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Abstract

Emergence of dysmorphic neurons is the primary pathology in focal cortical 

dysplasia (FCD) associated pediatric intractable epilepsy; however, the etiolo-

gies related to the development and function of dysmorphic neurons are not 

fully understood. Our previous studies revealed that the expression of vascular 

endothelial growth factor- C (VEGF- C) and corresponding receptors VEGFR- 2, 

VEGFR- 3 was increased in the epileptic lesions of patients with tuberous scle-

rosis complex or mesial temporal lobe epilepsy. Here, we showed that the ex-

pression of VEGF- C, VEGFR- 2, and VEGFR- 3 was increased at both mRNA 

and protein levels in patients with cortical lesions of type I, IIa, and IIb FCD. 

The immunoreactivity of VEGF- C, VEGFR- 2 and VEGFR- 3 was located in 

the micro- columnar neurons in FCD type I lesions, dysplastic neurons (DNs) 

in FCD type IIa lesions, balloon cells (BCs) and astrocytes in FCD type IIb 

lesions. Additionally, the amplitude of evoked- EPSCs (eEPSC) mediated by 

NMDA receptor, the ratio of NMDA receptor-  and AMPA receptor- mediated 

eEPSC were increased in the dysmorphic neurons of FCD rats established by 

prenatal X- ray radiation. Furthermore, NMDA receptor mediated current in 

dysmorphic neurons was further potentiated by exogenous administration of 

VEGF- C, however, could be antagonized by ki8751, the blocker of VEGFR- 2. 

These results suggest that VEGF- C system participate in the pathogenesis of 

cortical lesions in patients with FCD in association with modulating NMDA 

receptor– mediated currents.
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1 |  INTRODUCTION

Focal cortical dysplasia (FCD) is a specific cortical 
malformation occurred during the development and 
represents the most prevalent etiology of medically in-
tractable epilepsy in children, leading to surgical re-
section of the lesions or neurostimulation treatment 
ultimately [1, 2]. FCD is classified into type I and type II 
according to the current international consensus classifi-
cation by ILAE [3]. Type I FCD is characterized histolog-
ically with dyslamination of the neocortex (the presence 
of microcolumns), and Type II is characterized by cor-
tical dyslamination and dysplastic neurons (DNs) with 
(Type IIb) or without balloon cells (BCs) (Type IIa) [4]. 
Previous studies have revealed that dysmorphic neurons 
in FCD lesions are the potential generator of seizure dis-
charges [5, 6]; however, specific mechanisms governing 
the development of hyperexcitability in the dysmorphic 
neurons are not well known.

Vascular endothelial growth factors C (VEGF- C) 
is a member of the VEGF family and acts as a neuro-
trophic factor in the nervous system by regulating bio-
logical events such as angiogenesis, vasculogenesis, and 
lymphangiogenesis [7– 9]. It was reported that VEGF- C 
promotes neurogenesis and has neuroprotective effects 
in the central nervous system in several neurological 
disorders by interacting with specific receptors such as 
VEGFR- 2 (flk- 1) and VEGFR- 3 (flt- 4) [10– 14]. Our pre-
vious studies revealed that the expression of VEGF- C, 
VEGFR- 2, and VEGFR- 3 was increased in the epilep-
tic lesions of patients with tuberous sclerosis complex or 
mesial temporal lobe epilepsy [15, 16]. However, little is 
known regarding the role of VEGF- C in the pathogene-
sis and epileptogenicity of FCD.

N- methyl- D- aspartic acid (NMDA) receptor plays 
important role in mediating the glutamate- induced ex-
citatory currents. The molecular composition of NMDA 
receptor was found to be altered in the cortical samples 
of patients with FCD and relevant animal models [17– 19]. 
However, whether NMDA receptor mediated current is 
altered in the dysmorphic neurons and with regarding to 
the potential mechanisms, it is rarely identified.

Here, with brain specimens from patients with FCD 
and FCD rats generated by in utero X- ray radiation, we 
detected the expression pattern of VEGF- C, VEGFR- 2, 
and VEGFR- 3 in the cortical lesions and investigated the 
effect of VEGF- C on NMDA receptor- mediated current 
in the neurons of the dysplastic cortex.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Human brain tissue samples

The study was approved by the Ethics Committee of 
Army Medical University. FCD- induced pediatric medi-
cally refractory epilepsy was diagnosed according to the 

current international consensus classification proposed 
by the International League Against Epilepsy (ILAE) 
[3]. Intraoperative electrocorticography were performed 
in all the enrolled patients during the operation, and 
invasive depth electrode recordings were performed if 
the epileptic lesions could not be precisely located by 
scalp electroencephalogram before the surgery. All the 
specimens were obtained from patients with FCD who 
underwent surgical resection. Only epileptogenic tissues 
that were identified as dysplastic cortex by magnetic 
resonance imaging and further confirmed post hoc by 
neuropathological correction were used in the study. All 
the procedures and experiments were performed in com-
ply with the Declaration of Helsinki and the guidelines 
for conduction of research involving human subjects, as 
established by the Ethics committee of Army Medical 
University. Informed written consent was obtained from 
all participants or legal guardians for the use of dissected 
tissue in research purpose only.

A total of 37  surgical specimens including 12 FCD 
I (male/female: 7/5; mean age 7.5, range 2.4– 15.0), 12 
FCD IIa (male/female: 7/5; mean age 6.5, range 2.5– 
14.5), and 13 FCD IIb (male/female: 7/6; mean age 6.3, 
range 1.5– 13.5) were examined in the present study. The 
clinical information of patients with FCD is summa-
rized in Table 1. Detailed clinical data for each FCD 
patient specimen are listed in Table S1. The control 
cortex (CTX) specimens were obtained from autopsies 
of 10 age- matched patients (male/female: 5/5; mean age 
6.0, range 2.0– 12.4) without a history of neurologic dis-
eases, and detailed clinical data were summarized in 
Table S2. All autopsies were performed within 6  h of 
death, within which the majority of mRNA and protein 
are well preserved [20, 21].

All the specimens obtained from surgical resection or 
autopsies were immediately frozen in liquid nitrogen and 
then stored at −80°C for Real- time Quantitative PCR 
(RT- PCR) or Western blot analysis, or fixed in 4% para-
formaldehyde (PFA) and then dehydrated in 30% sucrose 
for in situ hybridization (ISH) or immunohistochemistry/
immunofluorescence.

2.2 | Animal studies

Sprague- Dawley rats (Rattus norvegicus) were housed 
under standard conditions (room temperature, 23 ± 1°C; 
illumination, 12- h light/12- h dark cycle; access to food 
and water, ad libitum). Randomly chosen female rats 
were exposed to X- ray (225  cGy, 60  s) (RS- 2000, Rad 
Source Technologies) at post pregnancy day 17 to disrupt 
the normal development of cortex in utero, and newborns 
were weaned at postnatal day 21 (P21) after normally de-
livery according to previous procedure [22, 23]. All the 
animal experimental procedures were reviewed and ap-
proved by the Internal Animal Care and Use Committee 
of the Army Medical University.
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At 4 weeks of age, the rats exposed to embryonic X- ray 
were anesthetized with pentobarbital sodium (60 mg/kg) 
and perfused with 4% PFA to dissect the brain for mor-
phological analysis. HE staining was used to detect the 
cortical structure and the neuronal morphology in the 
lesion and identify whether the FCD model was estab-
lished according to neuropathological criteria [22, 23].

2.3 | RT- PCR

Total RNA was isolated by the Trizol reagent 
(Invitrogen, Carlsbad, CA) following the manufac-
ture instructions. The RNA concentration and quality 
were evaluated spectrophotometrically at 260/280  nm 
(of ratio: 1.9– 2.0) with a nanodrop spectrophotometer 
(Ocean Optics, Dunedin, FL). Single- stranded cDNA 
was reverse- transcribed from 1  μg total RNA using 
an oligo dT primer (Takara, Otsu, Japan). Following 
primers were used for the PCR: VEGF- C (forward: 
5′- AGCAAAGATCTGGAGGAGCAG; reverse: 
5′- TTATGTTGCCAGCCTCCTTTC), VEGFR- 2 (for-
ward: 5′- AAAGTGATCGGAAATGACAC; reverse: 
5′- GGAATCACCACAGTTTTGTT), VEGFR- 3 (for-
ward: 5′- TTACAACTGGGTGTCCTTTC; reverse: 
5′- TTCTTGTCTATGCCTGCTCT), and GAPDH (for-
ward: 5′- ACGGATTTGGTCGTATTGGG; reverse: 
5′- TGATTTTGGAGGGATCTCGC). The PCR cycle 
was set as follows: 95°C for 3 min (one cycle), followed by 
40 PCR cycles of denaturation at 95°C for 40 s, 40 s of an-
nealing at 58°C, and 30 s of extension at 72°C. GAPDH 
was used as internal control. Each quantitative PCR 
reaction was repeated for at least three times, and the 
whole RT- PCR analyses were repeated by least two inde-
pendent experiments. The PCR products were relatively 
quantified by the 2−△△ct  method against the internal 
control (GAPDH).

2.4 | Western blot

Protein was extracted by homogenizing the tissue speci-
mens in the RIPA lysis buffer (25 mM Tris- HCl pH 7.6, 
150  mM NaCl, 1% NP- 40, 1% sodium deoxycholate, 
0.1% SDS), and the concentration was determined by 
the Bradford protein assay (Bio- Rad, Hercules, CA). 
Equal amount of protein (50 mg/lane) was separated in 
10% SDS- polyacrylamide gels and transferred to poly-
vinylidene fluoride membranes. For immunoblotting, 
membranes were blocked in 5% bovine serum for 1  h 
and incubated with primary antibody overnight at 4°C 
(Table S3). Membranes were washed three time by Tris- 
buffered saline containing 0.1% Tween- 20 (TBST) and 
incubated with peroxidase- conjugated secondary anti-
body for 1 h at room temperature. After three times wash 
by TBST, the signal was detected with chemiluminescent 
substrates. Densitometric analysis was performed using 
Quantity One software to quantify the optical densities 
(OD value) of each protein band. GAPDH was used as 
the internal control.

2.5 | In situ hybridization

ISH was performed using commercially available kits 
(Boster, Wuhan, China). High- performance liquid chro-
matography (HPLC)- purified oligonucleotide probes 
specific for VEGF- C (Cat: K2145), VEGFR- 2 (Cat: 
MK1438) and VEGFR- 3 (Cat: MK1439) mRNA were 
used following manufacturer's protocol. Paraffin sec-
tions were cut at 6 μm thicknesses, dewaxed, hydrated, 
and immersed in 3% H2O2 for 10  min sequentially at 
room temperature. After treated with pepsin (100 μg/ml 
in 3% citric acid) at 37°C for 30 min and pre- hybridization 
solution (50% deionized formamide, 0.5 mg/ml heparin, 
0.5  mg/ml Torula RNA, 0.1% Tween 20, 5X SCC and 

FCD I (n = 12) FCD IIa (n = 12) FCD IIb (n = 13)

Male/female 7/5 7/5 7/6

Mean age of surgery 
(years)

7.6 (2.4– 15) 6.5 (2.5– 14.5) 6.3 (1.5– 13.5)

Seizure type PS (75%); GTCS 
(50%); Tonic 
(17%); IS (8%)

PS (67%); GTCS 
(42%); Tonic 
(17%); IS (17%)

PS (46%); GTCS 
(69%); Tonic 
(15%); IS (8%)

Lesions location Frontal (5); 
Temporal (4); 
Parietal (4); 
Occipital (3)

Frontal (6); 
Temporal (4); 
Parietal (3); 
Occipital (1)

Frontal (8); 
Temporal (4); 
Parietal (3); 
Occipital (3)

Duration of epilepsy 
(years)

5.2 (1.5– 10) 4.9 (1.0– 9.0) 4.23 (1.0– 8.8)

Seizure frequency (per 
month)

59.4 72.6 52.9

Postoperative outcome 
(Engel's class)

I: 42%; II: 33%; III: 
25%; IV: 0%

I: 50%; II: 25%; III: 
17%; IV: 8%

I: 77%; II: 23%; 
III: 0; IV: 0

Abbreviations: GTCS, generalized tonic- clonic seizure; IS, infantile spasm; PS, partial seizure.

TA B L E  1  Summary of the clinical 
features of patients with FCD
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9.2  mM citric acid) at 38°C for 3  h, sections were hy-
bridized with DIG- UTP- labeled oligonucleotide probe 
overnight at 38°C in a humidified chamber with 20% 
glycerin. After rinse, sections were further treated with 
confining liquid at 37°C for 30  min, and stained with 
a SABC peroxidase system (AR0148, Boster, Wuhan, 
China) with 3,3′- diaminobenzidine (DAB) as the chro-
mogen, and counterstained with hematoxylin. Finally, 
sections were dehydrated and sealed with Cytoseal 60 
(Thermo Scientific, Wilmington, USA). Phosphate- 
buffered saline (PBS) with nonsense probe without probe 
was used as the negative control for the hybridization. 
An inverted bright- field microscope (DMIRB, LEICA, 
Nussloch, Germany) was used to acquire images.

2.6 | Immunohistochemistry

Paraffin embedded samples were sectioned at 6 μm thick-
ness and spread on polylysine- coated slides. Sections were 
deparaffinized, rehydrated, and treated with 0.3% H2O2 
to remove endogenous peroxidase activity. For antigen re-
trieval, sections were microwaved in citrate buffer (0.01 M, 
pH 6.0) for 20 min at 98°C. After washing with PBS, sec-
tions were blocked by 10% normal goat serum for 45 min 
and incubated with the primary antibody overnight at 
4°C. Sections were then washed and incubated with horse-
radish peroxidase- conjugated secondary antibody for 1 h 
at 37°C after. Finally, the signal was developed by DAB. 
Counterstaining was performed with hematoxylin. To 
ensure the specificity of the IHC signals, negative control 
experiments were performing in parallel, using secondary 
antibody alone. Images were acquired similarly with ISH.

2.7 | Immunofluorescence

Sections at 10  μm thickness were cut from dehydrated 
tissues using a cryostat microtome (Cm3000, Leica, 
Nussloch, Germany). After three times wash in PBS, 
sections were blocked in 10% normal goat serum and 
incubated with the primary antibody overnight at 4°C. 
Sections were then washed and incubated accordingly 
with Alexa Fluor 488- conjugated anti- rabbit anti-
body (Thermo Fisher Scientific Cat# A- 11008, RRID: 
AB_143165) or Alexa Fluor 555- conjugated anti- mouse 
antibody (Thermo Fisher Scientific Cat# A- 21422, 
RRID:AB_2535844). Sections were subsequentially 
nuclear stained by Hoechst 33258, mounted, and pho-
tographed by a confocal microscope (TCS- TIV; Leica, 
Nussloch, Germany).

2.8 | Evaluation of ISH and IHC

For each section evaluated under the LEICA bright- field 
microscope, non- overlapping fields (200× magnification, 

0.0625 mm × 0.0625 mm width) were defined in the center 
of the lesions as guiled by a square grid inserted into the 
eyepiece. DNs and BCs can be clearly distinguished from 
other cell components based on cytological properties. 
Following an evaluation scheme reported previously 
[16], the staining intensity was semi- quantified to a 4- 
point scale: 0: absent, 1: weak, 2: moderate, and 3: strong 
staining. All the areas of the slices were evaluated, and 
the score represents the predominant cell staining inten-
sity in each section [24]. In addition, we semi- quantified 
the relative number of positive cells within FCD lesions 
according to a three- point frequency score: 1: 0%– 10% 
(rare); 2: 11%– 50% (sparse); 3: >50% (high). The product 
of these two scores (intensity and frequency) yielded the 
total score.

2.9 | Electrophysiological recording

Transverse slices (300  μm) of the medial parietal 
cortex of 3– 4  weeks old FCD rats were obtained 
via a Leica vibratome (Leica, VT1000S) in cold 
sucrose- based solution (in mM): sucrose (300), KCl 
(2), NaH2PO4 (1.25), CaCl2 (1), MgCl2 (5), NaHCO3 
(26), and glucose (11) and transferred to an oxygen-
ated recovery chamber containing standard artificial 
cerebrospinal f luid (ACSF) (in mM): NaCl (140), KCl 
(2.5), NaH2PO4 (1.4), CaCl2 (2), MgCl2 (2), NaHCO3 
(25), and glucose (11).

For action potential (AP) recording, the membrane 
was first clamped at −70 mV and applied with a series 
of stimulation range from −200 to +200 pA (stepped 
at 10 pA) or a constant tonic depolarizing stimulation 
at 200 pA after transferred to current clamp mode. 
The evoked EPSCs (eEPSCs) mediated by NMDA and 
AMPA (α- amino- 3- hydroxy- 5- methyl- 4- isoxazole- 
propionicacid acid) receptors in dysmorphic neurons 
were stimulated through a glass micropipette (tip di-
ameter 10– 50  μm) and recorded by a lateral pipette 
(50– 100  μm) [25]. AMPA receptor- mediated current 
was recorded at −70  mV and the negative peak upon 
stimulation was considered as the amplitude of AMPA 
current. NMDA current was recorded at +50  mV in 
the same neuron and considered as the positive peak 
at 80  ms upon stimulation. Picrotoxin (100  μM) was 
applied to block GABAA receptor- mediated inhibitory 
synaptic currents. For recording of puffed NMDA in-
duced current, Mg2+ was omitted from the extracel-
lular solution. For all the recording, ACSF was used 
as the external solution, and the pipette solution con-
tained (in mM): 140 KCl, 0.5 EGTA, 5 MgATP, and 5 
HEPES, pH 7.3 with KOH, and osmolality was 280– 
290 mΩ. VEGF- C and ki8751 were applied via the per-
fusion system.

The extracellular electrical stimulation was pro-
grammed with a stimulator (master- 8- cp, A.M.P.I) 
and an isolator (iso- f lex, A.M.P.I). The stimulating 

https://scicrunch.org/resolver/RRID: AB_143165
https://scicrunch.org/resolver/RRID: AB_143165
https://scicrunch.org/resolver/RRID:AB_2535844
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current was set as 40– 90 μA and 100– 200  μs and re-
peated every 30 s. All the recordings were performed 
at room temperature with a HEKA EPC- 10 amplifier. 
Signals were low- pass filtered at 2 kHz and digitized 
at 10 kHz. Cells were excluded from analysis if the se-
ries resistance increased by >15% during recording or 
exceeded 20 MΩ. Data were analyzed offline (clamp-
fit 10, Mini analysis) and plotted in Origin 8 graphing 
software.

2.10 | Statistical analysis

The proper sample size and study power were estimated 
according to the previously established experimental 
settings [26]. Data acquisition and analysis were done 
blindly and were represented as mean ± SEM. For com-
parisons between two groups, unpaired two- tailed t- test 
was used. Statistical methods and number of replicates 
were indicated when used. Normality and equal vari-
ance tests were performed for all statistical analyses. 
Data were plotted and analyzed with Graphpad Prism 5, 
Origin 8 or SPSS 13 software. A p < 0.05 was considered 
as statistically significant.

3 |  RESU LTS

3.1 | The expressional profiles of VEGF- C, 
VEGFR- 2, 3 in lesions of patients with focal 
cortical dysplasia

3.1.1 | The expression of VEGF- C, 
VEGFR- 2, 3 was increased in the 
disorganized cortex of patients with focal 
cortical dysplasia

We first investigated the expressional difference of 
VEGF- C, VEGFR- 2, and VEGFR- 3 between FCD le-
sions and control cortex (CTX) of patients. RT- PCR 
results showed that the mRNA expression of all three 
genes was increased in the FCD lesions, regardless of 
FCD subtypes (Figure 1A) (*p  <  0.05, **p  <  0.01, un-
paired two- tailed t- test). Western blot detected the band 
of expected size, and quantification results showed that 
the protein expression of VEGFR- 2 was increased in all 
FCD subtypes, while VEGF- C and VEGFR- 3 was in-
creased only in FCD IIa and FCD IIb lesions (Figure 1B) 
(#p > 0.05,*p < 0.05, **p < 0.01, unpaired two- tailed t- test).

Next, we perform ISH to investigate the cell type– 
specific mRNA expression of these genes. Consistent 
with our previous study [15], for VEGF- C mRNA ex-
pression, weak signal was observed in the pyrami-
dal neurons and vascular endothelial cells in CTX 
(Figure 2A). In comparison, moderate signal was de-
tected in the neurons lined in microcolumns and the 

vascular endothelial cells in FCD I lesion (Figure 2B, 
insert), and strong signal was detected in the DNs and 
BCs for FCD IIa and FCD IIb samples, respectively 
(Figure 2C,D). Similarly for VEGFR- 2 and VEGFR- 3, 
weak ISH signal was detected in the pyramidal neu-
rons of CTX, whereas the intensity were increased in 
the micro- columnar neurons, DNs and BCs in FCD I, 
FCD IIa, and FCD IIb lesions, relatively (Figure 2E– L). 
Together, we identified increased protein and mRNA 
expression of these VEGF genes in FCD lesions, with 
expression enriched in expected type of neurons and 
endothelial cells.

3.1.2 | Cell type– specific protein 
expression of VEGF- C in FCD lesions

Next, immunohistochemistry (IHC) and double im-
munofluorescence (IF) were performed to determine 
the cell type- specific protein expression of VEGF- C in 
CTX and FCD lesions. As shown in Figure 3A– C, the 
protein abundance of VEGF- C was enriched in the neu-
rons of microcolumns in type I FCD sections. Double 
IF further revealed that these neurons were also NeuN 
positive, indicating that they belong to mature neurons 
(Figure 3D). VEGF- C was rarely expressed in the astro-
cytes of FCD I lesions, as indicated by infrequent co- 
staining with GFAP, a marker of astrocytes (Figure 3E). 
In FCD IIa samples, VEGF- C was intensely expressed 
in DNs and vascular endothelial cells (Figure 3F– H). 
Double IF identified strong VEGF- C immunoactivity in 
NeuN negative DNs (Figure 3I) and some GFAP posi-
tive astrocytes (Figure 3J). Notably, we did not detect 
GFAP signal in any DNs from the FCD IIa samples. 
In FCD IIb sections, VEGF- C signal was identified in 
BCs by IHC (Figure 3K). VEGF- C signal was detected 
in DNs, but not in NeuN positive neurons (Figure 3L). 
However, VEGF- C was identified in NF- 200 positive 
DNs (Figure 3M) and vimentin (a maker of immature 
neurons) [27] positive BCs (Figure 3N), suggesting that 
differentiating characteristic was altered in the DNs and 
BCs of FCD IIb lesions. In addition, VEGF- C immuno-
activity was detected in a few GFAP positive astrocytes 
and CD68 positive microglial cells (macrophage- like 
morphology) in dysplastic cortex of FCD IIb lesions 
(Figure 3O,P).

3.1.3 | Cell type– specific protein 
expression of VEGFR- 2 in focal cortical 
dysplasia lesions

Consistent with what previously reported [28], 
VEGFR- 2 immunoactivity was detected in the py-
ramidal neurons and vascular endothelial cells in CTX 
(Figure 4A). Intensified VEGFR- 2 immunostaining 
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was observed in the micro- columnar neurons of FCD I 
samples (Figure 4B). Double IF verified that VEGFR- 2 
was expressed in NeuN positive micro- columnar neu-
rons and GFAP positive astrocytes (Figure 4C,D). IHC 
revealed strong VEGFR- 2 immunoactivity in DNs of 
FCD IIa sections (Figure 4E), and Double IF further 
identified VEGFR- 2 signal in NF- 200 positive neurons 
(Figure 4F), GFAP positive astrocytes (Figure 4G,H), 
and NeuN positive neurons (Figure 4I). GFAP immu-
noactivity was not detected in VEGFR- 2 positive DNs 
(Figure 4J). In FCD IIb cases, VEGFR- 2 was intensely 
expressed in DNs and BCs and weakly expressed in vas-
cular endothelial cells (Figure 4K). Double IF showed 
that VEGFR- 2 was expressed in NF- 200 positive neu-
rons but not NeuN positive neurons (Figure 4L,M). 
VEGFR- 2 was also expressed in vimentin positive BCs 

and GFAP positive astrocytes (Figure 4N– P). GFAP 
activity was not detected in VEGFR- 2 positive DNs 
(Figure 4Q).

3.1.4 | Cell type– specific protein 
expression of VEGFR- 3 in focal cortical 
dysplasia lesions

VEGFR- 3 IHC detected weak signal in the pyrami-
dal neurons and vascular endothelial cells in CTX 
(Figure 5A). In FCD I lesion, VEGFR- 3 immunore-
activity was detected in the micro- columnar neurons 
(Figure 5B). Double IF further revealed that VEGFR- 3 
was expressed in NeuN positive neurons and some 
GFAP positive astrocytes (Figure 5C,D). In sections 

F I G U R E  1  The mRNA and protein expression of VEGF- C and VEGFR- 2, 3 were increased in the cortical lesions of patients with focal 
cortical dysplasia (FCD I), FCD IIa, and FCD IIb. (A) Statistical analyses indicated the mRNA of VEGF- C, VEGFR- 2, and VEGFR- 3 was 
increased in FCD I, FCD IIa, and FCD IIb lesions compared with CTX. *p < 0.05, **p < 0.01, unpaired two- tailed t- test. n = 10, 11, 10 and 
12 specimens in each group. (B) Representative immunoblot bands of VEGF- C (~80 kDa), VEGFR- 2 (~200 kDa), VEGFR- 3 (~150 kDa), and 
GAPDH (~37 kDa, loading control) in total homogenates from CTX and FCD lesions. Densitometric analyses showed that the expression of 
VEGF- C and VEGFR- 3 was increased in FCD IIa and FCD IIb lesions, and the expression of VEGFR- 2 was increased in FCD I, FCD IIa, and 
FCD IIb lesions. #p > 0.05, *p < 0.05, **p < 0.01, unpaired two- tailed t- test. n = 10, 12, 12, and 12 specimens in each group
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of FCD IIa lesions, VEGFR- 3 was intensely expressed 
in DNs (Figure 5E). Double IF results showed that 
VEGFR- 3 was expressed in NF- 200 positive neurons 
but not in NeuN positive neurons (Figure 5F– I). Weak 
VEGFR- 3 signal was detected in a few GFAP positive 
astrocytes (Figure 5J,K). In FCD IIb lesions, strong 
immunoactivity of VEGFR- 3 was observed in DNs 
and BCs but barely in the vascular endothelial cells 
(Figure 5L). Double IF results indicated that VEGFR- 3 
was abundantly expressed in NF 200 positive neu-
rons but not in NeuN positive neurons (Figure 5M– 
O). Additionally, we did not detect co- expression of 
VEGFR- 3 and vimentin in BCs (Figure 5P). VEGFR- 3 
was not detected in GFAP positive astrocytes either 
(Figure 5Q).

We evaluated the immunoreactivity score of VEGF- C, 
VEGFR- 2, and VEGFR- 3 in CTX and three types of 
FCD lesions by semi- quantitative analysis, as shown in 
Figure S1 and Table S4.

3.2 | The modulatory effects of VEGF- C 
on dysmorphic neurons in rats with focal 
cortical dysplasia

3.2.1 | Electrophysiological 
characteristics of neurons in experimental rats 
with focal cortical dysplasia

Next, we used in utero X- ray radiated rats to mimic the 
pathological characteristics of patients with FCD [22, 
23]. X- ray- radiated rats showed dramatically deformed 
and reduced telencephalon and cerebellum at 30  days 
after birth, and HE staining further revealed that the 
hierarchy of cortical layers was abnormally disturbed 
(Figure 6A). The morphology of dysmorphic neurons 
was distinctive from normal pyramidal neurons under 
infrared differential interference contrast (IR- DIC) mi-
croscope, as characterized by cortical loss of polarity in 
morphology (Figure 6B). Subsequently, we investigated 

F I G U R E  2  In situ hybridization showed the mRNA expression of VEGF- C, VEGFR- 2, and VEGFR- 3 in micro- columnar neurons, 
dysplastic neurons (DNs) and balloon cells (BCs) in focal cortical dysplasia (FCD) lesions. (A) Weak VEGF- C mRNA was observed in the 
pyramidal neurons (arrows) and endothelial cells of blood vessels (double arrows) in CTX. (B) Moderate VEGF- C mRNA was observed in the 
micro- columnar neurons (upright inset) and vascular endothelial cells (downright inset) in FCD I lesion. (C and D) Strong VEGF- C mRNA 
signal was detected in DNs (arrowheads in c) and BCs (arrowheads and upright inset in d) in FCD type II lesion and relatively moderate 
VEGF- C mRNA was detected in the vascular endothelial cells in FCD IIa (upright inset in C) and IIb lesions (bottom left inset in D). (E) Weak 
VEGFR- 2 mRNA was identified in the pyramidal neurons of CTX (arrows). (F) Moderate to strong VEGFR- 2 mRNA signal was detected in 
micro- columnar neurons (upright inset) and vascular endothelial cells (bottom left inset) in FCD I lesion. (G and H) Strong VEGFR- 2 mRNA 
was detected in DNs (arrowheads in G) and BCs (arrowheads and upright inset in H) in type II FCD lesions; moderate VEGFR- 2 mRNA 
signal was detected in the vascular endothelial cells in FCD IIa lesions (bottom left insets). (I) Weak VEGFR- 3 mRNA (arrows) expression was 
detected in the pyramidal neurons in CTX, but barely in blood vessels (double arrows and inset). (J) Moderate VEGFR- 3 mRNA was detected 
in the micro- columnar neurons (inset) in FCD I lesion. (K and L) Strong VEGFR- 3 mRNA signal was detected in DNs (arrowheads in K) and 
BCs (arrowheads and inset in L) in FCD type II lesions, but barely in vascular endothelial cells (inset in K and double arrows in L). Scale bars: 
100 μm in A– L; 20 μm in insets
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the electrophysiological properties of dysmorphic neu-
rons in the medial parietal cortex of this FCD rat model. 
As the representative traces and statistical analysis 
showed, the threshold of AP firing induced by stepped 
current was similar in control and dysmorphic neurons 
(Figure 6C,D) (#p  >  0.05, unpaired two- tailed t- test). 
However, the ability of spike frequency adaption [29, 
30], which represents the ability of reduplicative dis-
charges of AP to a sustained injection of depolarizing 
rectangular currents was significantly attenuated in 
dysmorphic neurons under tonic stimulation (200 pA, 
1000 ms) (Figure 6E). This observation suggests that the 
electrophysiological function is impaired in dysmorphic 
neurons.

Next, we investigated the amplitude of evoked- EPSC 
(eEPSC) in dysmorphic neurons. As the representative 
traces and statistical analyses showed (Figure 6F– H), 
the amplitude and the current area (amplitude × time) 
of eEPSC were both increased in the dysmorphic neu-
rons (*p < 0.05, unpaired two- tailed t- test), suggesting 
the efficiency of synaptic transmission was enhanced 
in the disorganized cortex. As NMDA receptor on 
postsynaptic membrane determines the amplitude of 

eEPSC, we examined the ratio of NMDA receptor-  
and AMPA receptor- mediated eEPSCs (the NMDA/
AMPA ratio of eEPSC) in dysmorphic neurons. As the 
representative traces and statistical analyses showed 
(Figure 6I,J), the NMDA/AMPA ratio of eEPSC was 
increased in dysmorphic neurons (*p < 0.05, unpaired 
two- tailed t- test), suggesting that the function of 
NMDA receptor was upregulated in the dysmorphic 
neurons of FCD rats.

3.2.2 | VEGF- C potentiated 
NMDA receptor- mediated current in 
dysmorphic neurons

Finally, we investigated the relationship between the 
expression of VEGF- C system and NMDA receptor- 
mediated current using the FCD rat model. Using 
similar IF approach described above, weak VEGF- C, 
VEGFR- 2, and negligible VEGFR- 3 immunoreactivity 
was detected in the cortical neurons of control rats, while 
the signal for all the three proteins was increased in the 
cortical neurons of FCD rats (Figure7A).

F I G U R E  3  Cell type– specific expression of VEGF- C in cortical lesions of patients with focal cortical dysplasia (FCD). (A) 
Immunohistochemitry (IHC) results revealed weak VEGF- C staining in the pyramidal neurons (arrows) and vascular endothelial cells (double 
arrows) in CTX. (B, C) Strong VEGF- C immunoreactivity was detected in the micro- columnar neurons in FCD I lesion. (D) VEGF- C was 
expressed in NeuN positive neurons (arrows). (E) VEGF- C was expressed in neurons (arrows) but not in GFAP positive astrocytes (arrowheads). 
(F– H) Moderate to strong VEGF- C immunoreactivity was detected in dysplastic neurons (DNs) (arrows) and vascular endothelial cells in 
FCD IIa lesions. (I) Double IF showed that VEGF- C (arrows) was not expressed in NeuN positive neurons. (J) VEGF- C was expressed in 
DNs (arrows), and a few GFAP positive astrocytes (arrow heads). (K) Strong VEGF- C immunoreactivity was detected in balloon cells (BCs) 
(arrows and insets) in FCD IIb lesion. (L) Strong VEGF- C immunoreactivity was detected in NeuN absent DNs (arrows) in FCD IIb lesion. (M) 
VEGF- C was expressed in NF- 200 positive neurons (arrow), and neurons with weak NF- 200 signal (arrowhead). (N) VEGF- C was expressed 
in vimentin (VIM, arrow) positive BCs. (O) Strong VEGF- C immunoreactivity was detected in BCs (arrowhead) and a few GFAP positive 
astrocytes (arrows). (P) VEGF- C immunoreactivity was detected in a few CD68 positive microglial cells in FCD IIb lesion (arrow). Scale bars: 
60 μm for A; 100 μm for B; 50 μm for C– F; 20 μm for G; 30 μm for H– P
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VEGF- C system exhibited neuroprotective effect in 
a range of neurological diseases [12, 13, 31], and there-
fore we wondered whether the upregulated expression of 
VEGF- C system could modulate the function of NMDA 
receptors in the dysmorphic neurons. In the recorded 
neurons, NMDA induced an excitatory current, whose 
amplitude was increased upon the continuous VEGF- C 
perfusion and reduced after the washout of VEGF- C for 
20 min (Figure 7B,C) (*p < 0.05, unpaired two- tailed t- 
test). Because our previous staining results suggest that 
VEGFR- 2 is likely to be one of the predominant VEGF- C 

receptors in the dysmorphic neurons in FCD lesions, we 
next tried to perturb VEGF signaling pathway by apply-
ing ki8751, a specific inhibitor for VEGFR- 2. As shown 
in Figure 7D,E, NMDA induced a depolarizing current 
in the recorded cell upon ki8751 treatment. Importantly, 
the boosting effect of VEGF- C on NMDA- induced 
current was inhibited in the presence of ki8751, and 
washout of VEGF- C thereafter did not alter the ampli-
tude of NMDA current. These observations indicated 
that the effect of VEGF- C on the amplitude of NMDA 
receptor- mediated current was dependent on binding 

F I G U R E  4  Cell type- specific expression of VEGFR- 2 in focal cortical dysplasia lesions. (A) Immunohistochemistry results revealed 
weak VEGFR- 2 immunoreactivity in the pyramidal neurons (arrows) and vascular endothelial cells (double arrows) in CTX. (B) Moderate 
VEGFR- 2 immunoreactivity was detected in micro- columnar neurons (arrows) in FCD I lesions. (C and D) VEGFR- 2 was expressed in NeuN 
positive micro- columnar neurons (arrows) and GFAP positive astrocytes (arrowheads) in FCD I lesions. (E) Moderate to strong VEGFR- 2 
immunoreactivity was detected in dysplastic neurons (DNs) (arrows and inset) in FCD IIa lesions. (F– I) VEGFR- 2 was expressed in NF- 200 
positive neurons (arrows), GFAP positive astrocytes (arrowheads) and NeuN positive neurons (arrows) in FCD IIa lesions. (J) GFAP signal was 
not detected in VEGFR- 2 expressed DNs in FCD IIa lesions. (K) Strong VEGFR- 2 immunoreactivity was detected in DNs (arrows), balloon 
cells BCs (arrowhead and top right inset) and vascular endothelial cells (bottom right inset) in FCD IIb lesions. (L) VEGFR- 2 immunoreactivity 
was detected in NeuN negative DNs (arrow) and BCs (arrowhead) in FCD IIb lesions. (M) VEGFR- 2 was expressed in NF- 200 positive neurons 
(arrowhead). (N– P) VEGFR- 2 was expressed in vimentin (VIM) positive BCs, and GFAP positive astrocytes. (Q) GFAP signal was not detected 
in VEGFR- 2 positive BCs in FCD IIb lesion. Scale bars: 60 μm for A; 100 μm for B; 50 μm for C- F, I- K; 30 μm for H- M; 20 μm for G, H, N– P
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to VEGFR- 2. Together, our results suggested that in 
FCD lesion, increased expression of VEGF- C system 
might partially account for the abnormality of NMDA 
receptor- mediated current.

4 |  DISCUSSION

Here, we characterized the cell type– specific expression 
of VEGF- C and its receptors, VEGFR- 2 and VEGFR- 3 
at both mRNA and protein levels in the cortical lesions 
resected from intractable epilepsy patients with FCD. 

The comparison between FCD lesion and CTX tis-
sues further identified increased gene expression of the 
VEGF- C system under the disease context. By using the 
FCD rat model, we provided evidence suggesting that el-
evated VEGF signaling might be linked to the abnormal 
NMDA receptor- mediated current in FCD.

Previous studies found that VEGF- C system plays 
neurotrophic roles in neural development [11, 12, 32] and 
neurological diseases, such as ischemia [13, 33– 35,], brain 
tumor [36– 38], and Alzheimer's disease [39]. In patients 
with epilepsy and animal models, VEGF- C and its recep-
tors were found to be upregulated in the epileptogenic 

F I G U R E  5  Cell type- specific expression of VEGFR- 3 in FCD lesions. (A) VEGFR- 3 immunoreactivity was not detected or very weak in 
the neurons (arrows) or vascular endothelial cells (double arrows) in CTX. (B) Weak VEGFR- 3 immunoreactivity was detected in the micro- 
columnar neurons (arrow) in FCD I lesion. (C and D) VEGFR- 3 was expressed in NeuN positive micro- columnar neurons (arrows) and few 
GFAP positive astrocytes (arrowheads) in FCD I lesion. (E) Strong VEGFR- 3 immunoreactivity was detected in DNs (arrows) in FCD IIa 
lesion. (F– H) VEGFR- 3 was expressed in NF- 200 positive neurons (arrow). (I) VEGFR- 3 was not expressed in NeuN positive neurons (arrows) 
in FCD IIa lesion. (J and K) VEGFR- 3 was expressed in GFAP negative DNs (arrow), and a few GFAP positive astrocytes (arrowheads) in FCD 
IIa lesion. (L) Moderate to strong VEGFR- 3 immunoreactivity was detected in DNs (arrow) and BCs (arrowheads and inset) in FCD IIb lesion, 
and barely in vascular endothelial cells (double arrows). (M– O) VEGFR- 3 immunoreactivity was detected in NF- 200 positive neurons but not 
in NeuN positive neurons. (P) VEGFR- 3 signal was not detected in vimentin positive BCs (arrowhead). (Q) VEGFR- 3 signal was detected in 
BCs (arrowheads), but not in GFAP positive astrocytes in FCD IIb lesion. Scale bars: 60 μm for A; 100 μm for B; 50 μm for C– I, L, P; 30 μm for 
H– M; 20 μm for J, K, M– O, Q



   | 11 of 14VEGF- C MODULATES NMDA RECEPTOR ACTIVITY IN FCD

foci [15, 40]. Our previous study also identified increased 
expression of VEGF- C system in the cortical tubers 
of intractable epilepsy patients with tuberous sclero-
sis complex (TSC) [16]. Here, we found that VEGF- C, 
VEGFR- 2 and VEGFR- 3 were weakly expressed in the 
CTX from control subjects, in line with the expression 
pattern of VEGF- C system reported in adults previously 
[12]. In comparison, their expression was increased in the 

cortical lesions of patients with FCD, especially in the 
dysmorphic cells. Interestingly, NeuN was found to be 
absent from VEGF- C positive DNs and BCs, suggesting 
the immature characteristic of dysmorphic neurons in 
FCD lesions [27].

We used prenatal X- ray irradiation induced FCD rat 
model to investigate the role of VEGF- C system in the 
regulation of the excitability of dysmorphic neurons 

F I G U R E  6  The excitability of dysmorphic neurons in the dysplastic cortex of FCD rats was altered. (A) Representative brain images 
from control and X- ray irradiated rats (FCD). Note the reduced volume of telencephalon, exposed quadrigemina and increased cerebellum 
in the FCD brain. Representative images of HE staining showing the hierarchy of cortex was disrupted in FCD rat. Scale bars: 100 μm. (B) 
Dysmorphic neurons lost polarity under observation with IR- DIC microscope during electrophysiological recording. Arrow indicated the 
recording malformed neuron. (C and D) Representative traces of action potential firing in control and dysmorphic neurons under stepped 
current stimulation. Statistical analysis revealed that the threshold of action firing was similar between control and dysmorphic neurons. 
p > 0.05, unpaired two- tailed t- test. n = 93, 118 neurons from 15, 19 rats in each group, respectively. (E) Representative traces showing the ability 
of accommodation to tonic depolarizing stimulation was impaired in dysmorphic neurons. (F– H) The amplitude and the area of eEPSC were 
increased in the dysmorphic neurons. *p < 0.05, unpaired two- tailed t- test. n = 19, 22 neurons from five, six rats in each group. (I and J) The 
NMDA/AMPA ratio of eEPSC was increased in the dysmorphic neurons in FCD rats. *p < 0.05, unpaired two- tailed t- test. n = 15 or 22 neurons 
from five or six rats in each group
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[41, 42]. The dysmorphic neurons in the FCD rats dis-
played several functional aberrations, such as loss of 
polarity, increased NMDA receptor- mediated current 
and NMDA/AMPA ratio of eEPSCs. Although the 
NMDA receptor has been reported to be increasingly 
expressed in the cortical lesions of FCD patient [43– 46], 
less is known related to its function in dysmorphic neu-
rons. Our electrophysiological findings from the animal 
model suggest that the excitatory synaptic transmis-
sion was enhanced via NMDA receptor in dysmorphic 
neurons.

By using the animal model, our study helped to build 
the relationship between VEGF- C system and NMDA 
receptor- mediated current in FCD. In neurons isolated 
from the FCD rats, the amplitude of the excitatory cur-
rent induced by NMDA was increased upon continuous 
VEGF- C perfusion and reduced after VEGF- C washout. 
Moreover, the enhancing effect of VEGF- C on NMDA- 
induced current were antagonized by the specific 
VEGFR- 2 inhibitor, ki8751, indicating that VEGF- C 
and VEGFR- 2 system regulates the function of NMDA 

receptors in dysmorphic neurons. Because the expres-
sion of VEGF- C and VEGFR- 2 was increased in the 
cortical lesions of patients with FCD, we speculated that 
the upregulated VEGF- C system might contribute to the 
epileptogenicity in FCD patients by modulating NMDA 
receptors mediated excitatory transmission. Following 
this functional linkage, further mechanistic study might 
be carried out to understand how the VEGF signaling 
cascade regulates the NMDA receptors and other neu-
ronal ion channels.

5 |  CONCLUSIONS

Our study characterized the expression of VEGF- C, 
VEGFR- 2, and VEGF- 3 in FCD lesions and showed po-
tential linkage between the VEGF- C system and the ab-
normal NMDA current during the pathogenesis of FCD. 
These results advanced our standing of the etiology of 
FCD and further suggested that targeting the VEGF- C 
system might be an important FCD treatment strategy.

F I G U R E  7  VEGF- C potentiated 
NMDA induced current in the 
dysmorphic neurons of FCD rats. (A) 
Immunostaining images showing the 
increased immunoreactivity of VEGF- C, 
VEGFR- 2 and VEGFR- 3 in the neurons 
in dysplastic cortex. Scale bar: 100 μm. (B 
and C) Representative traces and statistical 
analyses showing that VEGF- C increased 
the amplitude of NMDA- induced current 
in the dysmorphic neurons and washout 
of VEGF- C abolished the increasement. 
*p < 0.05, unpaired two- tailed t- test. 
n = 14 neurons from five rats. (D and 
E) The promoting effect of VEGF- C on 
NMDA- induced current was blocked in 
the existence of the specific VEGFR- 2 
inhibitor, ki8751. p > 0.05, unpaired two- 
tailed t- test. n = 9 neurons from three rats
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