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SUMMARY

Aim: Focal cortical dysplasia (FCD) represents a well-known cause of medically intractable
epilepsy. Studies found that transient receptor potential vanilloid receptor 4 (TRPV4) may
participate in the occurrence of seizures. This study investigated the expression patterns of
TRPV4 in FCD and the cascade that regulate functional state of TRPV4 in cortical neurons.
Methods: Thirty-nine surgical specimens from FCD patients and 10 age-matched control
samples from autopsies were included in this study. Protein expression and distribution
were detected by Western blot, immunohistochemistry, and immunofluorescence staining.
Calcium imaging was used to detect the TRPV4-mediated Ca®* influx in cortical neurons.
Results: (1) The protein levels of TRPV4 and of an upstream factor, protein kinase C (PKC),
were markedly elevated in FCD. (2) TRPV4 staining was stronger in the dysplastic cortices
of FCD and mainly observed in neuronal microcolumns and malformed cells. (3) The acti-
vation of TRPV4 was central for [Ca®"]; elevation in cortical neurons, and this activity of
TRPV4 in cortical neurons was regulated by the PKC, but not the PKA, pathway.
Conclusion: The overexpression and altered cellular distribution of TRPV4 in FCD suggest

that TRPV4 may potentially contribute to the epileptogenesis of FCD.

doi: 10.1111/cns. 12494

Introduction

Focal cortical dysplasia (FCD) is frequently associated with phar-
macoresistant epilepsy [1]. According to the classification system
of the International League Against Epilepsy Task Force, isolated
forms of FCD can be classified as FCD type I and FCD type II [2]. A
previous study suggests that cortical lesions in FCD are likely to be
epileptogenic foci [3-5]; however, the molecular mechanisms
underlying the epileptogenesis and pathogenesis of FCD remain
unclear.

The transient receptor potential (TRP) superfamily includes
channels with a remarkable diversity of gating properties, selectiv-
ity, and specific activation mechanisms [6]. One family member,
TRPV4, is a capsaicin receptor that can be activated by a variety of
stimuli, including warm temperatures, hypotonicity, and endoge-
nous lipids [7]. Previous studies have demonstrated that TRPV4 is
widely expressed in the central nervous system [8,9]. Increasing
evidence has shown that the TRPV4 has an important role in
physiological and pathological processes, such as synaptic plastic-
ity [10,11]. In addition, TRPV4 has been implicated in a variety of
neurological disorders, including cerebral ischemia [12], neuro-
pathic pain [13-15], and seizure [16].

Lipids downstream of arachidonic acid metabolism, which is an
agonist of TRPV4, increase during seizure activity [10]. More
importantly, activation of TRPV4 may contribute to disrupt neural
excitabilities [17]. In addition, several reports have demonstrated
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that protein kinase C (PKC) and protein kinase A (PKA) are
involved in the course of epilepsy [18,19]. Interestingly, TRPV4
can be directly phosphorylated by the PKC and PKA pathways
[20]. However, no reports have yet investigated the expression of
TRPV4 in the cortical lesions of FCD; furthermore, the function of
TRPV4 and the signaling pathways that regulate it in these cortical
lesions remains unknown.

In this study, we determined the protein level of TRPV4 in
resected FCD specimens and compared it with that of normal cor-
tices (CTX). In addition, we detected the specific cellular distribu-
tion of TRPV4 in FCDs. Finally, we assessed the function of TRPV4
expression in cortical neurons and investigated the cascade that
could regulate TRPV4-mediated calcium influx.

Materials and Methods
Subjects

The specimens in this study were obtained from the Department
of Neurosurgery at Xingiao Hospital (Third Military Medical
University, Chongqging, China). All procedures and experiments
were conducted under the guidelines of the Ethics Committee of
the Third Military Medical University. All brain tissues were
obtained and used in a manner that is compliant with the Declara-
tion of Helsinki. All cases were independently diagnosed by two
neuropathologists and then classified following the current
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International League Against Epilepsy classification system. The
clinical features of the patients with FCD are summarized in
Table 1. The postoperative seizure outcome was assessed accord-
ing to the criteria of Engel et al. [21]. Detailed clinical data for
each specimen of the patients with FCD are listed in Table 2. The
mean length of the postoperative follow-up was 3.6 years (range,
1-9 years).

Control CTX tissues were obtained from the autopsies of 10
patients who did not have a history of seizures or of any other
neurological diseases. All autopsies were performed within six
hours of death to obtain high-quality CTX samples. Two neu-
ropathologists also reviewed the control cases, thereby confirming
that no abnormalities existed grossly or microscopically. The clini-
cal data and applications of the normal control tissue from patient
are summarized in Table 3.

Tissue Preparation

All the tissues were immediately divided into two parts. One part
was fixed in 10% buffered formalin and embedded in paraffin.
The paraffin-embedded tissue was sectioned at 6 yum for hema-
toxylin/eosin (H&E) staining and immunohistochemistry (IHC).
The remaining part was snap-frozen in liquid nitrogen and main-
tained at —80°C until they were analyzed by Western blotting.

Western Blotting

Western blotting analyses were conducted in homogenates from
FCD and CTX samples. The frozen samples were lysed in RIPA buf-
fer supplemented with 10% protease inhibitor cocktail (Sigma, St
Louis, MO, USA). Protein concentration was estimated using the
Bradford method (Bio-Rad, Hercules, CA, USA). Equal amounts
of protein (50 ug/lane) were separated using 8% sodium dodecyl
sulfate-polyacrylamide (SDS) gel electrophoresis and were then
transferred onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA) using a wet electroblotting system (Bio-Rad).

Table 1 Summary of focal cortical dysplasia patient clinical features

TRPV4 in Focal Cortical Dysplasia

Then, the membranes were blocked in 5% nonfat dry milk for 2 h
and incubated overnight at 4°C with one of the following primary
antibodies: TRPV4 (rabbit polyclonal, 1:800; Alomone, Jerusalem,
Israel), PKC (mouse monoclonal, 1:800; Boster, China), PKA (rab-
bit polyclonal, 1:1000; Proteintech, Wuhan, China), and GAPDH
(rabbit monoclonal, 1:1000; Cell Signaling, Beverly, MA, USA).
After washing and treating with horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse secondary antibody (1:1000;
Zhongshan Goldenbridge Biotechnology, Beijing, China) for 1 h
at room temperature, levels of glyceraldehyde 3 phosphate dehy-
drogenase (GAPDH) were evaluated as a loading control.

Immunohistochemistry

Single-label IHC was performed using the avidin-biotin—peroxi-
dase staining method. Briefly, the sections were incubated with
the following antibodies: TRPV4 (1:50), PKC (1:100), or PKA
(1:100) overnight at 4°C. The immunoreactions were visualized
by using a SABC peroxidase system (Boster) with 3,3’-diamino-
benzidine tetrahydrochloride hydrate (DAB) (Boster) as the chro-
mogen. Sections were then counterstained with hematoxylin,
dehydrated, and coverslipped. No immunoreactive cells were
detected in the negative control experiments, which included the
use of secondary antibody alone, pre-absorption with a 10-fold
excess of specific blocking antigen, or incubation with an isotype-
matched rabbit or mouse polyclonal antibody.

For the double immunofluorescence staining, sections were
incubated overnight at 4°C with TRPV4 antibody combined with
antibody against glial fibrillary acidic protein ([GFAP] mouse
monoclonal, 1:500; Sigma), NF200 (mouse monoclonal, 1:100;
Boster), NeuN (mouse monoclonal, 1:100; Millipore), glutamate
(mouse monoclonal, 1:1500; Sigma), GABA (mouse monoclonal,
1:500; Sigma), or GAD67 (mouse monoclonal, 1:500; Sigma).
After rinsing, the sections were incubated with a mixture of FITC
(fluorescein isothiocyanate)-conjugated goat anti-rabbit IgG
(1:300; Zhongshan Goldenbridge Biotechnology Co.) and Alexa

FCDIa (n = 15) FCDlla (n = 12) FCDIlb (n = 12)
Male/Female 8/7 715 6/6
Age at surgery, mean (range), years 12.7 (1.8-27.0) 6.3 (1.5-12) 49 (1.2-8.2)
Seizure type, % PS (73) PS (67) PS (67)
GTCS (47) GTCS (50) GTCS (42)
Tonic (33) Tonic (25) Tonic (25)
IS (20) IS (17) IS (25)
Cortical lesion location Frontal:5 Frontal:5 Frontal:6
Temporal:9 Temporal:5 Temporal:5
Parietal:2 Parietal:3 Parietal:5
Occipital:3 Occipital:2 Occipital:2
Duration of epilepsy, mean (range), years 8.6 (1-20.5) 4.2 (1.0-8.0) 3.1 (1.0-6.0)
Seizure frequency, mean (range), per month 33.2 (5-85) 52.9 (8-189) 61.1 (19-141)
Postoperative outcome: Engel class, % I: 27 I: 33 I: 50
II: 33 II: 42 II: 33
I: 20 l: 8 ln: 9
IV: 20 IV: 9 IV: 8

FCD, focal cortical dysplasia; GTCS, generalized tonic—clonic seizure; IS, infantile spasm; PS, partial seizure.
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Table 2 Clinical and neuropathological characteristics of patients with FCDs

X. Chen et al.

Age at Epilepsy Seizure Application in the
Sex Pathology surgery (yr) Seizure type Brain region duration (yr) frequency (/mon) PO current study

1 F FCDIla 25 PS; GTCS; T;0 20.5 85 Il WB; IHC;
2 F FCDla 9 GTCS; Tonic T; 5 32 | WB; IHC;
3 M FCDIla 16.8 PS; F 10 65 Il WB; IHC
4 M FCDIla 12 PS;IS T 5 9 1] WB; IHC
5 M FCDIla 7.5 PS (0] 55 34 vV WB; IHC
6 F FCDla 1.8 PS F 1 32 Il IHC

7 M FCDIa 11.5 PS; Tonic F; O 7 24 | WB; IHC
8 M FCDIla 15 PS; GTCS P, T 10 21 I WB; IHC
9 M FCDIla 14 PS T 9.5 15 vV IHC

10 F FCDIla 10 GTCS; Tonic T 6.2 75 | WB; IHC
11 M FCDla 27 GTCS;Tonic;PS F 19 5 Il WB; IHC
12 F FCDIa 4.6 IS T 3 56 | WB;IHC
13 M FCDIla 2 PS; GTCS T,P 1.8 21 vV WB; IHC
14 F FCDIa 12 PS T 7 11 Il IHC

15 F FCDIla 23 GTCS;Tonic; IS F 18 13 1 WB; IHC
16 M FCDIlla 2.5 PS; GTCS;Tonic P 1.5 43 Il WB; IHC
17 M FCDIlla 1.5 PS T 1 37 Il IHC

18 F FCDIla 4 GTCS;PS F 2.5 22 | WB; IHC
19 M FCDIlla 9 PS P 5 97 vV WB;IHC
20 M FCDIla 55 PS;GTCS; FT 35 23 | WB; IHC
21 F FCDIlla 7.5 GTCS F 4 23 Il WB; IHC
22 M FCDIlla 3 PS; Tonic F;O0 2 17 | IHC
23 F FCDIla 45 IS P 3 32 I WB; IHC
24 F FCDIlla 7 PS; Tonic T 6.5 8 1] WB; IHC
25 M FCDIla 10.5 GTCS F;,0 7 32 11 WB; IHC
26 M FCDIla 8 PS; GTCS T 6 189 | WB;IHC
27 F FCDIla 12 IS T 8 12 Il WB; IHC
28 M FCDIIb 2 PS; Tonic F 1 72 Il WB; IHC
29 F FCDIIb 1.2 IS P 1 23 vV WB;IHC
30 F FCDIIb 1.5 IS F:T 1 141 | IHC;
31 M FCDIIb 2.5 PS;GTCS F;O0 1 27 Il WB;IHC;
32 F FCDIIb 45 GTCS;IS T 2 132 | WB; IHC;
33 M FCDIIb 55 PS;GTCS F;T 4 35 1] IHC
34 F FCDIIb 5 PS; Tonic F;, P 3 50 | WB;IHC
35 F FCDIIb 6 GTCS T 35 75 | WB; IHC
36 M FCDIIb 7.2 PS; Tonic P 5 19 Il WB; IHC
37 M FCDIIb 8 PS; F;T 5 45 Il WB;IHC;
38 M FCDIIb 7.5 PS P;0 4.5 47 | WB; IHC
39 F FCDIIb 8.2 PS; GTCS P 6 67 | WB; IHC;

FCD, focal cortical dysplasia; M, male; F, female; PO, postoperative outcome (Engel’s class); PS, partial seizure; GTCS, generalized tonic—clonic seizure;
IS, infantile spasm; F, frontal; P, parietal; O, occipital; T, temporal; WB, Western blot; IHC, immunohistochemistry (including immunofluorescence).

Fluor 594 goat anti-mouse IgG (1:500; Invitrogen, Carlsbad, CA,
USA) for 1 h at 37°C. Then, 4/, 6-diamidino-2-phenylindole
([DAPI], Beyotime, Nanjing, China) was used to counterstain the
cell nuclei. Images of the fluorescent sections were acquired with
a confocal laser-scanning microscope (TCS-TIV; Leica, Nussloch,
Germany).

Evaluation of Inmunostaining and Cell Counting

Two independent observers evaluated the specific immunostain-
ing and performed cell counting. The overall concordance was
>90%. All labeled tissue sections were examined as previously
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reported in a total microscopic area of 781.250 yum? (200 high-
power nonoverlapping fields of 0.0625 x 0.0625-mm width with
a square grid inserted into the eyepiece) [22]. The staining inten-
sity of TRPV4 was evaluated using a semiquantitative, three-point
scale where the IR was defined as follows: 0, absent (—); 1, weak
(+); 2, moderate (++); or 3, strong (+++) staining. These intensity
scores represent the predominant staining intensity in each sec-
tion and were calculated as an average of the selected fields. Next,
we calculated the labeling index (LI) of TRPV4, PKC, and PKA
positive cells in the FCD tissue like previously reported [23]. The
LI was defined as the ratio of immunolabeled malformed cells rel-
ative to the entire cell population of interest.

© 2016 John Wiley & Sons Ltd
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Table 3 Clinical and Neuropathologic Features of Autopsy Control Patient Samples

Neuropathologic Application in
Case No. Sex diagnosis Age, years Cause of death PMI (h) Cortical region sampled the study
1 M Normal 2.9 Non-neurological disease 1.0 Frontal WB, IHC
2 M Normal 4.5 Electric shock 4.5 Temporal; Occipital; WB, IHC
3 F Normal 3.6 Non-neurological disease 5.6 Frontal, Temporal WB, IHC
4 F Normal 3.7 Motor vehicle accident 25 Occipital; Temporal WB, IHC
5 M Normal 8.2 Motor vehicle accident 2.1 Temporal; Parietal; Occipital WB, IHC
6 F Normal 3.5 Choking/Suffocation 1.2 Parietal WB, IHC
7 M Normal 3.7 Drowning 15 Frontal; Parietal WB, IHC
8 M Normal 5.3 Drowning 0.5 Temporal; Parietal WB, IHC
9 F Normal 5.8 Drowning 1.5 Frontal; Parietal WB, IHC
10 F Normal 8.4 Motor vehicle accident 2.0 Temporal; Parietal WB, IHC

F, female; M, male; IHC, immunohistochemistry (including immunofluorescence); PMI, postmortem interval, that is, interval between death of a patient
and removal of the brain before freezing or fixation; WB, Western Blot; h, hour.

Primary Cortical Neuron Culture

Primary cortical neurons were obtained from 1 day postnatal
Sprague Dawley rats. According to the previous reference [24],
cells were suspended in Neurobasal medium (Invitrogen) contain-
ing 2% B27 (Invitrogen) and 1% glutamine (Invitrogen). Neurons
grown in poly-L-lysine precoated 35-mm dishes at a density of
1 x 10° cells/mL at 37°C in humidified atmosphere containing
5% CO,. To prevent the replication of non-neuronal cells, half of
the medium was replaced with fresh medium containing 4 uM
arabinoside cytosine (Sigma) every 48-72 h. The cultured cortical
neurons were used in experiments after 6-8 days in vitro.

Calcium Imaging

The intracellular calcium concentration was monitored by Fluo-3/
AM (5 mM, Beyotime). Briefly, neurons were loaded with 4 uM
Fluo-3/AM at 37°C for 30 min. After washing, the cortical neu-
rons were incubated at 37°C for another 30 min to complete the
deesterification of Fluo-3/AM. The intensity of fluorescence was
recorded every 3 s for approximately 20 min by laser-scanning
confocal microscope (TCS-TIV; Leica Microsystems, Nussloch,
Germany) using an excitation wavelength at 485 nm and an
emission wavelength at 525 nm. The intracellular free Ca** con-
centration under resting conditions was recorded for about 3 min
to determine the basal level. Next, 4o-phorbol 12, 13-didecanoate
(40PDD; Sigma) was applied. An activator or an inhibitor of the
PKA and PKC cascade was administered 10 min before each
observation. The changes in intracellular Ca®* concentration,
monitored as fluo-3 AM fluorescence, were expressed relative to
the basal level (fluo-3 AM F/F) as a percentage. The results are
presented as the mean + SEM from five independent experi-
ments.

Data Analysis and Statistics

The data are expressed as the mean + SEM. SPSS for Windows
(SPSS, Inc., Chicago, IL, USA) was used for the statistical analysis.
The differences between groups were analyzed using a one-way
analysis of variance (ANOVA); P < 0.05 was considered to be
significant.

© 2016 John Wiley & Sons Ltd

Results
Neuropathology

Normal-appearing cortical samples exhibited organized layers
with a unipolar orientation of apical dendrites toward the pial
surface, well-preserved laminations, and normal definition of
the gray-white matter junction. All FCD cases included in this
study were not associated with primary lesions (i.e., hip-
pocampal sclerosis or a tumor) and fulfilled the histopathologi-
cal criteria of FCDIa, FCDIIa, and FCDIIb [2]. The FCDIa cases
displayed abundant microcolumns and cortical dyslamination.
The FCDIIa cases displayed cortical delamination and disorien-
tated dysmorphic neurons (DNs) that had enlarged cell bodies
and nuclei. These DNs were distributed throughout the cortex
or white matter. The FCDIIb cases displayed all the previously
noted features of FCDIla. In addition, balloon cells (BCs) with
large cell bodies, eccentric nuclei, and opalescent glassy eosi-
nophilic cytoplasm were observed by H&E staining (see
Figure S1).

Western Blotting and Immunohistochemistry
Analysis of TRPV4

Western blot analysis showed that the TRPV4 protein expression
was significantly increased in the cortical specimens of patients
with FCD. Moreover, the protein level of TRPV4 was significantly
higher in the FCDII samples compared to that of the FCDI sam-
ples, but no significant difference was observed between the
FCDIIa and FCDIIb samples (Figure 1).

In the control weak-to-moderate TRPV4
immunoreactivity (IR) was observed in neurons and glial cells
throughout all of the cortical layers (Figure 2A-C), and weak
staining was detected in vascular endothelial cells (Fig-
ure 2C).

In the FCDIa specimens, we observed moderate-to-strong stain-
ing for TRPV4 in the neurons of the microcolumns (Figure 2D,
inset b). In addition, moderate IR was detected in the glial cells
(Figure 2D, inset a). Additionally, there was moderate-to-strong
staining in vascular endothelial cells (Figure 2D, inset a). The
intensity scores indicated higher expression of TRPV4 in the

specimens,

CNS Neuroscience & Therapeutics 22 (2016) 280-290 283



TRPV4 in Focal Cortical Dysplasia

(A)
TREVE g e SHEND S
GAPDH
«-}- 0\'0 \\Q \QO
< <<° Qc? QOQ
(B)
*k
0.8 4 f " ” 1
] | | 1
J *k
a 0.6
o
2 04
s o
— =
& 1
0.24 c
0.0-
< \4 N ¥
¢ Q© Q Q
QO QO QO

Figure 1 Alteration in TRPV4 expression in focal cortical dysplasia
(FCD).(A, B) Representative immunoblot bands (A) and den
sitometricanalyses (B) of total homogenates from FCD types la(FCDIa), lla
(FCDIla) and llb (FCDIIb) lesions and normal control cortex (CTX) tissue
samples. *P < 0.05, **P <001, *P>0.05 ANOVA. OD = optical
densities. Number of samples is indicated in columns for each condition.

FCDIa than in the CTX (Table 4). Double-labeling experiments
confirmed the co-localization of TRPV4 immunostaining with the
neuronal marker NeuN in microcolumn and glial marker GFAP in
astrocyte (Figure 2E,F).

In the FCDIla specimens, there was moderate-to-strong TRPV4
IR in 72 4+ 2.9% of the DNs (n = 766) (Figure 2G). We also
observed strong staining in glial cells (Figure 2G). In addition,
there was moderate-to-strong TRPV4 IR in vascular endothelial
cells (Figure 2G, inset). The intensity scores indicated the signifi-
cant upregulation of TRPV4 expression in FCDIla compared to
that of the CTX (Table 4). Double-labeling experiments indicated
that TRPV4 were colocalized with another neuronal marker
NF200, which stains neuron specific neurofilaments, in DNs
(Figure 2H). TRPV4 and GFAP were co-localized in most glial cells
in the FCDIIa specimens (Figure 2I).

In the FCDIIb cases, there was moderate-to-strong TRPV4 IR
in 68 + 3.1% of the DNs (n =728) and in 63 + 4.8% of the
BCs (n =459) (Figure 2J). Additionally, there was strong
TRPV4 IR in the glial cells (Figure 2J). Endothelial cells in
FCDIIb specimens also expressed high levels of TRPV4 (Fig-
ure 2J). The intensity scores of TRPV4 IR in the FCDIIb speci-
mens were significantly higher than those in the CTX samples
(Table 4). Double-labeling experiments confirmed that NF200-
positive DNs and BCs both expressed TRPV4 (Figure 2K). More-
over, TRPV4 was also expressed in GFAP-positive BCs (Fig-
ure 2L).

Our double-labeling experiments also confirmed the co-locali-
zation of TRPV4 immunostaining with glutamate in micro-
columns and malformed cells (see Figure S2A-C). However,
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TRPV4 was also co-expressed with GABA and GAD67 in FCDIa
and FCD type II (see Figure S2D-I).

PKC and PKA Expression

Western blot analysis revealed that PKC expression was signifi-
cantly increased in the FCD specimens compared with that of
CTX tissues. The PKC protein level was higher in the FCDII
specimens compared with FCDI samples; however, no signifi-
cant differences were detected between FCDIIa and FCDIIb
(Figure 3). With immunohistochemistry analysis, weak-to-
moderate PKC IR was detected in neurons and glial cells in the
CTX samples (Figure 4A). In the FCDIa, there was moderate
staining of PKC in the neurons, including in the microcolumns
and glial cells (Figure 4B). In the FCDIIa, moderate-to-strong
staining of PKC IR was detected in 78 = 7.5% of the DNs
(n = 813) and glial cells (Figure 4C). In the FCDIIb, there was
strong PKC IR in 83 + 3.1% of the DNs (n = 762), 76 + 2.7%
of the BCs (n = 488), and glial cells (Figure 4D). The intensity
scores of PKC IR in the FCD samples were significantly higher
than those in the CTX samples (Table 4).

However, there was no significant difference between the
expression of PKA protein in CTX and FCD (Figure 3). Immuno-
histochemistry analysis revealed that there was moderate-to-
strong PKA IR in neurons and glial cells in the CTX and in the
FCD lesions (Figure 4E-H). In FCDIla, PKA expression was
detected in 86 + 5.3% of the DNs (n = 747). We also detected
strong PKA staining in 73 £ 3.1% of the DNs (n = 753) and
59 + 4.7% of the BCs (n = 427) in FCDIIb specimens. The inten-
sity scores displayed similar results (Table 4).

Functional Assessment of TRPV4 Expression

To provide a functional assessment of TRPV4 in the cortex, rat-
derived cortical neurons were used in a calcium imaging system
(Figure 5A-F). We took advantage of the TRPV4 agonist, 4¢PDD,
to demonstrate the specific activation of TRPV4. In cortical neu-
rons, Ca”* influx was stimulated by 4«PDD in a dose-dependent
manner (Figure 5G). The relationship between 4¢PDD and Ca**
influx could be calculated by using a sigmoidal dose-response
function, which yielded an EC50 of 9.92 uM for 4¢PDD. 40PDD at
30 uM displayed a near maximal stimulation; therefore, we
elected to use this concentration to activate TRPV4 channels in
subsequent experiments.

As shown in Figure 6H, the 30 uM 40PDD-induced increase in
intracellular Ca®* was almost abolished immediately upon treat-
ment with HC067047, which is a highly selective antagonist of
TRPV4. This result further confirmed that the increase in intracel-
lular Ca?* in our study occurred in a TRPV4-dependent manner.
Finally, to provide further insight into the actions of TRPV4, we
added 44PDD when extracellular Ca?* was removed. Indeed, in
the absence of extracellular Ca®*, the 4oPDD addition did not
result in an increase in intracellular Ca**, which demonstrated
that 4¢PDD addition leads to the activation of calcium influx
rather than facilitating its release from intracellular calcium stores
(Figure 5I). Overall, these results demonstrated that TRPV4 serves
as a route of Ca®* influx into the cortical neurons in response to
pharmacological stimuli.

© 2016 John Wiley & Sons Ltd
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Figure 2 Immunoreactivity (IR) of TRPV4 in focal cortical dysplasia (FCD) types la (FCDIa), lla (FCDIla), and Ilb(FCDIIb). (A—C) TRPV4 IR in normal control
cortex (CTX). Weak-to-moderate TRPV4 in neurons (arrows in [A] and [B]), glial cells (arrowheads in [B] and [C]) and weak TRPV4 in endothelial cells
(double arrows in [C]) in neocortex, white matter(WM), and junction. (D-F) TRPV4 IR in FCDla. Moderate-to-strong TRPV4 in neurons, including in
microcolumns ([D], inset b in [D]) and in endothelial cells (double arrows in inset a in [D]), and moderate TRPV4 IR in glial cells (arrowheads in insert a in
[D]). (E, F) Merged images show the colocalization of TRPV4 (green) with NeuN (red) in neurons (arrows in [E]) and the colocalization of TRPV4 (green) with
glial fibrillary acidic protein ([GFAP] red) in glial cells (arrowheads) but not in neurons (arrows in [F]). (G—1) TRPV4 IR in FCDIla. Moderate-to-strong TRPV4 IR
in dysmorphic neurons(DNs) (arrows in [G]) and in endothelial cells ([G] inset); strong TRPV4 IR in glial cells (arrowheads in [G]). The merged images show
the colocalization of TRPV4 (green) with NF200 (red) in DNs(arrows in H). (I) TRPV4 (green) colocalized with GFAP(red) in glial cells (arrowheads in [l]) but
not in DNs (arrows in [1]). (J-L) TRPV4 IR in FCDIIb. Moderate-to-strong TRPV4 IR in endothelial cells (double arrows in [J]), DNs (arrows in [J]), and ballon
cells ([BCs], double arrowheads in [J]) with different sizes and shape. There is strong TRPV4 IR in glial cells (arrowheads in [J] and [R]). (K) Confocal image
indicated that TRPV4-positive DNs (arrows) and BCs (triple arrowheads) colocalize with NF200 (red); other BCs (double arrowheads) do not colocalize with
NF200 (red). (L) Merged image shows that TRPV4-positive glial cells (inset a in [L], green) and TRPV4-positive BCs (double arrowheads in [L] and inset b,
green) colocalize with GFAP (red); other BCs (triple arrowheads, inset b in [L]) do not colocalize with GFAP. Sections are counterstained with hematoxylin
(A-D, G, J) or DAPI ([E], [F], [H], [1], [K], [L], inset in [L]). Scale bars = (A-D, G, J) 50 um; (E, F, H, I, K, L) 30 um.
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Table 4 Staining Scores of TRPV4-, PKC-, PKA-Immunopositive Cells in FCD and Control Specimens

CTX (n = 10) FCDIa (n = 15) FCDIla (n = 12) FCDIIb (n = 12)
TRPV4 1.15 + 0.18 1.90 + 0.14* 2.45 £+ 0.25* 2.65 + 0.33*
PKC 1.07 £ 0.12 1.36 + 0.27* 221 £ 0.18* 2.57 £ 0.22*
PKA 1.51 £ 0.31 1.55 & 0.37% 1.52 4 0.29" 1.54 + 0.24"

CTX, normal control cerebral cortex; FCD, focal cortical dysplasia; TRPV4, transient receptor potential vanilloid 4; PKC, protein kinase C; PKA, protein
kinase A. Data are expressed as mean + SEM where immunoreactivity was scored as: 0, absent; 1, weak; 2, moderate; or 3, strong. *P < 0.01,

#p > 0.05, FCDIa, FCDIla, FCDIIb versus CTX, ANOVA.

(A) PKC | e— o— Sy s—

PKA | e — m—" —

GAPDH | ey sy e e

& ° ®
< & & &
(B) —
ok #
0.6 ==y 0.5
*% S # #
o o 04 #
O 04 " = ==
% o : 0 2
2 l @ 0. =
[T} 0.2 = - "
4 € 04 =
0.0 0.0
Al R - P A
& S & & S

Figure 3 Changes in protein kinase C (PKC) and protein kinase A (PKA)
expression in focal cortical dysplasia (FCD) and control cortex (CTX). (A)
Representative immunoblot bands and (B) densitometric analyses of total
homogenates from FCD (FCDIa, FCDlla, and FCDIIb) lesions and CTX tissue
samples. *P < 0.05, **P <0.01, *P>0.05 ANOVA. OD = optical
densities. Number of samples is indicated in columns for each condition.

PKC, but not PKA, Cascades Acutely Regulate
[Ca?*]; in Cortical Neurons

PKC and PKA signaling cascades can directly phosphorylate
TRPV4 [20]. Here, we determined whether these signaling cas-
cades are involved in the control of [Ca®*]; elevation by affecting
TRPV4 activity in cortical neurons. Stimulation of PKC with
200 nM Phorbol-12-Myristate-13-Acetate (PMA) greatly potenti-
ated 40PDD-mediated elevations in [Ca®*];. Here, the response to
40PDD increased from 1.54 £ 0.05 to 3.54 = 0.10-fold. However,
the administration of a highly selective, cell-permeable PKC inhi-
bitor, bisindolylmaleimide I (BIM-I, 200 nM), moderately
decreased the amplitude of the 4«PDD-mediated [Ca®*]; response
from 1.54 + 0.05 to 1.22 £ 0.04-fold. Moreover, we repeated the
treatment with PMA in the presence of the TRPV4 inhibitor
HC067047. The amplitudes of the 4¢PDD-mediated [Ca®*];
responses were significantly decreased from 3.54 £+ 0.10 to
1.03 + 0.07-fold. Overall, we conclude that the [Ca**]; response
to pharmacological stimuli may be regulated by the stimulation of
a PKC signaling cascade and that this regulation occurs in a
TRPV4-dependent manner (Figure 6A).
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We next examined the role of the PKA cascade in the regulation
of TRPV4-mediated Ca®* responses in cortical neurons. As shown
in Figure 6B, following treatment with 20 uM forskolin, which
elevates intracellular cAMP levels, the [Ca®*]; response to 4¢PDD
ranged from 1.54 £ 0.05 to 1.57 £ 0.06-fold. These results indi-
cate that this increase in cAMP failed to affect 4¢PDD-mediated
[Ca®*]; responses; however, the [Ca®*]; response to 40PDD was
significantly decreased from 1.54 + 0.05 to 1.09 £ 0.05-fold by
using 20 uM H89, which is specific antagonist of PKA signal path-
way. These results suggest that the PKA signaling cascade has no
appreciable role in regulation of TRPV4-mediated [Ca®*]; increases
in the cortical neurons.

Discussion

In the present study, we demonstrated that the expression of
TRPV4 protein was upregulated in the tissues of patients with FCD
compared with that in the CTX. Moreover, the IHC results demon-
strated that TRPV4 IR was mainly localized within neuronal
microcolumns and malformed cells. In addition, our calcium
imaging experiments indicated that TRPV4 served as a route of
Ca** influx into the cortical neurons in response to pharmacologi-
cal activation. Furthermore, the level of protein expression of
PKC, but not PKA, was significantly increased in FCD specimens
compared to CTX. Intriguingly, we observed that the PKC-depen-
dent signaling pathway is responsible for augmented TRPV4 acti-
vation in cortical neurons. These results might expand our
understanding of the role of TRPV4 in the FCD.

Enhanced Expression of TRPV4 in FCD

In the central nervous system, the activation of TRPV4 could
result in excitatory neurotransmitters released and influence neu-
ral excitabilities [17,25]. Li and colleagues indicated that TRPV4 is
involved in the enhancement of hippocampal synaptic transmis-
sion by increasing presynaptic glutamate release and promoting
postsynaptic AMPA receptor function [26]. In the present study,
we detected greater TRPV4 protein levels in FCD compared to CTX
samples. Moreover, both glutamatergic and GABAergic neurons
were co-expressed with TRPV4 in FCDs. Therefore, we speculate
that the enhanced expression of TRPV4 may result in the disrup-
tion of the excitatory/inhibitory balance of neural circuits in the
brain, thereby promoting seizure activity in patients with FCD
lesions. Indeed, TRPV4 has been shown to have an important role
in hyperthermia-induced seizures [27]. Nevertheless, further elec-
trophysiological investigations in patients with FCD are required
to support our hypothesis.

© 2016 John Wiley & Sons Ltd
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Figure 4 Immunoreactivity (IR) of protein
kinase C (PKC) and protein kinase A (PKA) in
focal cortical dysplasia (FCD) and control cortex
(CTX). (A) PKC in CTX. There is weak-to-
moderate PKC IR in neurons and glial cells. (B)
PKC in FCDIa. There is moderate PKC IR in
some neurons, including in microcolumns and
some glial cells. (C) PKC in FCDIla. Moderate-to-
strong PKC IR in dysmorphic neurons (DNs)
(arrows), glial cells (arrowheads). (D) PKC in
FCDIlb. Strong PKC IR in DNs (arrows), balloon
cells(BCs) (double arrows), and glial cells
(arrowheads). Weak PKC IR BCs are indicated
by triple arrowheads (E) PKA in CTX. Moderate-
to-strong PKA IR in some neurons and glial
cells. (F) PKA in FCDIa. There is moderate-to-
strong PKA IR in some neurons, including in
microcolumns, and some glial cells. (G) PKA in
FCDIla. There is moderate-to-strong PKA IR in
DNs (arrows) and glial cells. (H) PKA IR in
FCDIIb. Moderate-to-strong PKA IR in DNs
(arrows), BCs (double arrows), and glial cells
(arrowheads). Scale bars: 50 um.

Cellular Distribution of TRPV4 in FCD

Our experiments showed that TRPV4-positive malformed cells
and microcolumns were of neuronal lineages, as they coexpressed
NF200 or NeuN. Consistent with a previous study [28], we found
that TRPV4-positive BCs were partially colabeled with the glial
marker GFAP, thereby indicating that they could be both glial lin-
eages and neuronal lineage.

DN are characterized by large somata, abnormal initial portion
of apical dendrite and axon [29,30]. Recent studies have

© 2016 John Wiley & Sons Ltd

TRPV4 in Focal Cortical Dysplasia

demonstrated that there is a strong correlation between the pres-
ence of DNs and hyperexcitable intrinsic membrane properties
[31,32]. Some reports indicated that larger amplitude of Ca**
influx in this type of cells lead to hyperexcitability [29,33].
Whether the persistent neuronal upregulation of TRPV4 in FCD is
intrinsic to the central nervous system developmental lesion per se
or is induced by seizures, or both, is unknown. In addition, single
cell patch clamp studies using BCs have demonstrated that they
are electrically silent [34]. The role of BCs in the epileptogenesis
of FCD remains obscure. Several studies indicated that BCs could
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Figure 5 Function assessment of TRPV4 expression in primary cortical neurons. (A) Representative phase contrast images show cultured rat
cortical neurons. (B-D) Merged images show the colocalization of TRPV4 (green) with MAP2 (red) in cultured cortical neurons. The nuclei are stained with
4, 6-diamidino-2-phenylindole (DAPI) and are shown in blue. (E-F) Confocal images show primary cultured cortical neurons labeled with Fluo-3 before ([E])
and after ([F]) 4oPDD treatment. (G) Dose-response curve indicated that dose-dependent activation of Ca2 + influx under 4«PDD stimulation.
Cultured cortical neurons were stimulated with 4¢PDD at 3, 5, 10, 20, 30, and 100 uM. The dose—response curve was fitted by a sigmoidal dose-response
function using GraphPad Prism 6.0. (H) Representative example showing the effect of TRPV4 agonist and antagonist, 4xPDD and HC067047, on [Ca®*]; in
cultured cortical neurons. (I) Representative example showing removal of extracellular Ca®* abolishing the 44PDD response. The changes of intracellular

calcium concentration in all experiments measured as fluo-3 AM fluorescence were expressed relative to the basal level (F/Fo). Scale bars: 30 um.
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decrease the spread of epileptogenic activity by increasing in clear-
ance of glutamate [35].However, BCs expressed high level of gap
junction-forming connexin 43 would alter gap junctional cou-
pling and therefore may contribute to epileptogenesis [36,37].

It has been recognized that the activated astrocytes in FCD are
involved in the generation of seizures [38,39]; however, the

288 CNS Neuroscience & Therapeutics 22 (2016) 280-290

activation of TRPV4 in glial cells would initiate excitatory glio-
transmitter release and efficiently increase neuronal excitation
[40]. Furthermore, high protein levels of TRPV4 in astrocytes
could result in oxidative stress-induced cell damage [41]. Our ITHC
results indicated that astrocytes in FCD expressed high levels of
TRPV4, suggesting a possible role of glial dysfunction in modifying

© 2016 John Wiley & Sons Ltd
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hyperexcitability. Changes in the permeability of the BBB may
result in chronic neuronal hyperexcitability [42]. Emerging evi-
dence demonstrates that activation of TRPV4 results in the upreg-
ulation of matrix metalloproteinase 9 (MMP9) [43], which can
destroy the BBB by digesting the endothelial basal lamina [44].
Interestingly, we have reported the overexpression of MMP9 in
FCDIIb lesions [45]. Moreover, our immunohistochemistry results
revealed that endothelial cells in FCDs expressed a high level of
TRPV4. Therefore, we speculate that TRPV4 may exacerbate sei-
zure activity in FCD by disrupting the BBB through the upregula-
tion of MMP9 in endothelial cells.

TRPV4-mediated Ca?* influx in Epileptogenesis

Calcium plays an important role in supporting neuronal survival.
The accumulation of intracellular Ca®* affects mitochondrial
depolarization activity [46,47], which is essential for ATP synthe-
sis and subsequently controls neuronal survival [48,49]. In addi-
tion, Ghazizadeh and colleagues reported that epilepsy is involved
in Ca** entry and oxidative stress-induced neuronal death [50].
Our calcium imaging studies confirm that TRPV4 is capable of
increasing Ca®* in cortical neurons. Based on these results, we
hypothesize that TRPV4 activation induces neuronal death via
excess calcium accumulation, thereby contributing to the patho-
genesis of FCD. However, we have only performed our calcium
imaging experiments in normal primary cortical neurons of rats.
Because no suitable cell model of FCD could be selected for our
experiments, the detailed mechanism of the function of TRPV4 in
FCD could not be elucidated in detail. Accordingly, further inves-
tigations in vivo and in vitro are needed to support our hypothesis.

The Role of PKC and PKA in FCD

The PKC- and PKA-mediated phosphorylation of sodium channels
can alter neuronal excitability [51], which is most likely involved
in the genesis of epilepsy [52]. Moreover, PKC and PKA could
directly phosphorylate TRPV4 in expression systems [20]. In the

TRPV4 in Focal Cortical Dysplasia

present study, we observed a pronounced increase in PKC, but not
PKA, expression in FCD specimens compared to that of CTX tissues.
Moreover, we showed that 4¢PDD-induced [Ca?*]; elevations are
under regulation of the PKC pathway and this regulation occurred
in a TRPV4-dependent manner. Overall, we speculated that the
increased expression of PKC may be involved in epileptogenesis of
FCD by modulating the functional state of TRPV4. While PKC could
directly phosphorylate multiple S/T residues within the N-terminus
of over-expressed TRPV4 in HEK293 cells [20], it is unknown
whether the PKC-mediated regulation of TRPV4 function in cortical
neurons is directly involved in channel phosphorylation. In addi-
tion, it has been reported that the translocation of TRPV4 in
nephrons is regulated by the PKA-dependent pathway [53]. Fur-
ther in vivo experiments are required to determine whether a simi-
lar regulatory mechanism of PKA exists in cortical neurons.

In conclusion, our findings demonstrate an association between
the overexpression and altered distribution of TRPV4 and FCDs,
which suggests that TRPV4 may be involved in the epileptogenic
properties of FCD. Calcium imaging experiments indicated that
TRPV4 could serve as a calcium route into cortical neurons and
this functional state occurs in a PKC-dependent manner. Thus,
TRPV4 regulation by the PKC signaling pathway may represent a
potential target for antiepileptic therapy in FCD.
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