1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Mol Neurobiol. Author manuscript; available in PMC 2023 April 01.

Published in final edited form as:
Mol Neurobiol. 2022 April ; 59(4): 2389-2406. d0i:10.1007/s12035-021-02624-2.

Cortical dysplasia in rats provokes neurovascular alterations,
GLUT1 dysfunction and metabolic disturbances that are
sustained post-seizure induction

Chaitali Ghosh!:2, Rosemary Myers?, Christina O’Connor3, Sherice Williams?!, Xuefeng
Liu4, Mohammed Hossain?, Michael Nemeth3, Imad M. Najm3

1Cerebrovascular Research, Department of Biomedical Engineering, Lerner Research Institute,
Cleveland Clinic, Cleveland, Ohio, USA

2Department of Biomedical Engineering and Molecular Medicine, Cleveland Clinic Lerner College
of Medicine of Case Western Reserve University, Cleveland, Ohio, USA

3Charles Shor Epilepsy Center, Neurological Institute, Cleveland Clinic, Cleveland, Ohio, USA

4Department of Quantitative Health Sciences, Lerner Research Institute, Cleveland Clinic,
Cleveland, Ohio, USA

Abstract

Focal cortical dysplasia (FCD) is associated with blood-brain barrier (BBB) dysfunction in
patients with difficult-to-treat epilepsy. However, the underlying cellular and molecular factors

in cortical dysplasia (CD) associated with progressive neurovascular challenges during the pro-
epileptic phase, post-seizure and during epileptogenesis remain unclear. We studied the BBB
function in a rat model of congenital (/n7 utero radiation-induced, first hit) CD and longitudinally
examined the cortical brain tissues at baseline and the progressive neurovascular alterations,
glucose transporter-1 (GLUT1) expression and glucose metabolic activity at 2, 15, and 30 days
following a second hit using pentylenetetrazole-induced seizure. Our study revealed through
immunoblotting, immunohistochemistry and biochemical analysis that 1) altered vascular density
and prolongation of BBB albumin leakages in CD rats continued through 30 days post-seizure,

2) CD brain tissues showed elevated matrix-metalloproteinase-9 levels at 2 days post-seizure and
microglial overactivation through 30 days post-seizure, 3) BBB tight junction protein and GLUT1
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levels were decreased and neuronal monocarboxylate transporter-2 (MCT2) and mammalian target
of rapamycin (mTOR) levels were increased in the CD rat brain, 4) ATPase activity is elevated
and a low glucose/high lactate imbalance exists in CD rats and 5) the mTOR pathway is activated
and MCT?2 levels are elevated in the presence of high lactate during glucose starvation in vitro.
Together, this study suggests that BBB dysfunction, including decreased GLUT1 expression and
metabolic disturbance, may contribute to epileptogenesis in this CD rat model through multiple
mechanisms that could be translated to FCD therapy in medically refractory epilepsy.

Keywords

blood-brain barrier; epilepsy; tight junction proteins; glucose transporter-1; monocarboxylate
transporter-2; mTOR

Introduction

The blood-brain barrier (BBB) is a critical physical and functional interface, protecting the
brain from harmful substances in the bloodstream, while providing it with the required
nutrients and a suitable microenvironment for normal neuronal function [1,2]. The role

of BBB dysfunction in the pathophysiology of epilepsy has been well-recognized [3-6].
Evidence demonstrates that BBB breakdown may induce epileptic seizures, and this seizure-
induced barrier disruption may cause subsequent epileptic episodes [5,6]. BBB dysfunction
may be caused by several factors including inflammation, endothelial apoptosis, abnormal
endothelial-glial interaction, loss of tight junction proteins and/or altered expression of
multidrug transporters and enzymes [7,3,8]. BBB disruption facilitates seizure onset and
long-lasting barrier breakdown, which can result in cognitive impairment [9,10,4,11]. Focal
cortical dysplasia (FCD) is one of the most common epilepsy etiologies in children and
adults, and the majority of patients do not respond to medications [12,13]. Although,

the contribution of congenital dysplasia and seizures separately or in combination to
neurovascular changes during disease progression has not been evaluated. The development
of epilepsy could be a key transition period to investigate for improved therapeutic
intervention in patients with cortical dysplasia (CD).

Previous studies have indicated that serum albumin leakage into the brain parenchyma may
contribute to epileptogenesis [6] by lowering the threshold of spreading depolarization [14],
inducing neuronal hyperexcitability and impairing neuronal function [15]. These neuronal
functions could be worsened by glucose transporter-1 (GLUT1) dysfunction in the BBB
and a glucose metabolic imbalance, which could be central regulators of altered physiology
in epileptic pathologies [16,17]. Further, during epileptogenesis, these events leading to

a compromised BBB could simultaneously dismantle the neurovascular bioenergetics and
metabolic pathways. It has also been previously suggested that inhibition of mammalian
target of rapamycin (mTOR) protects the functional integrity of the BBB in a preclinical
mouse model of Alzheimer’s disease [18], while mutations involving mTOR pathway genes
are commonly found in the focal brain region of patients with FCD [19-21]. Although, the
cellular changes occurring at the BBB and to key metabolic pathways during epileptogenesis
are still unclear in CD.
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In this study, we aimed to examine the BBB structure in an animal model of congenital
CD and evaluate the changes in the neurovasculature during epileptogenesis following an
induced acute seizure. We determined (1) the gross histological neuronal and vascular
structures and BBB dysfunction by FITC-albumin extravasation to the brain parenchyma,
(2) the brain microglial activation pattern and extracellular matrix metalloproteinase-9
(MMP-9) levels, (3) the lasting effect of acute seizures on BBB integrity and tight junction
protein (Claudin-5 and Claudin-1) levels, (4) cortical GLUT1, mTOR, monocarboxylate
transporter-2 (MCT2) and glucose/lactate levels along with ATPase activity in the rat cortex
and (5) mTOR pathway activation and MCT2 expression in the presence of lactate during
glucose starvation /in vitroto delineate the involvement of congenital cortical malformation
and seizures in the cellular abnormalities relevant to the brain and vasculature function.

Materials and Methods

Animals

A total of 15 timed-pregnant Sprague-Dawley rats and their 84 male pups were used in this
study (Charles River Laboratories, Wilmington, MA). Protocols for the care and use of the
animals were approved by the Animal Research Committee of Cleveland Clinic Foundation.
All studies were performed in accordance with the approved guidelines by the Institutional
Animal Care and Use Committee and the Institutional Biosafety Committee of Cleveland
Clinic. All rats included in the study were housed in individual cages, under 12-hour
dark-light cycles, and had free access to food and water. Animals were housed in the
Cleveland Clinic Biological Resources Unit accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International.

In utero irradiation (XRT) for a model of cortical dysplasia (CD).—Ten timed-
pregnant rats were irradiated with 145 cGy of cesium-137 on E17 for a model of multifocal
cortical dysplasia as previously described [22,23]. An additional five timed-pregnant rats
served as age-matched control animals. Date of birth usually occurred on E22, which was
considered postnatal day 0 (PNDO). All pups were grown to adulthood of PND45 prior to
experimental procedures, which is when the non-CD and CD animals’ overall body weights
were quite comparable. A timeline of the experimental outline is depicted in Supplemental
Fig. 1. Adult CD rats exhibit a decreased threshold to seizures, as the administration of a
subconvulsive dose of pentylenetetrazole (PTZ) (40 mg/Kkg, i.p.) induces status epilepticus
(SE) (second hit), as previously shown [22,23]. The same dose of PTZ was given to all

rats that received the pro-convulsive agent. No seizures were detected in animals that did
not receive PTZ. XRT+PTZ rats showed more severe seizures compared to PTZ rats, which
had mild seizures at the given PTZ dose. Status epilepticus was followed by the emergence
of interictal epileptic spikes in the majority of XRT+PTZ rats but not in normal rats with
PTZ, as previously shown [22,24]. The patterns of seizure activity and severity in these

rats was similar to that of our previously published studies [22,24]. More specifically, total
seizure duration (in seconds) spent in Racine Stage 5 was found to be significantly more in
XRT+PTZ compared to PTZ rats, as previously shown [22]. Rats that showed acute seizures
after PTZ injection were used for further analysis in the respective groups. We longitudinally
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studied the alterations in BBB and neuronal functions at various time points (2, 15 and 30
days) following PTZ-induced seizure in CD and normal rats.

Experimental usage of animals.—The 84 total animals used were split amongst the
four experimental conditions — normal/control rat (NL), CD rat without seizure induction
(XRT), normal rat with seizure induction (PTZ) and CD rat with seizure induction
(XRT+PTZ) — for each of the three time points. Consequently, seven animals per condition,
per time point were used for analysis. We dosed 42 total animals with PTZ for seizure/status
epilepticus inductions. We used 21 animals for the PTZ group and 21 animals for the
XRT+PTZ group. The perfused brains from these animals were either formalin-fixed (n=4/
group for each time point) for histological or immunohistochemical analysis or snap frozen
(n=3/group for each time point) for western blot, glucose/lactate measurement and ATPase
activity assays.

FITC-albumin solution composition and treatment

A microangiographic technique based on the injection of fluorescent probes enables
visualization of the entire brain microvasculature [25,26]. To this end, fluorescent albumin
was used, since albumin does not extravasate abluminally if the BBB is intact [25,26]. In

the present study, the fluorescent albumin solution was prepared by reconstituting 500 mg

of bovine desiccate albumin-fluorescein isothiocyanate (FITC-albumin, MW 69 kDa; Sigma,
St. Louis, MO) in 50 mL of phosphate buffered saline (0.1M PBS) lacking magnesium

and calcium ions. FITC-albumin was directly infused in the left ventricle [25,26]. 10 mL

of solution were injected at a rate of 1 mL/min under general anesthesia. The presence of
vascular leakage in treated and control animals was evaluated by visual inspection and by
fluorescent microscopy.

Histological and Immunohistochemical (IHC) Staining

The rat brain tissue was fixed immediately in 10% buffered formalin followed by 30%
sucrose in PBS and sliced into 10 pm thick sections using a cryostat. IHC and histological
staining were performed as previously described [8,27] on contiguous sections (n=5 each
per specimen) obtained from rat brain tissues (experimental design outlined in Supplemental
Fig. 1).

Histology.—Histopathology of the rat brain tissue was evaluated using cresyl violet (CV)
staining on brain slices to identify the neuronal and general architectural organization pattern
in the rat cortex regions.

Immunofluorescence.—Rat brain tissue slices were stained by IHC for various protein
targets — NeuN, GFAP, Iba-1, and Claudin-5 (see Supplemental Table 1 for details) overnight
at 4°C after blocking, followed by a two-hour incubation at room temperature with

the corresponding fluorescent secondary antibody (Supplemental Table 1b). All sections
were later mounted using Vectashield mounting medium with DAPI (H-1200, Vector
Laboratories). Sections were then analyzed by fluorescence microscopy. Fluorescent images
of the brain cortex were obtained using a Leica DM IL LED inverted microscope and

a Leica DFC3000 G camera. The Leica LAS X program was used for image capture.
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The acquired images were adjusted using ImageJ software (National Institute of Health,
Bethesda, MD, USA).

Diaminobenzidine (DAB) Staining.—GLUT1, mTOR and MCT2 were evaluated using
specific antibodies (Supplemental Table 1) in the brain sections obtained from XRT,

PTZ, XRT+PTZ and normal (NL) rats at PND47, PND60 and PND75. The slices were
permeabilized in 0.3% Tween in PBS, followed by blocking for endogenous peroxidase

in 0.3% hydrogen peroxide in methanol and for non-specific binding in a solution of 5%
goat serum and 0.4% Triton-X in PBS. The sections were incubated in wells with the
primary antibody overnight with gentle shaking at 4°C, followed by a one hour incubation
with the corresponding biotinylated secondary antibody (Supplemental Table 1). Sections
were incubated for one hour with an avidin/biotin complex (Elite Vectastain ABC Kit;
PK-6100, Vector Labs, Burlingame, CA, USA). Thereafter, the antibody binding sites were
visualized using DAB (without nickel solution; peroxidase substrate kit, SK-4100, \ector
Labs), and mounted using Permount solution. Image acquisition of DAB-labeled sections
was performed by brightfield microscopy, and the images obtained were adjusted with
ImageJ software (National Institute of Health, Bethesda, MD, USA).

RECA-1 with CV staining.—The RECA-1 (Rat Endothelial Cell Antigen 1) DAB IHC
and CV co-labelling for all groups (XRT, PTZ, and XRT+PTZ compared to normal) was
performed to determine the vessel density changes in the cortical rat brain tissues at PND47,
PND60 and PND75. As described above, the slices were processed using DAB staining
with a primary anti-RECA-1 antibody (see Supplemental Table 1) overnight and, later, a
biotinylated secondary antibody (Supplemental Table 1b) for one hour. The slides were
subsequently processed for CV. This staining method allowed dual visualization of the
cellular, especially neuronal, organization and the RECA-1-positive microvessels in the
cortical brain slices, which were imaged by brightfield microscopy [28].

Image Analysis.—To quantify the IHC-positive staining, images of the brain cortex
(n=5 images/rat/condition) of all groups were taken randomly (by a blinded-user) using
Leica Application Suite 4.12 software (exposure 1.5 s, gain 1, gamma 0.93). Background
was removed using the “rolling ball background subtraction” plugin for ImageJ with a
radius of 50 pixels. The fluorescent images were split into channels using the “split
channels” function, and the mean fluorescent intensity (fluorescent images) or threshold
intensity (DAB images) and area of positive staining of each region of interest (ROI) were
recorded. FITC-albumin extravasation was quantified by subtracting the fluorescent intensity
of vessels in randomly chosen ROIs in the green channel using the Line Analyzer plugin

in ImageJ from the total mean fluorescent intensity of the respective ROIs. Quantification
of RECA-1 with CV histological stained slices in the microvessels was conducted by using
a 5x5 grid (0.0625 mm?) approach in ImageJ and counting the points of the grid where

the vessels intersected the grid lines in four ROIs per image (modified from [29]). The
process was repeated in different cortical areas of the RECA-1+ stained brain sections
(n=3 images/rat/condition). The RECA-1+ vessel counts in XRT, PTZ and XRT+PTZ
were compared to NL. Statistical analysis by one- or two-way ANOVA was subsequently
performed based on the nature of the comparison being made.
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Protein Isolation and Western Blot Analysis

Small portions of the snap-frozen rat brain tissues were homogenized in radio
immunoprecipitation assay (RIPA) buffer (Sigma Aldrich, USA) with protease inhibitor
(Sigma-Aldrich, USA). The tissue suspension was centrifuged at 14,000 rpm (Avanti-J25I,
Beckman Coulter, USA); after, supernatant was collected, and the concentration of protein
was measured by the Bradford method. Once all of the cortical tissue samples were collected
from animals at each time point, protein isolation and western blots were performed
simultaneously. MMP-9, Claudin-5, Claudin-1 and GLUT1 were separated by 10% and
mTOR by 4-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and later transferred to polyvinylidene fluoride (PVDF) membranes (EMD Millipore Corp.,
Billerica, MA, USA) by semi-dry transfer (trans-Blot™ SD, Bio-Rad, USA). In brief, the
membranes were probed overnight at 4°C with the respective primary antibody (listed in
Supplemental Table 1a) followed by the appropriate secondary antibody (Supplemental
Table 1b), as previously described [8]. For the target proteins, either the PVDF membranes
were incubated in stripping buffer followed by blocking of the membranes or a fresh gel
was repeated with the samples. Western blots were run in duplicates. In each case, the
protein expression was normalized by p-actin (as loading control), and the densitometric
quantification of the images was performed using ImageJ software (National Institute of
Health, Bethesda, MD, USA). Throughout the study, animals were denoted in western blots
by their assigned ID#: NL — PND47 (#1-3), PND60 (#13-15), PND75 (#25-27); XRT —
PNDA47 (#4-6), PND60 (#16-18), PND75 (#28-30); PTZ — PND47 (#7-9), PND60 (#19-
21), PND75 (#31-33); and XRT+PTZ — PND47 (#10-12), PND60 (#22-24), PND75 (#34-
36).

Glucose and Lactate Measurement

Glucose and lactate were measured via a dual-channel immobilized oxidase enzyme
analyzer (YSI 2700 SELECT; YSI Inc., Yellow Springs, OH) in rat brain tissue samples. The
oxidase enzyme membrane integrity was made according to manufacturer recommendations.
The glucose and lactate standards were used for calibration and validation of the protocol

as previously described [30]. The detection ranges for D-glucose and L-lactate are 0-50
mmol/L and 0-29.98 mmol/L, respectively. D-glucose was calibrated to 13.89 mmol/L and
L-lactate to 5.61 mmol/L. Glucose and lactate each has a coefficient of variation (CV) of 2%
and a recovery of 97-100%. In brief, 50 mg of frozen brain tissue sample was homogenized
in 300 pl of RIPA Buffer (Sigma, St. Louis, MO) with protease inhibitor cocktail (Sigma,

St. Louis, MO). The tissue lysates were subsequently centrifuged for 30 min at 4°C, and

the sample supernatants were analyzed consecutively. The glucose and lactate levels were
measured in mmol/liter, and the data obtained for XRT, PTZ and XRT+PTZ groups at
different time points were plotted relative to normal (NL) levels considered as 100%.

ATPase Assay

The ATPase activity from the brain tissue lysates of all groups (NL, XRT, PTZ, and
XRT+PTZ) was measured by detecting the free inorganic phosphate (Pi) using a Pi-per
Phosphate Assay kit (Molecular Probe, catalog # P22061). The assay measures an increase
in fluorescence absorption of an Amplex Red reagent that is proportional to the amount
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of Pi in the samples. Briefly, a standard curve was obtained by using different known
concentrations of Pi. The standards and samples reacted with Amplex Red reagent for

60 min at 37°C in the dark. The Amplex Red reagent reaction product was detected
fluorometrically using a fluorescence microplate reader (BioTek, Synergy HT, USA), with
a setting for excitation at 530-560 nm and emission detection at 590 nm. The levels are
represented as umol of Pi per pg of protein in each specimen.

Cell Culture and Lactate Treatment

Human dopaminergic neuronal cells (DAN) derived from fetal brain tissues were purchased
from Clonexpress (catalog number: DAN 020; Gaithersburg, MD, USA) and followed the
company recommended culture media [31]. /mmunocytochemistry. At approximately 75%
confluency on coverslips, neuronal cells were fixed using 1% formalin and 4% sucrose in
PBS (phosphate-buffered saline) for 45 min. Cells were then washed with 4% sucrose in
PBS, blocked for 1 hour at room temperature and incubated overnight at 4°C using a mouse
polyclonal anti-human microtubule associated protein 2 (MAP-2) primary antibody (1:200;
Abcam Inc, Cambridge, MA, USA). FITC donkey anti-rabbit 1gG secondary antibody
(1:100 catalog number 711-095-152; Jackson Immunoresearch Inc., West Grove, PA,
U.S.A.) was then used. Cells were mounted using Vectashield mounting medium with DAPI
(H-1200, Vector Laboratories) and visualized with fluorescent microscopy as described
above.

Human Embryonic Kidney (HEK) 293 cells were obtained from American Type Culture
Collection (ATCC; catalog number: CRL-1573; Manassas, VA, U.S.A.) and grown in
Dulbecco’s modified eagle medium (DMEM, cat. no. 12430-054) with 10% fetal bovine
serum (cat. no. 10100-147), both from Gibco, USA, 100 pg/ml penicillin and 100 pg/ml
streptomycin.

Both cell types (DAN and HEK) in the treatment group were cultured separately in 100

mm petri dishes in complete medium containing 0 mM/low glucose with 20 mM lactate
(sodium L-lactate, catalog number 71718 Sigma-Aldrich, USA) for 24 hours to mimic

the low glucose/high lactate condition observed in the CD brain. Cells grown in normal
DMEM or DAN media (both 0 mM lactate) were used as controls for HEK and neuronal
cultures. After 24 hours, cells were lysed using RIPA lysis buffer with 1% protease inhibitor
cocktail for western blot analysis. Cell lysates were separated through an 8% SDS gel

and transferred onto PVDF membranes. The membranes were blocked and incubated

with primary antibodies against mTOR, phospho-mTOR (Ser2448), phospho-S6K (Ser371),
MCT2 or B-actin overnight at 4°C. The next day, the membranes were incubated with
specific secondary antibodies for 1 hour at room temperature as described previously [27].
The antibody details are listed in Supplemental Table 1.

Statistical Analysis

All the statistical analyses in this study were performed on PC using 64-bit R-4.1.0 (R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/).
Data were plotted using OriginPro 9.0 software (Origin Lab, Northampton, MA, USA).
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IHC quantification analysis.—A two-way ANOVA model was used to analyze GLUT1,
MCT2, and mTOR data, with IHC quantified values in four experimental groups (NL, XRT,
PTZ, and XRT+PTZ) across three time points (PND47, PND60, and PND75). For each
target, F test was performed to examine the overall difference across groups and time points
and the interactions between groups and time points on the expression. When F test was
significant overall, pairwise multiple comparison was further conducted to identify which
specific means contributed to the significance. A Tukey post hoc test was used for pairwise
comparison in order to control for the family-wise error rate resulting from multiple testing,
and adjusted p-values were calculated to identify the significance of the difference in means
between specific groups, time points and their interactions. We conducted one-way ANOVA
and Tukey post hoc tests, given each time point, to identify the significant difference
between specific treatment groups for RECA-1 and Iba-1.

Western blot quantification analysis and glucose, lactate and ATPase
analysis.—A two-way ANOVA model was used to analyze MMP-9, Claudin-1, Claudin-5,
GLUT1 and mTOR with western blot quantified values and glucose, lactate and ATPase
assay values collected in the four groups across the three time points. We ran the same
analytic procedure as described above in the IHC quantification analysis to identify any
significant differences in mean expression between specific groups, time points and their
interactions.

All data are shown as mean * standard error of the mean (SEM). An adjusted p-value of
<0.05 was considered statistically significant for all tests. All data collected in animals were
from littermate controls and compared to experimental groups. No data were removed from
the analyses, including statistical outliers.

Alteration in vessel density, neuronal disorganization and FITC-albumin extravasation
across the BBB in CD rats

Architectural disorganization in the cortex was demonstrated by gross histological, cresyl
violet staining (Fig. 1a). Vessel density in the cortex was initially decreased in XRT

rats compared to normal (Fig. 1a). Seizure induction in normal rats resulted in increased
vessel density at 2 days post-PTZ and 15 days post-PTZ but not at 30 days post-PTZ.
Although, a significant increase in vessel density was observed 2 days post-seizure induction
in XRT+PTZ rats (**p<0.01), which was also present 30 days post-PTZ (***p<0.001)

as compared to normal rats. Following acute seizure in dysplastic rats (XRT+PTZ),

BBB damage was characterized by increased FITC-albumin extravasation to the brain
parenchyma, starting at 2 days (Fig. 1b and Supplemental Fig. 2) and continuing through
15 and 30 days post-PTZ (Supplemental Fig. 2) compared to normal rats. FITC-albumin
BBB leakages were mainly observed in XRT+PTZ and XRT rats around the cortical layers
that displayed clustering of dysmorphic neurons (Fig. 1b). The mean level of FITC-albumin
leakage was significantly increased in the XRT+PTZ cortex compared to that of the XRT
(***p<0.001) and PTZ (***p<0.001) groups, determined by two-way ANOVA analysis
(Supplemental Fig. 2).
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Compromised BBB synchronizes with activated microglia and increased cortical MMP-9

levels

Our results show that microglial activation, identified by Iba-1 expression, was extensive
in cortical brain regions of XRT and XRT+PTZ rats, particularly in the areas showing

BBB disruption by FITC-albumin leakage in (Fig. 2a). High magnification images from
the cortex of each group show a relatively increased number of Ibal-positive microglia in
the XRT (***p<0.001), PTZ (*p<0.05) and XRT+PTZ (***p<0.001) rat brains compared
to normal levels at PND47 (Fig. 2a). One-way ANOVA analysis of the PND47 results
shows that the difference in Iba-1 activation between the XRT and XRT+PTZ groups was
not significant (p = 0.69). Although, Iba-1 activation was significantly different between
the PTZ and XRT+PTZ groups (***p<0.001) at PND47 or 2 days post-seizure. Iba-1
levels in the XRT+PTZ rats remained elevated at 15 days (***p<0.001) and 30 days
(**p<0.01) post-seizure compared to the PTZ group (Fig. 2a). The glial (GFAP) activation
or reactive gliosis of astrocytes (Supplemental Fig. 3) was not as robust as the microglial
overactivation observed in XRT and XRT+PTZ brains (Fig. 2a). In conjunction with
microglial activation, MMP-9 overexpression (Fig. 2b) was evident in the XRT+PTZ rat
cortical tissues (**p<0.01) on 2 days post-PTZ (PND47) compared to normal brain tissues.
By 15 days post-PTZ, MMP-9 levels decreased to baseline levels in all groups (Fig. 2b). All
full western blots are shown in Supplemental Fig. 4.

Decreased tight junction proteins in areas with BBB leakage in the cortex of CD rats
post-seizure induction

Tight junction proteins, Claudin-1 and Claudin-5, had variable expression patterns
throughout the time points in the cortex of CD rats with and without seizure induction
compared to normal (Fig. 3a). Two-way ANOVA shows that overall Claudin-1 expression
significantly decreases over time (*p = 0.041), and there is a significant decrease in

mean Claudin-1 levels in PND75 compared to PND47 (*p = 0.038). Claudin-1 expression
was initially unchanged in XRT rats but then decreased by PND75 compared to normal
(***p<0.001), while Claudin-1 expression in the PTZ group was decreased persistently
from 2 days post-PTZ (**p<0.01) through 30 days post-PTZ (***p<0.001). However,
Claudin-5 levels in the cortex showed a significant decrease in both XRT and PTZ rat brains
at PND47, continuing through PND60 compared to normal. Interestingly, a significant
and persistent downregulation of both Claudin-1 and Claudin-5 expression was observed
in the brains of XRT+PTZ rats starting at 2 days through 30 days post-PTZ-induced
seizures (Fig. 3a). Two-way ANOVA analysis shows a significant decrease in the mean
XRT+PTZ cortical Claudin-5 level compared to mean Claudin-5 levels of the normal
(***p<0.001) and PTZ (**p<0.01) groups. Although, the difference in mean Claudin-5
levels between the XRT and XRT+PTZ groups was not significant. However, there was

a significant difference in the mean Claudin-1 levels between the normal (***p<0.001),
XRT (***p<0.001) and PTZ (**p<0.01) compared to the XRT+PTZ group. At 30 days
post-PTZ with a compromised BBB shown by FITC-albumin leakage, Claudin-5 expression
remained low in the microvessels of XRT+PTZ rats compared to normal (Fig. 3b). The
XRT and PTZ rat brains also showed a relative decrease in Claudin-5 immunostaining,
suggesting a dysfunctional BBB compared to normal. In contrast, brain capillaries in the
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normal cortex showed elevated Claudin-5 expression, indicative of a tighter barrier and
negligible extravasation of FITC-albumin across the BBB (Fig. 3b).

Alterations of GLUT1 and glucose metabolism in the cortex of CD rats post-seizure

Compared to control brains, GLUT1 expression was significantly lower in the cortical

tissue of XRT rats (**p<0.001) at PND47 and further decreased after seizure induction
(XRT+PTZ, ***p<0.001). This significant and persistent decrease in GLUT1 expression

in the XRT and XRT+PTZ rat cortices lasted through PND75, 30 days after PTZ-induced
seizures (Fig. 4a). Overall, there is a significant decrease in GLUT1 expression in the
XRT+PTZ group (***p<0.001) compared to the XRT group according to the pairwise
comparison between the group means analyzed by two-way ANOVA. GLUT1 expression
was mainly found in the microvessels of the normal cortex (Fig. 4b). The expression trend in
the western blot is corroborated by the IHC staining of GLUTL in these groups (Fig. 4b).

Subsequent measurements of the glucose and lactate levels in the same cortical tissues used
for western blot confirm a significantly decreased glucose concentration in the XRT and
XRT+PTZ cortices at PND47 compared to normal brains, which persisted through PND75
(Fig. 5a). Simultaneously increased lactate levels were found in the same rat groups, XRT
and XRT+PTZ, at PND47 compared to normal brains (Fig. 5a). The absolute values of
glucose and lactate (mmol/L) levels are also provided in Supplemental Fig. 5. All measured
levels were within the linear range of the assay method, and the calculated glucose and
lactate concentration in the sample ranged from 0.3 mmol/L to 1.31 mmol/L for glucose
and from 0.6 mmol/L to 1.45 mmol/L for lactate. Greater energy consumption determined
by elevated ATPase activity is also observed in the cortex of PTZ and XRT+PTZ at

PND47 compared to normal (Fig. 5b). However, unlike in PTZ brain tissues, the ATPase
activity remained elevated in XRT and XRT+PTZ rat cortices at PND60 and PND75 (Fig.
5b). Overall, there was a significant difference in the mean glucose level of the PTZ
(***p<0.001) group, but not the XRT group (p = 0.09) compared to XRT+PTZ, according
to two-way ANOVA analysis. This same trend is present in the lactate level analysis for

the PTZ and XRT groups compared to XRT+PTZ (***p<0.001 and p = 0.99, respectively).
Elevated MCT?2 expression in the cortical neurons in the XRT and XRT+PTZ rat brains
compared to normal lasted through PND75 (Fig. 5¢). However, in the PTZ group, the
MCT2 expression returned to control levels in the neurons by 30 days post-PTZ. There is a
significant difference in the mean MCT2 expression levels between the PTZ and XRT+PTZ
groups (***p<0.001), but not between XRT and XRT+PTZ (p = 0.078), determined by
two-way ANOVA analysis. Also, overall MCT2 expression goes down with time, with

a significant decrease in the mean MCT2 levels at PND75 compared to both PND47
(*p<0.05) and PND60 (***p<0.001).

Increased mMTOR expression persists in CD rats after seizure induction, and mTOR activity
is controlled by increased lactate levels in vitro

The mTOR levels in the cortex were found to be significantly increased in XRT and
XRT+PTZ rats on PND47 compared to normal rats (Fig. 6a—b). mTOR staining was most
pronounced in cortical neurons (Fig. 6a), where the mTOR levels remained consistently
increased until PND75 (30 days post-PTZ) in XRT+PTZ rats (Fig. 6a—b). At 30 days
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post-seizure, the PTZ rat cortical mTOR levels were also found to sporadically increase
compared to normal (Fig. 6a—b). The combined mean mTOR expression level at all time
points by pairwise group comparison of XRT+PTZ is significantly increased compared

to that of XRT (***p<0.001) and PTZ (***p<0.001). Also, statistical analysis of the

mTOR levels by IHC revealed that overall, mTOR expression increased over time, with
significant increases in the mean levels in PND60 (***p<0.001) compared to PND47

and in PND75 (*p<0.05) compared to PNDG60. Lactate supplementation during glucose
starvation upregulated lactate transporter, MCT2, and mTOR pathway proteins, mTOR,
phospho-mTOR, phospho-ribosomal protein S6 kinase beta-1 (phospho-S6K) in both human
normal dopaminergic neuronal cells (DAN, Fig. 6¢) and HEK cells (a broadly used cell line
that retains many properties of immature neurons) (Supplemental Fig. 6) [32].

Discussion

The dysplastic and pro-epileptic brain in the current study shows BBB dysfunction, with
decreased levels of tight junction proteins and an endothelial glucose transporter, that is
prolonged post-seizure induction in CD rats. The BBB alterations are accompanied by
increased microglial activation, MMP-9 and mTOR protein expression in the CD brains.
Hampered glucose transport to the brain through decreased GLUT1 in the BBB was
elucidated by decreased brain glucose levels partnered with increased lactate levels in CD
rats, while ATPase activity remained elevated. These changes were further accentuated and
more persistent in the dysplastic brain during the period of epileptogenesis that was shown
to occur following a “second hit” [22-24].

Loss of BBB integrity and altered microvessel density in rats with CD

BBB integrity is compromised in the /n utero irradiation rodent model of CD during

the pro-epileptic stage (XRT) and is further weakened during epileptogenesis following

a “second hit” (XRT+PTZ). Previous studies have shown that BBB dysfunction is a
hallmark of pathophysiological changes in epilepsy [3,33,4], and the degree of BBB
dysfunction in humans often correlates with disease severity [34,8]. In fact, BBB disruption
with microvascular permeability to serum macromolecules is one of the earliest events
documented following status epilepticus [34—-36,5]. The leaky barrier (identified by FITC-
albumin extravasation) in the radiation-induced CD model, observed to be prolonged in our
current study, could play a role in the previously reported decreased threshold to seizure
induction [37,22,23]. We have also earlier shown that a “second hit” (e.g. provoked seizure
or trauma) leads to the transformation of a pro-epileptic dysplasia into an epileptic pathology
[22,24]. Recurrent seizures have also been noted to further compromise the BBB function
and lead to the progression of epilepsy [38,4,5,8]. In the current study, we found that
microvessel density increased following seizure induction in rats with and without CD.
These findings may suggest that the increase in microvessel density that has been previously
reported in patients with focal cortical dysplasia [39] could be triggered and prolonged by

a “second hit,” resulting in epileptogenesis, rather than a consequence of the pro-epileptic
substrate itself, where vessel density in this CD rat model without seizure induction is
actually decreased [40].
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Cortical microglial activation and MMP-9 level elevation with BBB leakages in CD rats
following acute seizures

Ideally, the brain’s internal milieu is immune-privileged and required for proper

synaptic, neuronal and network activities. BBB breakdown due to seizure or underlying
pathophysiological changes triggered by congenital stimulation results in pro-inflammatory
activity and immune responses through activation of microglial cells and astrocytes

[41]. Iba-1 is known to increase with microglial activation [42], where it may be

involved in membrane ruffling and phagocytosis [43,44]. Overactivation of Iba-1 seen

in rats after seizure induction was further exacerbated by the CD substrate, suggesting
neuroinflammatory activity. We recently observed similar microglial changes in human FCD
type 1l tissue resected from patients with medically intractable focal epilepsy (unpublished
data). Extracellular matrix protein MMP-9 contributes to the remodeling of synapses,
proteolytic action on the BBB and seizure induction [45] which we find elevated in the CD
rats at 2 days after seizure. This finding suggests that the combination of the pro-epileptic
substrate and a subsequent second-hit could compromise the extracellular matrix integrity,
which is pivotal for the neurovascular interface.

Persistent decrease in tight junction proteins in CD rats following seizure induction

In our setting, decreased Claudin-1 and Claudin-5 levels and increased FITC-albumin
extravasation to the brain parenchyma in CD rats lasted through 30 days post-seizure
induction, indicating that the CD substrate exacerbates and prolongs the loss of tight
junction proteins that has been observed following SE. Interestingly, based on the overall
group analysis, it seems that the decrease in Claudin-1, but not Claudin-5, was worsened by
seizure induction. Whereas, the decrease in Claudin-5 in CD rats with seizure induction
can be attributed to the CD substrate, itself. The variable pattern of Claudin-1 and
Claudin-5 expression that we have observed could be interesting to further investigate.
Additionally, the compromised BBB integrity in this CD rat model is corroborated by
previous studies from our group showing decreased Claudin-5, Claudin-1 and Occludin
levels, with diffuse and discontinuous expression in blood vessels in brain regions with
elevated 1gG extravasation in human FCD [8] and in temporal lobe epilepsy by others [46],
elucidating the important association between epilepsy and BBB integrity.

Impaired glucose metabolic activity in CD rats with alteration of neurovascular function

Our findings show a persistent decrease in GLUTL, an important BBB solute carrier protein,
and subsequent glucose deprivation in CD rat brains prior to and during second hit-induced
epileptogenesis. Additionally, cortical lactate levels were increased in these same animals.
Cellular metabolism is a vital component of BBB function, balancing brain homeostasis
and neuronal function. Glucose is the essential source of energy in the brain, and GLUT1
facilitates the transport of glucose across the plasma membranes of BBB endothelial cells
[47]. Therefore, a dysfunctional glucose transporter mechanism at the BBB in CD rats
could influence the glucose availability to the brain and, subsequently, metabolic activity.
The lactate increase seen in the dysplastic cortex before and during epileptogenesis could
represent an alternative energy source to compensate for the lack of glucose availability in
the brain and meet the increased energy demands to sustain the elevated ATP consumption
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observed in CD brains. Neurons have been found to utilize lactate, which is transported into
these cells via MCT2, as an energy source [47]. Upregulated neuronal MCT2 expression
observed in CD rats that continues post-SE may possibly lead to neuronal hyperexcitability
during “stressful” conditions (e.g. during SE) [48], through the increased uptake of lactate
into neurons, to offset the low-glucose environment.

In the current study, /n7 utero-induced CD before and following an induced seizure was found
to be associated with mTOR upregulation. The delayed increase in mTOR seen in PTZ rats
could be due to the biphasic nature of mTOR activation that has previously been described
in a kainic acid rat seizure model, where over the course of 5 weeks, mTOR activation rose
and fell multiple times. Inhibition of mMTOR by rapamycin before kainate in that same study
was found to prevent epileptogenesis and seizure-induced elevation of mTOR activation
[49]. mTOR signaling and GLUT1-facilitated glucose transport are critical elements for
glucose regulation and metabolic activity, including rescue from cell starvation with lactate
[50]. As we had confirmed in vitro with human dopaminergic neuronal cells and HEK as a
“proof of concept, ”the presence of exogenous lactate during glucose starvation activated the
mTOR pathway and increased the expression of MCT2, so hypothesize that lactate levels in
the CD brain could contribute to mTOR signaling overactivation in dysplastic brains. Both
GLUT1 deficiency and mTOR overactivation and have been associated with genetically
acquired seizures [51,52]. Interestingly, the mTOR pathway has previously been found to be
inhibitory to glucose uptake and to alter GLUT1 localization in the liver of mice with mTOR
hyperactivation due to tuberous sclerosis complex-1 knockout [53]. Overall, regulation of
mTOR and GLUTZ1, and perhaps even an association between the two, at the neurovascular
interface could be pivotal for brain metabolism and homeostasis in CD rats post-seizure,
which could be further examined in the future.

Neurovascular alteration and GLUT1-associated metabolic disturbance in CD rat model
with seizure induction

In conclusion, the two-hit CD rat model unveiled the critical relevance of a dysfunctional
BBB, GLUT1-associated metabolic activity and neuronal connection found in the CD
pathology (summarized in Fig. 7). The congenital CD substrate, which aggravates the
pro-epileptic stage, coupled with seizure induction further sustains the elevated MMP-9
levels, microglial activation and subsequent BBB disruption with a decrease in the tight
junction protein levels and increased albumin brain extravasation. The lower glucose and
higher lactate levels in the brain possibly trigger the mTOR signaling pathway and a
compensatory energy fueling mechanism aided by increased neuronal MCT2 in the CD
brain. This metabolic disturbance at the neurovasculature could contribute to epileptogenesis
and ictogenesis, which needs to be further investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cortical neuronal disorganization and BBB damage with altered vessel density in a rat

model of CD. (a) Representative images of RECA-1 immunohistochemical staining and
cresyl violet co-labelling of normal (NL), XRT, PTZ, and XRT+PTZ rat cortices and
quantification of microvessel density. Microvessel density was increased in the cortex of
PTZ rats but decreased in XRT compared to NL, both lasting until 15 days post-PTZ
(PND60). XRT+PTZ rats showed an elevated microvessel density compared to NL that
lasted through 30 days post-PTZ (PND75). Vessel density was quantified using a 5x5 region
of interest grid (0.0625 mm?) using ImageJ by counting the points of the grid where the
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vessels contacted the grid lines [representative image of grid provided in (a)]. Statistical
analysis by one-way ANOVA was performed on each time point independently with a
Tukey post-hoctest, **p<0.01, ***p<0.001. Scale bar = 25 um. (b) FITC-albumin (green)
extravasation was evident throughout the cortex in XRT and XRT+PTZ rat brains compared
to NL but was relatively less in PTZ rats. XRT and XRT+PTZ rats showed consistent
neuronal disorganization in the cortex, with prominent FITC-albumin leakages compared
to NL at PNDA47 (2 days post-PTZ). The neuronal marker NeuN (red) was used to label
neuronal nuclei. Edge of cortex is outlined (white-dotted line) for reference. Scale bar = 50
pm
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Fig. 2.

M?croglial activation is elevated in the cortex with BBB leakages and overexpressed

MMP-9 in CD rats with seizure induction. (a) Immunohistochemical staining of ionized
calcium-binding adapter molecule 1 (Iba-1, red) and FITC-albumin (green) shows Iba-1
overactivity in the cortex of XRT, PTZ and XRT+PTZ compared to normal (NL) rat brains
at 2 days post-PTZ (PND47). Grayscale high magnification (scale bar = 45 um) images

of cortical Iba-1 staining elucidate the level of microglial activation. The quantification of
Iba-1 mean fluorescent intensity confirms increased activation of microglia in the XRT+PTZ
cortex compared to the PTZ group at 15 and 30 days post-seizure. Iba-1 activation was
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widespread in cortical areas with FITC-albumin extravasation in XRT and XRT+PTZ. Edge
of cortex labeled with dotted line for reference. Results are expressed as mean £ SEM by
one-way ANOVA, with each time point being analyzed independently, *p<0.05, **p<0.01,
***p<0.001. Scale bar = 200 pum for low magnification images. (b) Western blot shows

a significant increase in MMP-9 (~92 kDa) levels in the XRT+PTZ rat cortex at PND47

(2 days post-PTZ) compared to NL levels. MMP-9 levels returned to NL by PND60 (15
days post-PTZ) in the XRT+PTZ group. The MMP-9 levels were negligible at PND75 in all
groups. B-actin (~43 kDa) was used as a loading control and for normalization. The results
are expressed as mean £ SEM by two-way ANOVA, **p<0.01
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Page 22

Decreased BBB tight junction protein levels in the cortex corroborate BBB disruption in
seizure-induced rats with CD. (@) Western blot shows downregulated levels of Claudin-5
(~20 kDa) and Claudin-1 (~20 kDa) in XRT+PTZ rats at 2 days post-PTZ (PND47), which
continued until 30 days post-PTZ (PND75) compared to normal (NL). Data are normalized

with B-actin (~43 kDa), and values are plotted as mean £ SEM by two-way ANOVA

for each target, **p<0.01, ***p<0.001. (b) Immunohistochemistry demonstrates decreased
Claudin-5-positive staining in the microvessels, predominantly in areas with FITC-albumin
extravasation (white-dotted box), in XRT and XRT+PTZ groups at PND75 (30 days post-
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PTZ) compared to the normal (NL) rat cortex. Dotted line shows the edge of the cortex for
reference. Scale bar = 50 pm
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Fig. 4.

Dgcreased GLUT1 expression in CD rats with seizure induction. (a) Western blot shows
significantly decreased GLUT1 (~56 kDa) levels in the cortex of XRT+PTZ and XRT vs.
normal (NL) rats at PND47 (2 days post-PTZ) through PND75 (30 days post-PTZ). Data
are normalized with B-actin (~43 kDa), and values are plotted as mean + SEM by two-way
ANOVA, **p<0.01, ***p<0.001. (b) GLUT1 localization is prominent across microvessels
(indicated by dotted lines) in the NL rat cortex. GLUT1 levels were significantly decreased
in XRT and XRT+PTZ rats at 2 days post-PTZ (PND47), 15 days post-PTZ (PND60) and
30 days post-PTZ (PND75) compared to NL rats. The PTZ rats showed a sporadic decrease
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in GLUT1 at 15 days-post seizure (PND60). Quantification of relative DAB intensity is
depicted as mean = SEM by two-way ANOVA, ***p<0.001
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Fig. 5.

Glucose deprivation and lactate elevation in the cortex of CD rats with upregulated MCT2
expression and high ATPase activity. (a) Cortical glucose and lactate levels were measures
in mmol/L in XRT, PTZ and XRT+PTZ rats and were plotted relative to normal (NL),
considered as 100%. The glucose levels were significantly lower in XRT and XRT+PTZ
compared to NL at PND47, PND60 and PND75. The PTZ group’s glucose levels were
significantly increased at PND47 but returned to NL by PND60. Simultaneously increased
lactate levels were seen in XRT and XRT+PTZ rats at PND47 but returned back to normal
by PNDG60. (b) Enhanced ATPase activity (umol Pi/ per pg protein) in PTZ and XRT+PTZ
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rats compared to NL is evident at PND47. The elevated ATPase activity was present only in
XRT and XRT+PTZ at PND60 that persisted through PND75. (¢) MCT2 expression, most
prominent in cortical neurons, is significantly increased in XRT and XRT+PTZ compared

to NL through PND75. However, MCT?2 levels in PTZ rats are elevated through 15 days
post-seizure but return to NL by 30 days post-seizure. All results (a-c) are expressed as
mean + SEM, and two-way ANOVA was used for statistical analysis of each target, *p<0.05,
**p<0.01, ***p<0.001
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Fig. 6.

mTOR expression in the CD rat cortex remained elevated post-seizure induction, and

lactate /n vitro neuronal treatment increased mTOR signaling and MCT2 levels. (a)
Immunohistochemistry showed mTOR expression most prominently across cortical neurons.
MTOR expression in XRT and XRT+PTZ rats was elevated at PND47 (2 days post-seizure)
and remained elevated through PND75 (30 days post-seizure) compared to normal (NL).

By PND75, mTOR levels in the PTZ rat cortex were also increased. Scale bar = 10 pm.

(b) Western blot shows increased mTOR (~289 kDa) levels in XRT+PTZ and XRT rats
compared to NL at PND47 that remained elevated through PND75 in XRT+PTZ rats. mTOR

Mol Neurobiol. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ghosh et al.

Page 29

levels in PTZ rats showed a sporadic increase at PND75. (c) Immunocytochemistry was
used to confirm neuronal cultures by fluorescent staining with MAP-2. Increased protein
expression of mMTOR, phospho-mTOR (Ser2448), phospho-S6K (Ser371) and MCT2 is
found in human neuronal cells (DAN) after lactate treatment (20 mM) with low glucose (1
mM) vs. normal glucose media (O mM lactate) control, examined by western blot. B-actin is
used for normalization. The results are expressed as mean £ SEM by two-way ANOVA (a-b)
and by two-sample t-test (c), **p<0.01, ***p<0.001
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Sc%ematic summary of neurovascular alterations in the CD rat model. Congenital
irradiation-induced CD followed by status epilepticus (SE) triggered by a subconvulsive
dose of PTZ was found to exaggerate (1) BBB leakage followed by FITC-albumin
extravasation to the brain parenchyma showing neuronal disorganization, (2) an increase in
MMP-9 levels and overactivation of microglial cells, (3) a decrease in tight junction protein
(Claudin-1/-5) levels, compromising the BBB integrity, and (4) fluctuating brain metabolic
activity (altered glucose-lactate levels) linking BBB to neuronal function. The mean levels of
MMP-9, Claudin-1, Claudin-5, GLUT1 and mTOR in each of the groups at 2 days post-PTZ
(PNDA47), 15 days post-PTZ (PND60) and 30 days post-PTZ (PND75) acquired from the
western blot results are plotted in the top right to visualize the cumulative results of each
target
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