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Abstract

Pharmacoresistance is a major clinical challenge for approximately 30% of patients with epilepsy. Previous studies indicate
nuclear receptors (NRs), drug efflux transporters, and cytochrome P450 enzymes (CYPs) control drug passage across the blood-
brain barrier (BBB) in drug-resistant epilepsy. Here, we (1) evaluate BBB changes, neurovascular nuclear receptors, and drug
transporters in lesional/epileptic (EPI) and non-lesional/non-epileptic (NON-EPI) regions of the same brain, (2) examine regional
CYP expression and activity, and (3) investigate the association among CYP brain expression, seizure frequency, duration of
epilepsy, and antiepileptic drug (AED) combination. We used surgically resected brain specimens from patients with medically
intractable epilepsy (n =22) where the epileptogenic loci were well-characterized by invasive and non-invasive methods; his-
tology confirmed distinction of small NON-EPI regions from EPI tissues. NRs, transporters, CYPs, and tight-junction proteins
were assessed by western blots/immunohistochemistry, and CYP metabolic activity was determined and compared. The rela-
tionship of CYP expression with seizure frequency, duration of epilepsy, and prescribed AEDs was evaluated. Decreased BBB
tight-junction proteins accompanied IgG leakage in EPI regions and correlated with upregulated NR and efflux transporter levels.
CYP expression and activity significantly increased in EPI compared to NON-EPI tissues. Change in EPI and NON-EPI
CYP3A4 expression increased in patients taking AEDs that were CYP substrates, was downregulated when CYP- and non-
CYP-substrate AEDs were given together, and correlated with seizure frequency. Our studies suggest focal neurovascular CYP-
NR-transporter alterations, as demonstrated by the relationship of seizure frequency and AED combination to brain CYP3A4,
might together impact biotransformation machinery of human pharmacoresistant epilepsy.

Keywords Pharmacoresistantepilepsy - Blood-brainbarrier - Antiepileptic drugs - Cytochrome P450 - Multiple drug transporters -
Nuclear receptors

Introduction

Antiepileptic drugs (AEDs) are widely used in long-term com-
bination therapy regimen or as monotherapy to control recur-
rent seizures in patients with epilepsy. Multiple factors impact
the bioavailability of these medications to the epileptic brain,
and poor responsiveness limits drug efficacy in 25-30% of
patients with refractory epilepsy [1, 2].

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-019-01673-y) contains supplementary
material, which is available to authorized users.

>4 Chaitali Ghosh
GHOSHC@ccf.org

Extended author information available on the last page of the article

@ Springer

Many AEDs undergo classical pharmacological regulation
involving the cytochrome P450 (CYP)-drug transporter sys-
tem in the liver and intestines [3—7], where the majority of
drug metabolism and biotransformation occurs. However,
we and other groups have identified increased expression
and function of CYP enzymes along with efflux drug trans-
porters within blood-brain barrier (BBB) endothelial cells in
human drug-resistant epilepsy [8—12]. CYP expression pre-
dominates at the neurovascular interface and in regions of
the epileptic brain showing reactive gliosis [8, 10].
Additionally, we recently demonstrated that the glucocorticoid
receptor (GR) seems to be an upstream molecular regulator of
pregnane-x receptor (PXR) and CYP-efflux drug transporter
in the BBB epileptic brain endothelium [13, 14].

Reports suggest that the expression of CYP-nuclear recep-
tor-drug transporter is variable within tissues in the healthy
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liver, intestines [15, 16], and brain [17-19]. Nevertheless, it
remains unclear whether this variability in CYP-nuclear re-
ceptor-efflux transporter system is related to neurovascular
changes taking place in the epileptic (EPI) regions compared
to non-epileptic (NON-EPI) regions of the human epileptic
brain. Further, the influence of such P450-reliant human brain
biotransformation machinery on seizure frequency and AED
combination or vice-versa, though clinically relevant, remains
poorly understood. Thus, investigating the functional bio-
transformation machinery at the neurovascular interface in
regulating AEDs may provide a novel perspective on
pharmacoresistance and a future target for the treatment of
focal epilepsies. In the present study, we used a homogeneous
patient cohort with pharmacoresistant epilepsy primarily with
focal cortical dysplasia to (1) evaluate BBB changes,
neurovascular nuclear receptors, and drug efflux transporters
and investigate the associations of these changes in EPI com-
pared to NON-EPI regions of the same brain, (2) determine
regional differences in brain CYP expression and activity, and
(3) correlate CYP expression in EPI and NON-EPI regions
with individual seizure frequency, duration of epilepsy, and
AED combinations used during therapy.

Materials and Methods
Human Subjects

Brain specimens from human subjects (n=22) with
pharmacoresistant epilepsy were obtained following focal sur-
gical resections according to the principles outlined in the
Declaration of Helsinki and the Cleveland Clinic
Institutional Review Board—approved protocol (IRB 07-
322). Information on seizure frequency, duration of epilepsy,
age, gender, the resected brain regions, combination of CYP-
and non-CYP-metabolized AEDs prescribed prior to surgery,
and experimental use of each specimen is provided in Table 1.
Brain tissues from EPI (lesional/epileptic) and NON-EPI
(non-lesional/non-epileptic) regions were resected after prior
non-invasive (scalp video-EEG monitoring, magnetic reso-
nance imaging/MRI, positron emission tomography/PET)
and invasive (stereo-electro encephalography/SEEG) evalua-
tions. A small portion of the NON-EPI area from the excision
in each subject was considered as relative/internal control.

Histological and Inmunohistochemical Staining

The resected EPI and NON-EPI brain tissue was fixed imme-
diately in 10% buffered formalin followed by sucrose and
later sliced into 10 pwm sections on a cryostat and stored at
4 °C. Slices were routinely processed for histological, immu-
nohistochemical, and immunofluorescent staining as per-
formed previously [10, 14]. Immunohistochemical staining

was performed on contiguous sections (n =5 each per speci-
men) obtained from resected brain tissues (Table 1).

Histology

Histopathology of the resected tissue was evaluated using
cresyl violet staining on brain slices (n =15, in triplicates) to
identify dysmorphic neurons, balloon cells, and the architec-
tural organization pattern in EPI compared to NON-EPI re-
gions. Staining was performed on contiguous sections obtain-
ed from blocks of resected tissue.

Diaminobenzidine Staining

BBB integrity was evaluated using antibodies against serum
protein IgG and tight-junction protein claudin-5. In brief, sec-
tions from both EPI and NON-EPI regions (in triplicates/sub-
ject) were permeabilized in 0.3% Tween, followed by
blocking for endogenous peroxidase in 0.3% peroxide in
methanol and for non-specific binding in a solution of 5%
goat serum and 0.4% Triton-X. The sections were incubated
in wells with a primary antibody anti-claudin-5 overnight with
shaking at 4 °C, followed by a 2-h incubation with the corre-
sponding biotinylated secondary antibody (Supplemental
Table 1). Adjacent sections were then washed with PBS and
incubated for 2 h with a biotinylated anti-human IgG (1 : 100.
Vector Laboratories, Burlingame, CA) prepared in 0.4%
Triton-X. Sections were incubated for 1 h with an avidin/
biotin complex (Elite Vectastain ABC kit; PK-6102, Vector
Labs, Burlingame, CA, USA). Thereafter, the antibody bind-
ing sites were visualized using diaminobenzidine (DAB) (with
or without nickel solution; peroxidase substrate kit, SK-4100,
Vector Labs), and mounted using permount solution. Analysis
of DAB-labeled sections was performed by light/phase mi-
croscopy and the images obtained adjusted with ImageJ soft-
ware (National Institute of Health, Bethesda, MD, USA).

Immunofluorescence

Evaluation of nuclear receptors (CAR, constitutive androstane
receptor; GR, PXR), drug efflux transporters (BCRP, breast
cancer resistance protein; P-gp) and P450 enzymes (CYP3A4,
CYP2D6, CYP2C9, CYP2E1) was done by immunofluores-
cent staining as described earlier [14]. Co-labeling with FITC-
conjugated anti-human IgG and tight-junction proteins
(claudin-1, claudin-5, occludin-1) was used to determine
BBB integrity. Sections were incubated with primary antibody
(Supplemental Table 1a) overnight at4 °C after blocking. This
was followed by a 2-h incubation at room temperature with
the corresponding fluorescent secondary antibody
(Supplemental Table 1b) or tissue simultaneously evaluated
with fluorescein goat polyclonal anti-human IgG (1:200;
Vector Labs, Burlingame, CA). Autofluorescence was
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blocked using Sudan Black B solution and all sections were
mounted using Vectashield mounting medium with DAPI
(H-1200, Vector Laboratories). Sections were analyzed by
fluorescence microscopy and the acquired images obtained
adjusted using ImageJ software.

Quantitative Assessment

To quantify overall relative positive staining, images (n = 10/
subject) of both the EPI and NON-EPI regions of each patient
were taken randomly at x 20 magnification using Leica
Application Suite 4.12 software (exposure 1.5 s, gain 1, gam-
ma 0.93). Background was removed using the “rolling ball
background subtraction” plugin for ImageJ] with a radius of
50 pixels. The image was split into channels using the
“split channels” function, and the mean fluorescent inten-
sity and average area of positive staining was recorded.
For individual cell types, an outline was drawn around
neurons or astrocytes (n =20/subject) selected randomly
from across a group of 5 images per patient, and the
average fluorescent intensity was recorded using the mea-
sure function. For brain micro-capillaries, a line was
drawn manually down the center of similarly sized
microvessels (n = 20/subject) and the fluorescent intensity
along the line recorded using the Line Analyzer plugin for
ImageJ. The non-parametric paired-sample Wilcoxon test
(Origin Pro 9.0 Software) was used to identify significant
differences in expression between the EPI and NON-EPI
brain regions.

Protein Isolation and Western Blot Analysis

Small portions of the snap-frozen resected brain tissue from
EPI and NON-EPI regions were homogenized in
radioimmunoprecipitation assay (RIPA) buffer (Sigma-
Aldrich, USA) with protease inhibitor (Sigma-Aldrich,
USA). The tissue suspension was centrifuged at 14000G
(Avanti-J251, Beckman Coulter, USA); thereafter, supernatant
was collected and concentration of protein was measured by
the Bradford method.

P-gp/MDR1 was separated by 8% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
later transferred to PVDF (polyvinylidene fluoride) mem-
branes (EMD Millipore Corp., Billerica, MA, USA) in
semi-dry transfer (trans-Blot™ SD, Bio-Rad, USA). All
other protein targets were separated by 10% SDS-PAGE.
In brief, the membranes were probed overnight with pri-
mary antibody (see target proteins listed in Supplemental
Table la). After incubation with primary antibody, the
membranes were probed with appropriate secondary anti-
body (Supplemental Table 1b) as previously described
[14]. For the target proteins, either the PVDF membranes
were incubated in stripping buffer in 50 °C for 30 min

followed by blocking of the membranes or a fresh gel was
simultaneously repeated with the samples. In each case,
the protein expression was normalized by (-actin (as
loading control) and quantified by ImagelJ software.

CYP Function and Resorufin Formation

We determined region-specific (EPI vs NON-EPI) 7-ethoxy-
resorufin-O-deethylase (EROD) activity by adding the CYP
substrate 7-ethoxyresorufin (Sigma-Aldrich, USA) in phos-
phate buffer (50 mM NaHPO, with pH 8.0). 7-
Ethoxyresorufin stock solutions of 2 mM in dimethyl sulfox-
ide were prepared. In a reaction mixture, 20 ul of 7-
ethoxyresorufin was added to 100 pg of isolated protein and
phosphate buffer. The reaction time was kept constant for
3 min (incubation) at room temperature (based on the thresh-
old and conversion time-noted in the EPI tissue fractions,
Supplemental Fig. 1¢) and later compared with the corre-
sponding NON-EPI tissue of the brain. The method was stan-
dardized in the tissue homogenates as described earlier [20]
and the resorufin concentration curve (Supplemental Fig. 1b)
with the reaction time (Supplemental Fig. 1c) was calibrated
and standardized. The fluorescent product formed was ana-
lyzed at excitation of 530 nm and emission of 590 nm in
multimode reader (Synergy HT, BIO-TEK instruments,
USA). The concentration of fluorescent product formed was
analyzed by resorufin standard (Supplemental Fig. 1b) and
final concentration was determined in concentration of
resorufin/mg of protein [20].

Statistical Analysis

Origin 9.0 software (Origin Lab, Northampton, MA, USA)
was used for statistical analysis. The Wilcoxon signed rank
test was used to compare means of obtained data sets, follow-
ed by linear regression (Pearson’s coefficient, ) with one-way
analysis of variance (ANOVA) to determine the associations
between protein expressions and clinical characteristics. All
data is represented as mean + standard error of the mean
(SEM). A p value of <0.05 was considered statistically sig-
nificant for all test.

Results

Pathological Alterations and BBB Damage Localizes
to Epileptogenic Brain Regions

We validated pathology of epileptogenic tissue and found ex-
tensive dysmorphic and heterotopic neurons; balloon cells
characteristic of focal cortical dysplasia (FCD) type IIb
[21-23] were identified in the EPI regions of multiple speci-
mens (Supplemental Fig. 1a) compared to NON-EPI regions.
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Fig. 1 BBB leakage and decrease in tight-junction proteins expression
predominates in the epileptogenic region. a Representative images of
immunostaining shows increase in IgG extravagation to the brain
parenchyma across the brain vasculature and a corresponding decrease
in expression of the tight-junction proteins claudin-1, claudin-5, and
occludin in EPI/lesional region (n =6, in triplicates) compared to NON-
EPI /non-lesional region. Inset scale bars represent 20 pm. (b, ¢) Western
blot analysis confirms decrease in the level of tight-junction protein
expression, occludin (¥p =0.01), claudin-1 (*p <0.001), and claudin-5
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(*p=0.005) in brain tissue specimens obtained from EPI vs. NON-EPI
regions. Representative westerns depicting expression of tight-junction
proteins (n =8 subjects) with (3-actin used as loading control (b).
Densitometries for individual protein bands (from n =16 subjects, with
color codes pl-p16 depicting each subject) normalized with (3-actin (c).
Results are expressed as mean + SEM by non-parametric analysis for
paired samples Wilcoxon signed rank test for direct comparison of two
population of data
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We further identified consistent extravagation of
IgGs/immunoglobulins to the brain parenchyma across the
vasculature indicating BBB damage in the EPI specimens
analyzed (Fig. la). This increase in IgG leakage in the EPI
area was accompanied by decreased expression of three tight-
junction proteins namely, occludin, claudin-1, and claudin-5
in the brain vasculature of the pathological tissue (n =6). In
contrast, the intact BBB in non-pathological tissue was char-
acterized by relatively less IgG leakage and relatively higher
expression of the tight-junction proteins analyzed. Western
blots further confirmed (n =16) the decreased expression
levels of occludin (*p =0.01); claudin-1 (*p <0.001); and
claudin-5 (*p =0.005) within EPI compared to NON-EPI re-
gions (Fig. 1b, c¢). Together, our data indicates that
extravagation of IgGs in the brain parenchyma and a signifi-
cant loss of tight-junction protein expression at the BBB may
contribute to pathological alterations in the epileptogenic
brain regions.

Elevated Level of Nuclear Receptors and Drug Efflux
Transporters Correlates to Tight-Junction Proteins
in Epileptic Brain Regions

We found increased expression of GR (¥*p <0.001), PXR
(*p <0.001), and CAR (*p =0.001) in EPI compared to
NON-EPI brain tissue (Fig. 2a, b). Further, the changes in
GR, PXR, and CAR between EPI and NON-EPI region
selectively correlated with expression of tight-junction
proteins occludin, claudin-1, and claudin-5 (Fig. 2c—e).
Changes in PXR expression significantly correlated with
changes in claudin-1 level (*p =0.027; r =0.55, n =16)
between the two regions, whereas we only observed a
similar relative trend between GR and occludin (p =
0.13; » =0.395, n = 16). We identified no significant cor-
relations between CAR and tight-junction proteins ana-
lyzed in these specimens (Fig. 2c—e).

Significant elevation in expression of drug efflux trans-
porter proteins P-gp/MDR1 (*p <0.001) and BCRP (¥*p =
0.004) was observed in EPI compared to NON-EPI re-
gions (Fig. 3a, b). The change in claudin-1 levels between
EPI and NON-EPI in each specimen significantly corre-
lated (Fig. 3c) to a change in P-gp (*»=0.027 and r=
0.55) and followed a similar trend with BCRP, though the
latter failed statistical significance (p =0.22 and »=0.32,
n=16). Immunohistochemistry showed consistent neuro-
nal and brain microvascular overexpression of P-gp and
BCRP in the EPI regions (n=6) compared to NON-EPI,
which co-localized with CYP3A4 (Fig. 3d). These data
indicate that both GR and PXR are sensitive to changes
in expression of the tight-junction proteins and that efflux
transporters (Pgp/MDR1 and BCRP) expression is elevat-
ed in EPI regions with lowered claudin-1 levels.

Increased Focal Neurovascular P450 Enzyme
Expression Correlates with Increased Metabolic
Transformation and Drug Efflux Transporter Protein
Expression

In EPI tissue, CYP3A4 (Fig. 4a, b), CYP2C9 (Fig. 4c, d)
CYP2E1 (Fig. 4e, f), and CYP2D6 (Fig. 4g, h) staining is
prominent in the microvessels and extensively in the neurons.
The presence of these enzymes in astrocytes was relatively
sparse across all tissues (n=6). As compared to EPI tissue,
there was a significantly decreased expression of CYP across
all cell types in NON-EPI regions: microvessels (*p <0.001,
CYP3A4, CYP2C9, CYP2E1), neurons (*p <0.001, CYP3A4,
CYP2C9, CYP2EL), and astrocytes (*p <0.001, CYP2E],
p<0.08, CYP3A4, which narrowly fails significance)
(Fig. 4). However, CYP2D6 showed negligible differences
within the three cell types in both EPT and NON-EPI regions.
A significant increase in overall CYP3A4, CYP2C9, and
CYP2EI was also identified across EPI compared to NON-
EPI regions (Supplemental Fig. 1d). Western blot analysis fur-
ther confirmed the elevated expression of cytochrome P450
enzymes levels of CYP1A1, CYP2C9, CYP3A4, and
CYP2EI (Fig. 5a) in the EPI regions compared to NON-EPI
regions of the same individual (n = 16 subjects). For example,
the western blots for CYP3A4, CYP2C9, and respective f3-
actin in all 16 specimens (EPI and NON-EPI) are provided in
Supplemental Fig. 2. Within the patient cohort (shown by dif-
ferent color-code, Fig. 5b), the consistent pattern of significant
increase in CYP1A1l (*p<0.001), CYP2C9 (*p<0.001),
CYP3A4 (*p=0.006), and CYP2E1 (¥*p <0.001) expression
in EPI brain region is observed compared to NON-EPI coun-
terpart. However, a non-significant difference in CYP2D6 (p =
0.1) by western blot was identified between both regions.
Functional involvement of CYP in metabolism of exoge-
nous substances was indirectly evaluated by following P450-
mediated conversion of 7-ethoxyresorufin to the fluorescent-
product resorufin. We found that the EPI brain tissue specimens
(n =6 in triplicates) showed elevated contribution of CYP en-
zymes to metabolic activity as indicated by increased level
(*p <0.05) of resorufin conversion (Fig. 5¢) compared to
NON-EPI tissue. We identified a direct correlation between P-
gp and CYP3A4 in the specimens analyzed (*p=0.006, r=
0.52, n=16 subjects; Fig. 5d). This result suggests that both
expression and overall metabolic activity of CYP enzymes are
high in the EPI brain area, and that a strong nexus exists be-
tween levels of P-gp and CYP3A4 in EPI and NON-EPI region.

Association of CYP3A4 with Seizure Frequency,
Duration of Epilepsy and Antiepileptic Drug
Combination

Within this patient cohort, we found a direct correlation
(Fig. 6¢) between the seizure frequency of the

@ Springer



8398

Mol Neurobiol (2019) 56:8392-8407

a Epileptic (EPI)

Non-epileptic (NON-EPI)
1 2 3 4 5 6 7 8
f = " |-80kDa
—1{~50kDa
= ~50kDa
|~43kDa

b 1 e S

o GR PXR ., CAR
$ +p<0.001_  § +p<0.001 5 |, »P=0.001
=30 o T =301 230 % T

So0l @ 5501 o% ° %20 e

o V009 z T ) .

S R g 1 ¢ IR R ®

s10{ o ¢ 10l & . & N1o] o «®

E % T 3 £ n® —= £ & RS

X y N X y ! T T

c EPI NON-EPI EPI NON-EPI = EPI NON-EPI

30 p=0.13 30 p=0.61 30
<25 r=0.395 | _25 r=-0.14 _25 p=0.26
£.20 _— 2,20 . 220 . . r=-0.3
®15] o .. ie |15 PR LR T R L .
©10 G0 TTT———— 010 T
=5 - <5 . < 51 .
0 . as O 0 . . ) ol*" am
0 4 8 12 16 20 24 28 32 0 4 8 1216 20 24 28 32 0 4 8 1216 20 24
A Occludin [%] A Claudin-1 [%] A Claudin-5 [%]

d 30 0.88 30 *p=0.027 30 =071
<2 004 | _25 = 055 | 25 p=0.
2? 20. . X 20 . 204 « .

15]= . . —'15. . :. x15] «" . "
X 10| —= £ (%10 . * | X10 e
- o . .
< 5 . ®. . . * - (] . < 5 .. s
0 <0 0
0 4 8 1216 20 24 28 32 0 4 8 12 16 20 24 28 32 0 4 8 1216 20 24
A Occludin [%] A Claudin-1 [%] A Claudin-5 [%]

e 30 . p=0.48 30. . p_= 0.40 30 p=0.39
) — r=-0.22 . =_0.23
25| ., . =019 =25 .. w25, - L
~ 20 . - *e 220 * * '—'20 . "
©10 . — O10 . S10 \_
< 5 o LI < 5 L} - . < 5 ] - .

0 L LA 0 CLE 0 . a ®
0 4 8 12 16 20 24 28 32 0 4 8 1216 20 24 28 32 0 4 8 121620 24

A Occludin [%]

Fig. 2 Increased expression of nuclear receptors, GR, PXR and CAR in
epileptic region selectively correlates to tight-junction proteins. a, b
Representative western blots for individual proteins (a) and
corresponding densitometric analysis (b) show a significant increase in
GR (*p<0.001), PXR (*p < 0.001), and CAR expression (*p=0.001) in
EPI regions compared to NON-EPI (n =16 subjects). Non-parametric
analysis for paired samples Wilcoxon signed rank test was performed
for direct comparison of two population of data set obtained. Results
are expressed as mean = SEM. c—e The association between the EPI to
NON-EPI difference in observed expression (A) of nuclear receptors GR,
PXR, and CAR to tight-junction proteins occludin, claudin-1, and
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A Claudin-1 [%]

A Claudin-5 [%]

claudin-5 is explored within individual subjects (n = 16). Change in GR
percentage trended towards a relationship (p =0.13, »=0.395) with the
change in occludin levels in EPI vs NON-EPI (¢); however, change in
PXR within EPI and NON-EPI regions has a direct correlation to claudin-
1 in the same areas (*p = 0.027, » = 0.55), which is statistically significant
(d). CAR levels did not correlate with tight-junction proteins (occludin,
p=048, r=—0.19; claudin-1, p =0.40, r=—0.22; claudin-5, p=0.39,
r=-—0.23) within the specimens analyzed. The linear correlation
(Pearson’s co-efficient, ») for each comparison was determined by one-
way ANOVA
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Fig. 3 Elevated drug efflux transporters co-localize with CYP3A4 and
correlate with claudin-1 expression in the epileptic brain. a, b Analysis of
the brain tissue showing (a) representative Western blots (1 = 8 subjects)
and densitometric quantification normalized with (-actin (b). A
significant increase was noted in P-gp (*»<0.001) and BCRP (*p=
0.004) in EPI vs. NON-EPI region (n=16 subjects). Non-parametric
analysis for paired samples Wilcoxon signed rank test was performed
for direct comparison of two population of data set obtained. Results
are expressed as mean = SEM. ¢ A positive correlation between the
differences between EPI and NON-EPI claudin-1 expression and that of

.y

p4 p5 p6 p7 p8 p9 p10p11p12p13p14p15p16
{1 1 o [ 1™
5 40, BCRP

& 30 +p=0.004

£ looe T e

8 20{ g — °

E10] & J <>,‘$»

o <o

< 0l e ®

° EPI NON-EPI

30 p=0.22

o 20 , =032

g 15 R

M 1g 5 v,

4 0 [ ] L] : [ ]

0 4 8 121620242832
A Claudin-1 [%]

Non-epileptic (NON-EPI

the drug efflux transporter P-gp (*p=0.027, r=0.55) was observed
within the specimens analyzed (n=16) by one-way ANOVA. The
association between claudin-1 and BCRP (p=0.22, r=0.32) failed
statistical significance. The percent difference in protein expression
between EPI and NON-EPI regions is indicated by A. d Representative
immunostaining of the brain sections shows increased CYP3A4 and P-
gp/BCRP in the micro-capillaries and neurons of EPI compared to NON-
EPI regions (n=6, in triplicates). Note: micro-capillaries are indicated
with dotted white-lines; astrocytes with arrowheads, and neurons with
arrows. Nuclei are stained with DAPI
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Fig. 4 CYP distribution in the
endothelial cells, neurons, and
astrocytes in epileptic brain. a, ¢,
e, g Representative images of
resected tissues show increased
expression of CYP in the EPI
brain BBB interface and neurons
compared to NON-EPI brain
tissue (n = 6, in triplicates). b, d, f,
h Quantification of
immunohistochemistry indicating
increased CYP isoform
expression in EPI compared to
NON-EPI tissue. Elevated
CYP3A4 levels were found in the
microvessels (*p <0.001),
neurons (*p <0.001), and
minimally in astrocytes (p =
0.08). Similarly, CYP2C9 is
overexpressed in the microvessels
(*p <0.001) and neurons
(*p<0.001); and CYP2EL1 in the
microvessels (*p < 0.001),
neurons (*p <0.001), and
astrocytes (*p < 0.001). However,
CYP2D6 showed non-significant
(ns) difference in these cell types
among EPI and NON-EPI brain
regions. Non-parametric analysis
for paired samples Wilcoxon
signed rank test was performed
for direct comparison of two
population of data set obtained.
Results are expressed as mean +
SEM. Note: micro-capillaries are
indicated with dotted white-lines;
astrocytes with arrowheads and
neurons with arrows. Nuclei are
stained with DAPI
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individual subjects (n=16 subjects) and the percent
change in the EPI and NON-EPI CYP3A4 expression
in the brain (*p=0.003, r=0.71, n=16 subjects).
Such association was not observed between CYP1AIl
(p=0.64, r=—0.13, Fig. 6a); CYP2C9 (»p=0.72, r=
0.09, Fig. 6b); CYP2El (»p=0.74, r=—0.09, Fig. 6d),
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or CYP2D6 (p=0.06, r=—0.49, Fig. 6e) and seizure
frequency in this subject cohort. Further, the duration
of epilepsy (Fig. 6a—e) showed no significant correlation
to percentage change in CYPIAl (p=0.68, r=—0.11);
CYP2C9 (p=0.73, r=0.09); CYP3A4 (»p=0.85, r=
0.05); CYP2El (»p=0.84, r=0.05); or CYP2D6 (p=
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Fig. 5 Expression and functional & Epileptic (EPI) Non-epileptic (NON-EPI)
relevance of CYP in the epileptic
regions of the brain. a, b 1.2 3 4 : 2 3 = l 7 23 4 5 6 7
Representative western blots of CYP1A1 s e S en - - o e ~50kDa
(a) CYP isoform expression and " ? %
densitometric (b) quantification CYP2C9
normalized by 3-actin. The
majority of CYPs (CYPIAL, CYP3A4
*p<0.001; CYP2C9, #*p < 0.001;
CYP3A4, *p=0.006 and CYP2E1 —
CYP2EL, #p < 0.001) were CYP2D6 [ = s ===
overexpressed in EPI regions " ~43kD
compared to NON-EPI (2= 16 B-actin a
subjects) counterparts. In contrast, £ 40 1 p2 p3 p4 p5 p6 p7 p8 p9 p10p11p12p13p14p15p16
CYP2D6 expression remained b $ iiiﬁﬁiﬁiihhhiihu
unaltered (p =0.1) in both e 30 p<0.001 c CYP2D6
regions. Results are expressed as 20 '?’o CYP1A1 7 40 p=0.1
mean + SEM (by Wilcoxon o & Q’ ;-“_ 30] oo ®
: N 10 N4 ° - o T %0 T
signed rank test). ¢ Increased S £ PRQ:OS %
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and CYP3A4 expression (*p = 20| ol & = (o3
0.006, =0.52) was identified in § AN Q i . *p<0.05
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among the subject cohort. The g 0 g 4 = ENON-EPI
linear correlation (Pearson’s co- z : o 30/
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0.074, r=—0.08) between EPI and NON-EPI regions in
these subjects. The distribution of CYPs-seizure fre-
quency and duration of epilepsy among individual sub-
ject (color-coded) is eloquently shown also by a corre-
sponding bubble graph with dot plot (Fig. 6a—e, right).

We further found (Fig. 7¢) that in 5/8 subjects, there was a
negligible difference between EPI and NON-EPI CYP3A4
levels when AEDs that are CYP substrates (e.g., clobazam,
lacosamide, etc.) were given alone or in combination with a
non-CYP substrate antiepileptic medication (e.g., levetirace-
tam, lamotrigine, etc.). However, EPI CYP3A4 expression
was increased in 7/8 subjects compared to the corresponding

NON-EPI regions when multiple AEDs, including two or
more CYP substrates, were given in combination. This
association was not observed with the expression patterns
of CYP1A1, CYP2C9, or CYP2EI, where the regional
difference was consistently high irrespective of AED
combination. Similarly, CYP2D6 did not show any such
pattern as observed in CYP3A4, though the difference in
EPI to NON-EPI expression remained consistently low.
Thus, brain CYP3A4 was the only CYP (among the ones
analyzed) whose expression changed with seizure fre-
quency and was also receptive to the influence of AED
combination.
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Fig. 6 CYP3A4 expression in the epileptic brain correlates with seizure
frequency. a—e Differences in CYP isoform expression between EPI and
NON-EPI tissues (A) were associated with individual subject seizure
frequency and duration of epilepsy. A direct correlation between the
percent change in CYP3A4 expression (c¢) in EPI and NON-EPI brain
regions (n = 16 subjects) vs. respective seizure frequency was observed in
the same subjects (*p <0.003, »=0.71). However, non-significant
correlations were obtained for (a) CYP1Al (p=0.64; r=—10.13); (b)
CYP2C9 (p=0.72; r=0.09); and (d) CYP2EI (p=0.74; r=—0.09).
Within the subjects analyzed, no association was noticed between CYP
isoforms and duration of epilepsy (a) CYP1Al (p=0.68; r=—0.11); (b)
CYP2C9 (p=0.73; r=0.09); (¢c) CYP3A4 (p=0.85; r=0.05); (d)
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duration of epilepsy (years)
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CYP2E1 (p=0.84; r=0.05); (e) CYP2D6 (p=0.74; r=—0.08). The
bubble graph with dot plot (in the right, a—e) shows the distribution
pattern of CYP isoforms together with seizure frequency and duration
of epilepsy. The plot suggests that with the same duration of epilepsy,
the increase in seizure frequency was exclusively associated with the
increased change in CYP3A4 levels between EPI and NON-EPI
regions (c; indicated by the different size circle). This trend was absent
in case of CYP1A1 (a) and CYP2C9 (b) and somewhat reversed for
CYP2EI (d) and CYP2D6 (e). The linear correlation (Pearson’s co-
efficient, ) for each comparison was determined by one-way ANOVA.
Asterisks indicate p < 0.05
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Fig. 7 CYP3A4 expression changes in epileptic brain with antiepileptic
drug combination used. a, b The percentage change in CYP1A1 (A
CYP1A1) in EPI vs NON-EPI is increased irrespective of antiepileptic
drug (AED) combination used, whether CYP substrate dependent or not.
Similar pattern was observed in case of CYP2C9 among the specimens
analyzed (n = 16) (b). ¢ In the same subjects, a single CYP substrate AED
given alone or with another non-CYP substrate resulted in a decreased
change of CYP3A4 expression (A CYP3A4 [%]; 5/8). However, EPI

Discussion

The lack of long-lasting pharmacological efficacy in the
treatment of intractable epilepsy is a serious clinical con-
cern. Nearly one third of patients with epilepsy do not
respond to available medications and many require surgi-
cal intervention to prevent recurrent seizures. While local
biotransformation of medication in the brain may limit the
effectiveness of drug therapy, it has also been recognized
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CYP3A4 expression was increased in 7/8 subjects, compared to the
corresponding NON-EPI regions, when multiple AEDs, including two
or more CYP substrates, were given in combination. d Change of
CYP2E1 (A CYP2EIL [%]) expression remains consistently high
despite drug combination, reflecting a pattern similar to CYP1A1 (a). e
Consistently low level of CYP2D6 (A CYP2D6 [%]) was noticed with
negligible association to drug combination in these subjects

that pathophysiological alterations of the BBB contribute
to drug resistance in epilepsy [9, 24, 25]. Therefore, we
explicitly examined the neurovascular CYP-nuclear recep-
tor-transporter biotransformation machinery and BBB in-
tegrity in EPI and NON-EPI regions of surgically resected
brain tissue from patients with medically intractable focal
epilepsy. To better understand the significance of thera-
peutics in the focal epilepsies, we further investigated
CYP changes in EPI compared to NON-EPI brain regions

@ Springer



8404

Mol Neurobiol (2019) 56:8392-8407

and correlated these changes with seizure severity, epilep-
sy duration, and preoperative AED combination.

In the current study, we found a consistent pattern of in-
creased IgG extravagation to the brain parenchyma of EPI
regions compared with NON-EPI regions. A simultaneous
decrease in tight-junction protein (occludin, claudins) expres-
sion was observed in the brain vasculature in EPI regions,
suggesting compromised BBB integrity [24, 26-28]. Our re-
sults are consistent with previous reports [25, 29] suggesting
that the BBB permeability may lead to the accumulation of
serum proteins in the brain parenchyma, thus contributing to
neuronal hyper-excitability. Other reports showed that epilep-
tiform activity can also be induced by direct cortical applica-
tion of albumin-containing solution and is reduced by
blocking cellular uptake of serum proteins near regions of a
compromised BBB [29, 30]. The presence of serum proteins
in the brain parenchyma could additionally restrict the bio-
availability of free protein bound AEDs in epileptogenic re-
gions, [31] thereby leading to significant decrease in drug
efficacy.

Cytochrome P450-mediated drug biotransformation is not
only limited to the liver, but it has also been identified at the
BBB endothelium [9, 12, 32, 33] suggesting CYP and multi-
ple drug efflux transporters operate in conjunction to influence
drug resistance in epilepsy [13, 34]. We recently reported that
GR in human epileptic brain endothelial cells modulates CYP
and MDRI1, thereby impacting local drug biotransformation
across the BBB [13] and drug bioavailability to the epileptic
brain. Additionally, multiple nuclear receptors are
overexpressed in the epileptic brain vasculature and in neuro-
nal regions showing reactive gliosis [14]. In the present study,
we found that GR, PXR, and CAR, the key nuclear receptors
known to regulate CYP and efflux drug transporters in epilep-
tic brain [13, 14, 35, 36], are differently expressed in EPI brain
tissue compared to NON-EPI. However, we found an associ-
ation between GR and PXR expression with changes in levels
of tight-junction proteins occludin and claudin-1, respectively.
Notably, we observed no direct association between CAR ex-
pression and differences between any of the analyzed tight-
junction proteins in both regions. The variability in these as-
sociation is consistent with previous reports, albeit in rodent
models, demonstrating that a knockout of nuclear receptors
had a selective effect on the expression of tight-junction pro-
teins [37, 38].

Reports on pharmacoresistance indicate elevated expres-
sion of efflux transporters in epileptic brain tissue [12, 35,
39]. Similarly, we identified higher expression of both P-
glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) in the EPI specimens studied compared to their adja-
cent NON-EPI counterparts. P-gp overexpression was identi-
fied in astrocytes, as well as in neurons and microvessels with
concurrent expression of CYP3A4. In contrast, we observed
higher BCRP expression in microvessels and neurons, co-
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expressed with CYP3A4. This increased change in efflux
transporters from EPI to NON-EPI tissue relates to claudin-1
levels in these subjects. Together, these results suggest that
despite compromised BBB integrity, a possible mechanism
of pharmacoresistance may be due to hyper-expression of ef-
flux transporter proteins and CYP enzymes in the human focal
epileptic brain.

Consistent with our previous findings [8-10, 35], we also
found that the major CYPs (e.g., CYP3A4, CYPIAI,
CYP2C9, and CYP2E1) responsible for AED metabolism in
the liver [3, 4, 40] are overexpressed in EPI brain tissues
compared to the NON-EPI regions, with corresponding met-
abolic activity. Notably, overexpression of CYP3A4,
CYP2E1, and CYP2C9 in the EPI regions remained primarily
localized to the microvessels and neurons. Expression of
CYP3A4 and P-gp also correlated in the EPI and NON-EPI
regions in these subjects, consistent with previous reports [8,
10, 12, 19, 39, 41] and further supporting our finding of focal
overexpression of co-localized CYP-drug efflux transporter in
epileptic regions in the human brain.

Seizure frequency in epilepsy has been previously related
to inflammatory mediators in the human epileptic brain and
with the loss of dentate gyrus GABAergic neurons in rodent
model of temporal lobe epilepsy [42, 43]. However, as clinical
characteristics are used to predict surgical outcome, drug
choice, and prognosis of epilepsy, we investigated whether a
connection existed between some CYP isoforms and clinical
information (such as seizure frequency, duration of epilepsy,
and AEDs used at the time of surgery). The difference in
expression of CYP3A4 between the EPI and NON-EPI re-
gions directly correlates to the seizure frequency in the sub-
jects analyzed (¥p <0.003; »=0.71, n = 16 subjects). Further,
in patients with the same duration of epilepsy, increased sei-
zure frequency was associated exclusively with an increase in
the difference of CYP3A4 expression between the EPI and
NON-EPI regions in these subjects. This pattern was not ob-
served with other CYP isoforms such as CYP1A1, CYP2C9,
CYP2E1, and CYP2D6.

Previous studies showed that the numbers of pre-treatment
seizures were greater in pharmacoresistant patients, with those
reporting more than 10 seizures prior to initiation of therapy
being more than twice as likely to develop refractory epilepsy
[44, 45]. In addition, high seizure frequency prior to AED
treatment was shown to be a predictor of pharmacoresistant
epilepsy in a rat model of temporal lobe epilepsy [44].
Therefore, our results may suggest a mechanistic explanation
to these observations through a differential increase in local
metabolism of some AEDs in the epileptic focus. AEDs func-
tionally control abnormal neuronal firing by various mecha-
nisms of action including blocking sodium ion channels and
glutamate receptor excitation and/or enhancing gamma-
aminobutyric acid (GABA)-mediated inhibition [42, 43]. As
documented, the metabolism of current AEDs may or may not
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involve enzymatic CYP induction and certain AEDs are
known to modify the expression of CYP enzymes [40, 46].
With this in mind, we investigated the association of two
broad categories of AEDs (CYP- or non-CYP substrates) with
human brain CYP levels. Based on our results, the percent
change in CYP3A4 levels between EPI vs NON-EPI region
is increased when a CYP substrate AED is given along with
additional medications which are also CYP substrates in com-
bination; conversely, CYP3 A4 remains unaltered or decreases
when a CYP-mediated AED is given alone or combined with
non-CYP substrate AEDs. The differential in situ over-
expressions of CYP1A1, CYP2C9, and CYP2EI and the de-
creased expression of CYP2D6 in epileptic areas remained
independent of the drug combination used at time of surgery.
Together, this suggests that the relative change of CYP3A4
level in EPI and NON-EPI brain areas, influenced by AED
combination, has an exclusive relationship to individual sei-
zure frequency. During multiple medication selection, AEDs
metabolized by complementary pathways (one CYP-mediated
AED with an additional non-CYP-mediated AED) may de-
crease CYP3A4 levels in the brain and corresponding seizure
frequency. This drug selection might also prevent undesirable
side-effects and formation of reactive AED metabolites by
CYP enzymes [33, 47, 48], which needs further investigation.

Final Remarks and Conclusion

Taken together, BBB dysfunction may contribute to drug re-
sistance and epileptogenesis; therefore, alterations of the focal
CYP-nuclear receptor-drug efflux transporter biotransforma-
tion machinery in the neurovascular epileptogenic arca may
be a consequence of, or contribute to, further pathophysiolog-
ical changes. Notably, the in situ expression of CYP3A4 in the
epileptic brain focus has potential pharmacological and clini-
cal relevance to human drug-resistant epilepsy.
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