homeostasis (Liu et al. 2019). The
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increased expression of XBP1s is a possible sign of chronic
ER stress in ILAE classes 1 and 3, and we assume the pos-
sibility of adaptive chronic ER stress in ILAE class 1 com-
pared to class 3. Similarly, class 2 patients probably adapted
acute ER stress, which lasts for a while and helps to reduce
the UFP aggregates. Therefore, adaptation to acute ER stress
response could be one of the reasons for reduced XBP1
expression in class 2 patient samples. The acute-repetitive
and chronic non-adaptive ER stress responses can worsen
seizures in epilepsy patients by reducing the seizure thresh-
old (Eggers 2007a, b; Liu and Connor 2015). Studies on
human and mouse models showed significant upregulation
of pelF2a (Ser51) during status epilepticus and hippocampal
sclerosis (Petrov et al. 2003; Carnevalli et al. 2004), which
represents the attenuation of global protein synthesis due
to the inability of cells to limit the UFP in the ER (Boyce
et al. 2005). The expression pattern of GRP78/BiP, pIREl«,
XBP1s, pelF2a, and ThT assay results suggest that ILAE
class 1 patients readily get rid of UFP aggregates compared
to ILAE classes 2 and 3.

ER stress response can control both autophagy and
apoptosis signals depending on the severity of ER stress
(Nishitoh 2002; Liu et al. 2011, 2013; Margariti et al. 2013;
Jiang et al. 2015). In our study, we observed a significant
increase in the expression of Beclinl protein in all the FCD
patient samples. Growing evidence also supports the rela-
tionship between impaired autophagy and epilepsy (Wong
2013; Lv and Ma 2020). Hence, we further elucidate the
difference in autophagy signaling among the ILAE outcome
classes. Autophagy response proteins (ATGs) are recruited
to the ER and autophagy membrane upon autophagy induc-
tion (Nishimura and Tooze 2020). Since ATG 7 increases
autophagy and reduces ER stress (Zheng et al. 2019), class
1 samples showed ATG7 upregulation but not class 2, which
suggests impaired autophagy. Atgl6L is a part of the core
autophagy protein associated with the Atgl2-5 complex
(Kuma et al. 2002), which was increased in ILAE classes 2
and 3 patients. P62/SQSTM1 is an autophagy adaptor pro-
tein that degrades in the autophagosome (Pankiv et al. 2007).
In our patient cohort, samples belonging to ILAE classes 2
and 3 showed the accumulation of p62 protein and LC3B,
suggesting the possibility of impaired autophagy because of
chronic ER stress (Gonzéalez-Rodriguez et al. 2014).

FCD patients were found to have increased NADPH oxi-
dase 2 expression. Nox2 increases ROS formation, which
could induce chronic ER stress, alter autophagy, even cause
cell death, and contribute to increased seizure susceptibility
(Bedard and Krause 2007; Pal et al. 2016; Huang et al. 2018;
Fan et al. 2019). Increased Nox2, pelF2a, UFP, p62, and LC3B
suggest the possibility of dysregulated chronic ER stress that
can disturb the UPR and autophagy. CHOP has a dual role,
which acts as an autophagy or apoptosis inducer (B’chir et al.
2014). Several studies have reported that during severe ER

stress, CHOP acts as a pro-apoptotic molecule and promotes
cell death (Szegezdi et al. 2006; Kim et al. 2008), which can
create hyperexcitable seizure-sensitive cellular circuits (Wong
2013). Our findings were in line with the above statement.

Conclusion

The epileptic patients, who are seizure-free, were found to
have reduced protein aggregates. On the other hand, patients
with seizure recurrence had increased UFP aggregates due
to disturbed ER homeostasis. This study explained how the
brain’s protection mechanism deals with seizures. We believe
further studies about ER stress and epilepsy using more clini-
cal samples and animal models can help consolidate our find-
ings about epilepsy progression and clinical outcomes.
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